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Abstract

One of the current stumbling blocks in our fight against cancer is the development of

acquired resistance to therapy, which is attributable to approximately ninety percent of cancer-
related deaths. Undercutting this process during treatment could significantly improve cancer
management. In many cases, drug resistance is mediated by a drug-tolerant persister (DTP)

cell subpopulation present in tumors, often referred to as persister cells. This review provides

a summary of currently known persister cell subpopulations and approaches to target them. A
specific DTP cell subpopulation with elevated levels of aldehyde dehydrogenase (ALDH) activity
has stem cell-like characteristics and a high level of plasticity, enabling them to switch rapidly
between high and low ALDH activity. Further studies are required to fully elucidate the functions
of ALDH-high DTP cells, how they withstand drug concentrations that kill other cells, and how
they rapidly adapt under levels of high cellular stress and eventually lead to more aggressive,
recurrent, and drug-resistant cancer. Furthermore, this review addresses the processes used by

"Corresponding Author: Gavin P. Robertson, Department of Pharmacology, The Pennsylvania State University College of Medicine,
500 University Drive, Hershey, PA 17033. Phone: (717) 531-8098; Fax: (717) 531-0480; gprl11@psu.edu.

Author Contributions

Conceptualization, manuscript original draft writing, editing, and review: PKD, and GPR. Manuscript review: TS, and SA. All the
authors have read and agreed to the published version of the manuscript.

Conflict of interest: The authors declare no conflict of interest

Software
MS Word (2019) MS Powerpoint (2019), and Mendeley-Reference manager



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhanyamraju et al.

Page 2

the ALDH-high persister cell subpopulation to enable cancer progression, the ALDH isoforms
important in these processes, interactions of ALDH-high DTPs with the tumor microenvironment,
and approaches to therapeutically modulate this subpopulation in order to more effectively manage

cancer.
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INTRODUCTION

Cancer remains a serious public health issue affecting people across the globe. In the
United States, it is the second leading cause of death, with the most common forms

being lung, breast, prostate, and colorectal cancers (1). Despite investing billions of dollars
in cancer research and the development of a vast arsenal of anti-cancer therapies, drug
resistance remains the most serious factor hindering effective treatment. Unfortunately,
small-molecule-based therapies (2), and immunotherapies (3) that can be initially effective,
eventually, fail due to the development of drug resistance (4). While these therapeutic
approaches frequently eliminate the majority of actively proliferating bulk tumor cells,
“Drug-Tolerant Persister” (DTP) cells can remain and play a key role in disease relapse
mediating drug resistance (5), which then leads to approximately 90% of cancer-related
deaths (6). DTPs have been increasingly identified as playing important roles in drug
resistance through unique cellular mechanisms, which can involve inhibiting cell death
signals (7,8), altering cell metabolism (9), changing DNA damage repair (10), undergoing an
epithelial to mesenchymal transition (9), increasing drug efflux from cells (11), inactivating
the drugs (12), and epigenetic cellular reprogramming (involving DNA methylation,
acetylation, and methylation of histones) (13).

Prevalence of DTPs in cancers.

DTPs have been reported in many cancers, including pancreatic ductal adenocarcinoma
(PDAC) (14), acute myeloid leukemia (AML) (15), chronic myeloid leukemia (CML) (16),
B-cell acute lymphoblastic leukemia (B-ALL) (17), breast cancer (18), prostate cancer
(19), colon cancer (20), basal cell carcinoma (20), and melanoma (20). The prevalence

of DTPs in many cancers underscores their importance in the disease progression and

for management during treatment. Generally, DTPs in cancers are thought to be rare,
slowly replicating cells distinguished by unique transcriptional and epigenetic profiles (21).
However, the proliferation rates of DTPs remain controversial, with some reports suggesting
slow proliferation (7), while other studies suggest that they are rapidly proliferating or
grow at rates similar to non-DTP cells (7,9). As a group, DTPs generally seem to exhibit
resistance to a wide variety of chemotherapeutics (22), radiotherapy (23), and targeted
therapies (7).

Clonal evolution, selection, and the quiescent state of DTPs.

Due to the clonal-based selection that occurs during solid tumor development, DTPs evolve
as clones in this environment of high cellular heterogeneity and undergo a unique selective
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process (7,12,24,25). Generally, they evolve to have highly flexible energy consumption
capabilities, which facilitate rapid adaptation to a changing microenvironment (12,22).
DTPs are thought to develop from cancer cells having stem cell-like characteristics, where
they have retained some of these characteristics enabling enhanced survival (26). For
example, lineage barcoding and single-cell transcriptomics have been used to demonstrate
the development of drug resistance in stem-like glioblastoma cells treated with dasatinib
(27). As a potential cancer stem cell population, they can also facilitate the development

of cellular heterogeneity within tumors (24,28). Within these heterogeneous cellular
masses, DTPs can be found with distinct molecular fingerprints, which enable unique
resistance capabilities against diverse therapeutics (24). For example, a hypoxic tumor
microenvironment causes the upregulation of certain genes like HIF1a (Hypoxia Inducible
Factorl Subunit Alpha) and GLUT1 (Glucose transporter 1), which are beneficial for DTP
evolution (29). Remaining in a quiescent state is also a characteristic of DTPs, where the
cells can remain dormant when exposed to drugs whose action requires proliferation or

a high level of metabolic activity for efficacy (29). Many mechanisms that underlie the
survival of DTP cells still remain to be identified as well as specific therapies to target them;
however, stemness and cellular plasticity seem to be particularly important to their survival
(12).

Stemness of DTPs.

Stemness is one of the key factors thought to be responsible for DTP drug resistance since
stem cells tend to be slowly proliferating and resistant to therapy due to this characteristic
(30). The presence of stemness-related gene expression also tends to be associated with a
poor patient prognosis, and cells with combined properties of stemness (31), drug resistance
(31), and dormancy (30) have been identified in multiple tumor types (32). A challenge

to study the involvement of cells having stem cell-like properties in drug resistance is that
the anticancer drug treatment is tested on the entire tumor population and not just those

that have stem cell-like characteristics (33). Therefore, it has been difficult to quantify the
exact involvement of stem cells in the development of drug resistance. This quandary makes
the elucidation of DTP drug resistance mechanisms and DTP cells biomarker identification
important for the clinical management of cancer patients.

Plasticity of DTPs.

The stem cell-like characteristics of DTPs also provide them with a high level of plasticity,
tumorigenicity, multipotency, and self-renewal potential (9,34,35). However, there is strong
agreement that DTP cells can rapidly interconvert between phenotypes, which may be
epigenetically mediated (36). Soluble factors and location can affect DTP cell self-renewal
capacity; therefore, stemness is likely a transient state of enhanced plasticity, modulated by
microenvironmental signals, including interactions with niche elements, tumor, non-tumoral
cells, soluble factors, and anticancer therapies (9).

Phenotypic switching of DTPs.

The rapid changes in phenotypes or phenotypic switching seem to be a property governed
through cellular plasticity and can alter the expression of molecules that are currently being
used to define DTP cell subpopulations, which can be problematic when studying them.
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Tumor cell phenotypic state transitions following drug treatment appear to be very frequent
and chaotic, thus generating high levels of heterogeneity, which constitutes the underlying
foundation of drug resistance (9). Phenotypic switching also has led to challenges when
tracking the fate of these cells (35). Therefore, many of the currently used markers for

DTP cells can be transient, dynamic, and variable, rapidly changing in response to the
extracellular environment (35). To circumvent this concern, the stem cell-like characteristics
of DTPs have been studied using genetic barcoding in order to track the cellular fate and
the downstream progeny of DTP cells (37). To accomplish successful tracking, lentiviral
infection systems tag stem cells in order to track cell hierarchies and the evolution of

DTPs (38). This approach has been useful during serial xenografting to follow subclones to
highlight the functional robustness of cancer cell hierarchies and DTPs (39-41).

interactions with DTPs.

Targeting the complex cell-cell interactions of DTPs with other stromal cells might also
be required to fully understand their biology and to successfully eliminate these cells.

For example, the tumor microenvironment (TME) can be a crucial determinant of DTP
cell survival and evolution (9,42). Soluble molecules released by various cells present

in the tumor stroma can initiate persister cell survival programs (26). Factors produced
by endothelial cells like nitric oxide activates the Notch pathway in glioblastoma, cancer-
associated fibroblasts produce hepatocyte growth factor, osteopontin, and stromal-derived
factor 1a., which activates the WNT pathway in colorectal cancer (43,44); and tumor-
associated macrophages in breast (45), as well as brain cancer (46), can aid persister cell
survival (46,47).

Recently, exosomes and macrovesicles produced by niche cells in the TME have been shown
to aid drug resistance mediated by DTPs (48). For example, microvesicles produced by
breast cancer-associated fibroblasts can transfer miR-221 to cancer cells thus increasing the
drug-resistant CD133" stem cell population (49). Therefore, targeting the components of
the TME might be a useful therapeutic strategy to control DTPs. Targeting an acidic TME
by altering the pH (50), inflammatory immune signaling (51), the abnormal extracellular
matrix (52), the cancer-associated fibroblasts (53) or endothelial cells (54), are strategies
being evaluated, which have the potential to elucidate the complex process that enables the
DTPs to develop resistance to drugs (52).

DTPs and immune system evasion.

One of the intriguing features of DTPs is immune cell evasion preventing their elimination.
Their involvement in adaptive immunotherapy resistance also remains elusive. A recent
research report in a mouse organotypic spheroid ex vivo model demonstrated the formation
of a distinct subpopulation of cells resistant to immune-checkpoint inhibitor anti-PD-1
antibody therapy (55). These cells displayed stem cell antigen Scal/Snail and displayed
resistance to CD8" T cell-mediated death. Surprisingly, these DTPs relied on anti-apoptotic
proteins called Birc2/3, and inhibiting them in combination with anti-PD-1 treatment
improved tumor cell death in vivo (55). While PD-1/PD-L1 immunotherapy in cancer
patients can be successful, many patients relapse owing to adaptive resistance. There is a
pressing need to learn more about how DTPs elude immune responses, which is starting
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to be dissected (56). For example, Zhang et al. have reported that ALDH2 is involved

in mediating alcohol-induced colorectal cancer immune escape by preventing PD-L1 from
ubiquitin-dependent degradation (56). Moreover, combination therapy of PD-1 blockade
along with inhibition of ALDH2 led to an increase in TILs infiltration, thereby preventing
immune cell evasion (56). This approach could be further developed as a novel strategy to
target ALDH* DTPs (57).

Therapeutically targeting DTPs.

The stem cell-like plasticity of DTPs have been explored therapeutically in order to develop
better approaches to overcome drug resistance. However, this approach has been complex
because drug resistance mediated by DTPs plasticity does not appear to be caused by

a single event, but rather a combination of changes; thus, a multimodal approach will

likely be needed (22). For example, inhibitors targeting epigenetic changes like histone
deacetylases (HDACS) (58), lysine demethylases (KDMs) (59), anti-estrogen therapy to
suppress proliferation signals (60), reactivation of dormant cells through interferon-a. (IFN-
a) (61), and granulocyte colony-stimulating factor (G-CSF) (61), could be used alone

or in combination. Moreover, the elimination of quiescent cells by using mithramycin

to activate ferroptosis can be useful in targeting stemness in DTPs (62). It is generally
thought that a successful approach will have to combine agents that modulate the epigenetic,
transcriptional, and translational processes occurring in these cells (22). In summary, clinical
targeting of persister cells will remain a major challenge in the future, which will require
unraveling the mechanisms leading to their survival using preclinical cell and tumor-based
modeling.

CURRENT TYPES OF DRUG-TOLERANT PERSISTER CELLS

Several types of DTP cells have been characterized but many types remain to be identified.
Current persister cell subpopulations can be identified through expression of ABCB5

(63), CD133 (64), CD271 (35), JARID1B (35), or ALDH (65) (Figure 1). However, a
complication is that some DTP subpopulations have overlapping markers such as those
simultaneously having ALDH activity and being CD44, and CD133 positivity (66). DTPs
expressing multiple markers remain an important area requiring further research.

Persister cells expressing ABCB5.

The ABCBS5 gene belongs to the ABC drug transporter family of proteins that actively
expels drugs via efflux mechanisms to facilitate chemotherapeutic resistance in cancers of
the colon, lung, and skin (63,66). ABCB5 has been shown to promote therapeutic resistance
to 5-fluorouracil in human colon cancer cells and ABCB5-mediated chemoresistance is
positively regulated by c-MYC (67). Molecular silencing of ABCB-5 in COLO-320 cells
led to a decrease in the survival rate following treatment with 5-fluorouracil. Moreover, in
contrast to the parental Caco-2 cells, 5-fluorouracil resistant Caco-2 cells expressed high
levels of ABCBS5 and had a higher survival rate after treatment. These results suggest that
targeting ABCB5 would be a potential way to overcome 5-fluorouracil resistance in colon
cancer (67). Melanoma subpopulations with persister cell characteristics have also been
found to have strong ABCB5 expression and tumor-initiating traits (63). This subpopulation
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was highly chemoresistant and targeting it with an anti-ABCB5 mAb inhibited tumor
development in mouse models. ABCB5 expression is elevated in metastatic melanoma

in comparison to melanocytic nevi or primary tissues. Nodal metastatic lesions showed
higher ABCB?5 expression levels than cells from visceral metastasis. Furthermore, using

in vivo lineage tracing experiments, ABCB5*Ve cells gave rise to both ABCB5*V¢ and
ABCB57V€ cells (63). These ABCB5*V€ cells had a distinct ability for self-renewal as well as
differentiation in comparison to ABCB5™V€ cells, which exclusively gave rise to ABCB57V¢
cells at lower rates. Finally, the authors also demonstrated that ABCB5*Ve cells were more
tumorigenic than ABCB5~Y¢ melanoma cells in SCID mice (63). Targeting these ABCB5*v¢
persister cells to overcome drug resistance was tested using etoposide and carboplatin in
merkel cell carcinoma (MCC) cell lines MKL-1 and WaGa (68). MCC cell lines were
subjected to increasing doses of etoposide or carboplatin in the presence and absence of
anti-ABCBS5 blocking antibodies, showing that blocking ABCBS5 antibody led to increased
sensitivity to these agents (68). Thus, targeting ABCB5 represents one strategy to reduce the
impact of persister cells in cancer recurrence.

Persister cells expressing CD133.

The membrane glycoprotein CD133 is a well-established stem cell marker, which is present
in many tissues and linked to chemoresistance (69). Expression analysis using qPCR and
immunoblotting showed high CD133 expression in cisplatin resistance of KATO-I11 cells
(Cis-KATO-111) compared to parental KATO-111 cells, indicating that CD133 regulates
cisplatin resistance in KATO-III cells. Furthermore, proliferation and apoptosis assays on
flow-sorted CD133*v Cis-KATO-II cells that were transfected with Sh-CD133 and pc-
CD133 showed that CD133 inhibition decreased cell viability and increased cell death upon
cisplatin treatment (69). Thus, CD133 is a potential target to overcome cisplatin resistance in
gastric cancer. Similarly, patient-derived CD133*V¢ and CD1337¥¢ melanoma cells were
tested for resistance to MAPK inhibitors (64). Increasing doses of Dabrafenib and/or
Trametinib were given to human melanoma cells, either before or after they were separated
into CD133*V¢ and CD1337V€ subpopulations. After high-dose treatment, the proportion of
CD133*V€ cells increased in parental CD133-mixed lines (both CD133*V€¢ and CD1337V%).
Additionally, substantially higher 1Csqs for FACS sorted CD133*€ cells were observed
with combination and single MAPK signaling pathway inhibitors. Sensitivity to Dabrafenib
and Trametinib was enhanced after sSiRNA-based knockdown of CD133. Furthermore,
microarray results of CD133*Ve cells demonstrated that several ABC transporter genes
were upregulated and knockdown of CD133 via siRNA decreased expression of ABCG2.
Also, ABCG2 inhibition led to the sensitization of CD133*V€ cells to Dabrafenib and
Trametinib (64). The ABCBS5 drug efflux transporter was found to be specifically expressed
on CD133*ve cell phenotype-expressing subpopulations within clinical human malignant
melanomas (70). Targeting CD133 positive persister cells using T-cell therapy (71),

natural killer cells (72), aptamers (73,74), immunotoxins (75,76), and antibody-conjugated
nanoparticles (77) all led to some level of tumor inhibitory efficacy, suggesting potential for
preventing cancer recurrence.
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Persister cells expressing CD271.

The cell surface molecule CD271 (low-affinity nerve growth factor (NGF) receptor;
p75NTR)), is expressed in a DTP subpopulation in melanoma, esophageal and
hypopharyngeal carcinomas (78,79), which have stem cell-like properties (22). CD271 is

a neurotrophin receptor and a member of the tumor necrosis factor receptor superfamily,
having roles in cell survival, differentiation, and migration (80). Increased expression

of CD271 is linked to a poor clinical outcome in oral squamous cell carcinoma

(81), hypopharyngeal (79), and esophageal cancer (82,83). CD271 was found to be
differentially expressed in osteosarcomas. CD271*V€ osteosarcoma cells displayed stem cell-
like properties including drug resistance, differentiation, tumorigenicity, and self-renewal
capacity (84). When CD271*V¢ and CD2717V€ sorted cells from osteosarcoma cells

(SA0S2, U20S, and MNNG/HQOS) were treated with ¢/s-diamminedichloroplatinum (DDP),
CD271%Ve cells exhibited enhanced resistance to DDP. Also, ABCG2 (involved in drug
resistance), Bcl-2 (anti-apoptotic factor), and DNA-PKcs (involved in DNA repair and
promoting survival) were highly expressed in CD271*Ve cells in comparison to CD2717ve
cells. Furthermore, subcutaneous injection of CD271*V€ cells from MNNG/HOS cells
formed tumors more frequently than negative counterparts, suggesting that CD271*V€ cells
are more oncogenic. These findings suggest that CD271 provides resistance against DDP

in osteosarcoma (84). In melanoma (34), squamous cell carcinoma (85), lung cancer (86),
and breast cancer (87), CD271 expression was transient and associated with a slow-cycling
population (35). Multiple stress factors including glucose deprivation, hypoxia, and drug
exposure increased CD271 expression in melanoma cells (34,86). The expression of CD271
was also found in DTP cells with high ALDH activity in breast cancer, non-small-cell lung
cancer, and esophageal squamous cell carcinoma (ESCC) (58,78,88,89). CD271 mediated
drug resistance by suppression of p53 activity (90) and protection from reactive oxygen
species (ROS) (91). In melanoma, CD271 expression is associated with resistance to MAPK
pathway inhibitors (34,35). CD271 can be targeted for therapeutic intervention, but direct
targeting is complicated because of the multiple critical roles of CD271 in the central
nervous system (92). However, an anti-CD271 antibody-based approach inhibited melanoma
metastasis (93,94), and this observation can be examined in other cancers.

Persister cells expressing JARID1B/KDM5B.

JARID1B/KDMS5B is a histone 3K4 demethylase that regulates gene transcription (95). It is
involved in the pathobiology of melanoma, mesothelioma, cholangiocarcinoma, endometrial
carcinoma, lung, breast, pancreatic, ovarian, and cervical cancer (96). A slow-cycling
subpopulation of 1 to 5% of melanoma cells having high JARID1B expression and stem-
cell-like properties gave rise to rapidly proliferating progeny (97). Stable knockdown

of JARID-1B in long-term cultures and serial xenotransplantation experiments led to

a cessation of melanoma growth (97). Furthermore, JARID1B was found to be not
necessary for melanoma initiation, although it was needed for growth in culture and tumor
development leading to metastatic disease progression (97,98). The demethylase activity of
KDMS5 was essential for the survival of DTPs treated with CPI-455, a pan-KDMS5 inhibitor,
which led to an increase in global H3K4 trimethylation (H3K4me3) (99). Pretreatment of
cancer cells with the KDM5-specific inhibitor eliminated a subpopulation of cancer cells
that played a role in cancer progression (99). A complication of targeting JARID1B is that
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there is functional redundancy across KDM5 family members, which makes it critical to
know the unique functional role(s) of each family member in order to have agents targeting
the specific ones active in particular DTP subpopulations (100). Compounds 54, 54k,
GSK467, and GSK-J1 have all been developed to target JARID-1B with low 1Csq values,
which could suggest toxicity (96). This will be an important area of research in the future to
target the JARID-1B DTP subpopulation in cancers.

Persister cells expressing Aldehyde dehydrogenases (ALDHS).

The ALDHs are a group of 19 oxidoreductive enzymes that are important for cellular
survival by detoxification of aldehydes, converting them into carboxylic acids (101,102).
ALDHs are required for the proper development, differentiation, and maintenance of stem
cells (102,103). They protect against reactive oxygen species (ROS) (88) and are involved

in the biosynthesis of retinoic acid (RA) (102). ALDH activity is high in cancers of the

liver (104), prostate (105), colon (106), brain (107), lung (108), breast (109), pancreas (110),
stomach (111), ovary (112), esophagus (113), neck (114), and in melanoma (9,65). High
levels of ALDH activity is generally associated with poor clinical prognosis for patients
(103).

ALDH AS A CENTRAL MARKER FOR DTPs

ALDH could be a central marker for DTPs for research and clinical applications. The
ALDH* cells have a fundamental role in various metabolic and cellular processes, leading
to drug resistance (115). ALDH-dependent drug resistance was initially discovered in
hematopoietic progenitors and cell lines where overexpression of ALDH1A1/3Al increased
resistance to cyclophosphamide active metabolites (116). Furthermore, high expression

of ALDH contributes to resistance against various cytotoxic drugs, including cisplatin,
dacarbazine (117), and cytarabine (Ara-C) (118). In mantle cell lymphoma (MCL) patients,
rare slow cycling, drug-resistant, highly clonogenic ALDH-positive cells were found to be
the cause of relapse (119). ALDHN CD44™ breast cancer cells have been found to play a
crucial role in mediating breast cancer metastasis (120). ALDH" CD44* breast cancer cells
are also resistant to taxanes and anthracyclines as well as radiation. ALDHM CD447 cells
and not ALDH!% CD44- cells expressed significantly higher amounts of proteins that are
involved in therapy resistance, such as CHK1, GSTpi, and p-glycoprotein (121). Treatment
of these cells with ALDH inhibitors diethylaminobenzaldehyde (DEAB) or all-trans retinoic
acid (ATRA) made them more vulnerable to killing using standard cancer therapies, such as
paclitaxel and doxorubicin (121).

There is strong clinical support suggesting that ALDH expression is a potentially useful
marker of drug-resistant disease recurrence. A tissue microarray using specimens from

68 malignant melanoma patients with comprehensive pathologic and clinical follow-up
suggested that higher levels of ALDH1 activity were linked to improved outcomes (122).
However, the authors did not investigate the potential involvement of other ALDH isoforms,
which could complicate their interpretation. These observations were similar to those
reported in lung cancer (123) but are contradictory for leukemia (124) and breast cancer
(125,126), where higher levels of ALDH1 were associated with a poor prognosis. These
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contradictory observations suggest that ALDHL1 is a ubiquitous enzyme playing different
functions in various organ systems, which implies that the various isoforms could play
distinct roles in different cancer types (122). The size of the ALDH gene family and the
heterogeneity of isoform activity in different tumor types will make it difficult to target
ALDH DTPs using the same approach for all cancers unless a broad-spectrum inhibitor can
be identified for clinical use.

PHENOTYPIC SWITCHING BETWEEN ALDH+ AND ALDH- CELLS

There is rapid interconversion of cells with high ALDH activity into those with low
activity and vice versa. The role this process plays in cancer progression remains to be
elucidated. Melanoma cell lines, xenografts, and patient biopsies have been identified,
having cell subpopulations with high levels of ALDH activity (117). The ALDH*Ve cells
have been found to give rise to ALDH™V€ cells, but the reverse conversion was less common,
showing that ALDH*V€ cells had a greater ability to restore ALDH heterogeneity in tumors
(117). Interestingly, the authors did not find any specific differences between ALDH*V®
and ALDH™V€ cells with respect to /n-vitro colony formation and /n-vivo tumor initiation
(117). Also, the anti-melanoma drugs lexatumumab and dacarbazine had equal potency for
killing both subpopulations (117). A small subpopulation of ALDH expressing DTPs have
been found to cause melanoma initiation when utilizing limiting dilution studies in NOD/
SCID mice, which led Boonyaratanakornkit et al. to conclude that 0.005% of ALDH* cells
were melanoma initiating cells (65). However, 25% of ALDH™ cells derived from human
metastatic melanoma were shown to be melanoma initiating cells in the NOD/SCIDII2rg/
(NSG) mice (65). These cells had no distinct phenotype and were capable of clonogenic
proliferation and self-renewal (65).

REGULATION OF DTP STEMNESS BY ALDHs

Pathways have been identified that link ALDH activity to stem cell-like characteristics in
cancer cells. For example, the Hedgehog (Hh) signaling pathway, important for vertebrate
development, tissue regeneration, and stem cell development plays an important role in
ALDH DTPs (127,128). Inhibition of the Hh/GLI signaling cascade reduced self-renewing
capacity and tumorigenicity of ALDHM" cells. Furthermore, the Hh/GLI cascade was
able to modulate the SRY-Box Transcription Factor 2 (SOX2) directly, thereby assisting
ALDH? cells in forming melanomas (129). Cells forming melanomas have been found to
have high expression levels of ALDH1A1 and ALDH1A3. In non-obese diabetic/severe
combined immunodeficiency (NOD/SCID) as well as NOD SCID gamma (NSG) mice,
ALDH*€ melanoma cells were more tumorigenic than ALDH™V€ cells (130). Additionally,
they demonstrated that ALDH enzymes are involved in the regulation of melanoma initiating
cells. Molecular silencing of ALDH1A using RNAI reduced cell viability, apoptosis, cell
cycle arrest, and decreased tumorigenesis by these cells (130).

Many of the stem cell markers found in ALDH*Ve cells from patient-derived tumor tissues
were retinoic acid (RA)- directed target genes and RA response elements (130). Thus,
targeting RA signaling might inhibit the stem cell properties present in ALDH*Ve cells to
inhibit the melanoma initiating properties (130). Tumor cells also altered ALDH activity
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levels in endothelial cells. Ohmura-Kakutani et al. in 2014 characterized stem-like tumor
endothelial cells (TECs) (131). TECs from melanoma xenografted nude mice showed higher
levels of ALDH but not those from normal endothelial cells derived from normal skin
(NECs). Moreover, ALDHN9" TECs were able to form more tubes and sustained them for
longer periods in a matrigel-based experiment than ALDH!W TECs. Also, ALDHN9" TECs
exhibited higher levels of VEGFR2 (vascular endothelial growth factor receptor 2) than
ALDH!'o" TECs. Additionally, ALDH was found in the tumor blood vessels of melanoma
and oral carcinoma mice models but not in normal blood vessels. According to these studies,
ALDHNYN TECs have an angiogenic phenotype and may play key functions in tumor
angiogenesis (131).

MULTIPLE ALDH ISOFORMS ARE ACTIVE IN DTPs

Total ALDH activity in a tumor is the result of the activity of multiple isoforms, with ALDH
1, 2, and 3 appearing to be the most active in melanoma (5). Melanoma cancer stem cells
have also been reported to have high ALDH activity, predominantly expressing ALDH1A
and ALDH1A3. Knockdown of ALDH1A using RNAI technology led to cell cycle arrest,
apoptosis, decreased cell culture viability, reduced tumorigenesis, and sensitized melanoma
cells to drug-induced cell death (130). ALDH1AL1 expression was linked to chemoresistance
of cultured and xenografted ovarian, stomach, and pancreatic cancers (103). Studies on
ALDH1AL1 expression have been linked with poorer progression-free survival and overall
survival in clear cell renal carcinoma and breast cancer patients treated with neoadjuvant
therapy (132-134). Given the fundamental importance of ALDHs in a variety of normal
cellular processes (135), as well as their role in malignancies (115), and persister cell
biology (9), targeting ALDHSs therapeutically would be complex. It might require a better
understanding of the tissue-specific expression and unique role of the different isoforms in
specific tumor types.

TARGETING ALDH EXPRESSING DTPs WITH BROAD-SPECTRUM ALDH
INHIBITORS

In a tumor, only a small subpopulation is ALDH expressing DTPs. Therefore, targeting
these cells specifically with drugs would leave the main population unaffected, necessitating
the identification of approaches targeting both populations. These unique strategies might
involve combination approaches (Figure 2) or treatment with an ALDH inhibitor only after
killing the non-ALDH expressing cells. The ALDH expressing cells could be targeted using
isoform or broad-spectrum ALDH inhibitors. Isoform-specific ALDH inhibitors have been
developed but seem to be ineffective for treating cancers since inhibiting one, appears to
boost the activity of another (101). This can be mitigated by using broad-spectrum ALDH
inhibitors, but these seem to be toxic (5), which until recently has been a major problem
(5). Many broad-spectrum drugs have been developed to target ALDH family members,

for example, a pan-ALDH1A family inhibitor 673A has been developed and found to
trigger necroptosis in ovarian stem cells, eradicating tumors in several ovarian cancer
models (136). In another study, individuals with advanced lung cancer who received a triple
combination therapy of cisplatin, vinorelbine, and the ALDH inhibitor disulfiram (DSF)
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had approximately 10% disease-free survival rate after three years of treatment, compared

to patients who received just cisplatin and vinorelbine (137). Unfortunately, DSF has been
shown to have toxicity, short /n vivo half-life, and multiple off-target effects (136). So,
while broad-spectrum ALDH inhibitors can be effective, toxicity is a major factor limiting
use in cancer (136). Another approach that can reduce toxicity-related concerns involves
using a prodrug that is converted to an active cancer-killing agent in the presence of ALDH
activity (138). For example, the antibiotic prodrug, 5-nitrofurans can be bioactivated by
ALDH-1A1/1A3 enzymes that are expressed in melanomas (138). High ALDH1 expressing
cells exhibited increased sensitivity to nifuroxazide, regardless of melanoma genotype (138).

Another approach to limit the toxicity-related concerns associated with broad-spectrum
ALDH inhibitors involves drug formulation. Recent studies suggest that loading broad-
spectrum ALDH inhibitors into nanoliposomal formulations can reduce toxicity to levels
useful for cancer treatment (139). The most promising current agent is nanoKS100 (Figure
2), developed on a structure-activity-based chemical synthesis approach. It is a multi-ALDH
isoform inhibitor of ALDH1AL, ALDH2AL, and ALDH3AL1 (5). The compound was very
toxic in animals until it was loaded into a nanoliposomal formulation, which eliminated

the toxicity but remarkably retained the effective anti-tumor efficacy (5). The potential use
of nanoKS100 alone or in combination with other agents is shown in Figure 2, where it

is predicted to synergize with current approaches to prevent drug resistance mediated by

the DTP ALDH expressing subpopulation of cells. Dimethyl ampal thiolester (DIMATE)
(140) is a similar agent to nano KS100 but inhibits the ALDH1 and 2 isoforms only.
DIMATE is being evaluated in clinical trials in Europe but it appears that toxicity is

limiting its development and now nanoliposomal formulations are being tested to circumvent
this concern (141). It is unclear as to why nanoliposomal formulations are effective at
reducing the toxicity of broad-spectrum ALDH inhibitors but they do generally have a

high biocompatibility index, greater stability, better solubility, extended-release, and reduced
toxicity compared to native drugs, which could be leading to reduced toxicity of nanoKS100
(139).

IDENTIFYING TUMOR TYPES AND THERAPIES ENRICHING ALDH+ CELL
SUBPOPULATIONS FOR EFFECTIVE ALDH INHIBITOR TREATMENT.

For treating ALDH DTPs in cancers, a comprehensive understanding of tumor types and
therapies that mostly enrich ALDH* DTP state would be critical for success. A recent study
by Kawakami et al demonstrated this concept using single-cell analysis based on stem cell
lineage-related and gastric cell lineage-related gene expression in patient-derived stomach
cancer cell models. The analyses showed that 5-fluorouracil (5-FU) causes a dynamic shift
in cell heterogeneity. Post 5-FU treatment stem-cell-related genes were enriched in residual
cancer cells. Upon subsequent analysis of these cells, ALDH1A3 emerged as a prominent
stem cell marker in these DTPs. Among the members of the ALDH family, ALDH1A3 was
preferentially overexpressed in 5-FU or SN38 (DNA topoisomerase | inhibitor) treated cells.
RNA interference-based knockdown of ALDH1AS3 decreased the number of persister cells
and tumor burden in a mouse xenograft model (142). ALDH1A3 expression has also been
reported in cells treated with paclitaxel and cisplatin (142). Thus, particular therapies seem
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to enrich the ALDH* DTP state but the particular isoform varies, which could complicate
effective ALDH inhibitor treatment without a corresponding diagnostic analysis of isoform
activity. For example, ALDH5A1 was expressed in breast cancer (143); ALDH3AL in lung
cancer (144); and prostate cancer (145); and ALDH1A3 in melanoma, glioma, and breast
cancer (142). It remains unclear whether a different therapy in a particular cancer type would
lead to increased activity of the same ALDH isoform.

The therapeutic window for eliminating ALDH DTPs might also vary and not require
prolonged treatment but need enrichment of the ALDH*V€ sub-population prior to targeting
them. Targeting the ALDH subpopulations of 10 to 20% in melanoma cell lines led to a
60% reduction in tumor volume (5). Therefore, it is possible that enriching the ALDH*Ve
population using (V600E) BRAF therapy in melanoma could be used to increase the ALDH
DTP subpopulation. Targeting the expanded ALDH*V® subpopulation with a broad spectrum
ALDH inhibitor, such as nanoKS100, might then achieve an even more substantial and
durable response. This possibility remains to be examined.

COMPLICATIONS DUE TO OVERLAP OF ALDH POSITIVITY WITH OTHER
DTP MARKERS

Multiple studies suggest an overlap of ALDH positivity with other DTP markers. For
example, pancreatic cancer stem cells (PCSCs) express markers like CD44*,CD133* along
with high ALDH activity (146,147). A study by Ma et al., in 2008 reported that in
hepatocellular carcinoma (HCC), ALDH1AL1 is preferentially expressed in the CD133*
subfraction. Furthermore, in liver cancer cell lines, expression analysis of various ALDH
isoforms and their enzymatic activity revealed ALDH activity to be positively correlated
with the expression of CD133 (148). However, Tanaka et al., in 2015 reported that
ALDH1A1 was not co-expressed with DTP markers such as CD133 (149) in HCC.

In another study, where the expression of CD133 and ALDH enzymatic activity were
analyzed in 108 human ovarian cancer samples, 13% of the individuals tested were fully
negative for ALDH activity and 26% were completely negative for CD133 staining. Both
markers were shown to be variable in expression within the samples, and there was no
statistically significant link between ALDH enzymatic activity and CD133 expression when
both were evaluated in the same tumor sample (150). In 2015 Kuo et al., performed

a flow-cytometric based correlative analysis of JARID1B expression with known stem

cell markers like CD133, and ALDH activity in neuroblastoma cells. They reported that
JARID1B knockdown negatively modulated stemness markers and significantly decreased
the proportions of ALDH* and CD133* in comparison to wild-type neuroblastoma cells
(151). Thus, in cases where there is an overlap of ALDH* DTPs with other DTP markers, a
combination approach targeting ALDH and the other DTP markers might be more effective.
However, in tumors where ALDH* DTPs comprise the majority of cells, ALDH inhibitors
could be quite effective.

CONCLUSION

Many important questions remain regarding ALDH-positive DTP cells and their role in
drug resistance. Questions that remain are related to the optimal experimental conditions
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in cell culture and in animals that could be used to mimic their behavior in patients
developing drug resistance. Another question involves the heterogeneity of ALDH DTP cells
and whether slow-cycling, increased metabolism, or plasticity could be used as a marker
for those cells leading to drug resistance. It also remains unclear whether ALDH activity

is the best marker or whether a pathway or process regulated by ALDH might be more
easily studied in the clinic. Drugs specifically targeting the ALDH DTP cells also remain

a challenge. Isoform-specific inhibitors do not seem useful for cancer treatment, and those
targeting multiple isoforms can be toxic. A recent advance might have solved this concern
by using nanoparticle formulations. However, it would be important to determine the
mechanism through which the nanoliposomal formulation kills cancer tumor cells without
having significant toxicity. Another issue would be the involvement of DTP cells with high
ALDH activity in double resistant (BRAF/MEKIi) populations. Finally, the effects of ALDH
inhibitors on the immune system remain to be studied, as well as, whether ALDH inhibitors
can be combined with immune therapy to more effectively eliminate the DTP cells.
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Figure 1:
Emergence of persister cells: Mice injected with tumors and treated with and without drugs

show different tumor kinetics. The green line shows the untreated control group with a

high tumor burden. A rise in tumor size and shrinkage of tumor upon initialization of
treatment leading to the emergence of drug-resistant persister cells is depicted by the blue
line. In a tumor with a heterogeneous cell population, treatment with the drug would lead

to the killing of most cells, but the drug-resistant persister cells expressing ABCB5, CD133,
CD271, JARID1B, ALDH, ALDH*/CD44"*, or ALDH*/CD133*/CD44* could survive,
leading to relapse and recurrent resistant disease development.
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Figure 2:

Tumor heterogeneity and targeting ALDH cells: (A) Tumors are highly heterogenous and
both ALDH+ve cells and ALDH-ve cells can be found. The percentage of ALDH+ve cells
can be 95-60% whereas ALDH-ve cells can be 5-40%. Inhibition of ALDH+ve cells with
isoform-specific inhibitors is not effective as it can lead to an increase in the activity of
other forms. In contrast, treatment with a broad-spectrum inhibitor like NanoKS100 would
kill the ALDH +ve cells, leading to tumor regression as seen in (B). Combination therapy
(NanoKS100 along with the standard of care drug (X)) might lead to more effective tumor
regression than either approach alone (NanoKS100 or drug alone) as seen in (C).
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