1duosnue Joyiny 1duosnuep Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Author manuscript
Semin Cancer Biol. Author manuscript; available in PMC 2016 December 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Cancer Biol. 2015 December ; 35: 191-199. doi:10.1016/j.semcancer.2015.07.002.

Cancer stem cells and cell size: A causal link?

Qiuhui Li2", Kiera Rycaj®”, Xin Chen?, and Dean G. Tang&P

aDepartment of Epigenetics and Molecular Carcinogenesis, University of Texas M.D. Anderson
Cancer Center, Science Park, Smithville, TX 78957, USA

2Cancer Stem Cell Institute, Research Center for Translational Medicine, East Hospital, Tongji
University School of Medicine, Shanghai 200120, China

Abstract

The majority of normal animal cells are 10-20 um in diameter. Many signaling mechanisms,
notably PI3K/Akt/mTOR, Myc, and Hippo pathways, tightly control and coordinate cell growth,
cell size, cell division, and cell number during homeostasis. These regulatory mechanisms are
frequently deregulated during tumorigenesis resulting in wide variations in cell sizes and increased
proliferation in cancer cells. Here, we first review the evidence that primitive stem cells in adult
tissues are quiescent and generally smaller than their differentiated progeny, suggesting a
correlation between small cell sizes with the stemness. Conversely, increased cell size positively
correlates with differentiation phenotypes. We then discuss cancer stem cells (CSCs) and present
some evidence that correlates cell sizes with CSC activity. Overall, the causal link between CSCs
and cell size has been under-studied and remains to be rigorously assessed. In the future,
optimizing methods for isolating cells based on size should help elucidate the connection between
cancer cell size and CSC characteristics.
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Stem cells and cell size

In multicellular organisms, homeostatic control mechanisms are regulated so that internal
conditions ensuring cell number and size remain stable and relatively constant (reviewed in
[1]). These control mechanisms are an integration of extracellular nutritional environments
and multiple cell-specific growth, mitogenic, and survival signals that coalesce to create a
balanced homeostatic state in terms of rates of synthesis and degradation of
macromolecules, and thus cell size. The majority of animal cells are 10-20 um in diameter
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and rarely vary more than 2-fold outside of this range suggesting that the mechanism for cell
size regulation is highly conserved [2]. Nonetheless, the mechanisms that control cell size
and the relationship between cell growth (cell mass increase over time), cell division, and
cell lifespan remain poorly understood.

A correlation between size and lifespan was first observed in yeast [3] and the same
observations have also been made in mammalian cells. For example, as yeast cells approach
quiescence, proliferation slows but cell growth continues, and thus cells increase in size with
age. Mammalian cells in vivo also steadily increase in size with age. In a recent study, a
genetic link between cell size, growth rate and lifespan has been reported in yeast cells [4].
Authors show that mutations that increase cell size concomitantly increase growth rate and
decrease life span. Thus, small cell mutants age slowly and are long-lived while large cells
grow, divide and age dramatically faster in comparison. Specifically, intracellular RNA and
protein contents increase with age, even though the synthesis of macromolecules decreases,
and these elevations contribute to the increase in the cell size, numbers of inclusion bodies,
and other cellular components [5].

Cell growth and proliferation are distinct processes that both require extensive instructive
signals. It is unclear what types of mechanisms coordinate cellular growth and the cell cycle
in metazoan cells. It has been suggested that commitment to proliferation is dependent upon
the attainment of a minimum “critical cell size” [6, 7]. In support, large cells tend to divide
faster than small cells [8]. One group found that both the expression and the activity of G1-
phase cyclins are modulated by growth rate and cell size in yeast, suggesting that the
proliferative capacity correlates with cell size and cell growth rates, such that the largest
cells begin to proliferate five times faster than the smallest cells [9]. Other experiments in
mammalian cells support the conclusion that cell size correlates closely with the
proliferative potential of cells [10-12]. Another group examined cell size distributions in
lymphoblasts and showed that growth rate is size-dependent throughout the cell cycle.
Alternatively, authors concluded that cell division probability varies independently with cell
size and age, indicating that mammalian cells have an intrinsic mechanism for cell size
maintenance [13].

Mammalian adult stem cells are rare, long-living cells with the inherent traits of both
indefinite self-renewal and multilineage differentiation capabilities [14]. Thus, stem cells
normally divide asymmetrically into a new stem cell and a committed progenitor, the latter
of which has limited self-renewing ability and can give rise to progeny that are more
restricted in their differentiating potential and finally to functionally mature cells. Between
the two, primitive stem cells are generally smaller than differentiated cells. Stem cells are
also generally detected in a predominantly quiescent state, a reversible arrest in proliferation
as determined by an integration of diverse antimitogenic signals. The proliferative and
quiescent states have vastly different metabolic needs, the former requiring tremendous
metabolic energy in order to synthesize DNA, protein, and lipids. Indeed, quiescent cells are
widely reported to exhibit reduced nucleotide synthesis, as well as reduced metabolic
activity and cell size. As expected, most studies that look at cell size have described stem
cells to be much smaller in size than the more committed and highly proliferative cells. For
example, in murine bone marrow (BM), hematopoietic stem cells (HSCs) are small
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measuring between 4 and 5 um [15, 16]. Another group described human BM HSCs
(Lin"CD34*c-Kit*) to be small at ~6 pm [17]. Neuroblasts (neural stem cells) and myoblasts
are notably smaller than their differentiated daughter cells, i.e., neurons and skeletal muscle
cells, respectively. The presence of heterogeneous CD34*CD45~ nonhematopoietic tissue-
committed, putative stem cells that measure 5-7 um has also been described [18]. Finally,
small pluripotent epiblastic-like cells of 8-10 um from the rat skeletal muscle [19], very
small embryonic-like (VSEL) stem cells of 3 pm from the bone marrow [20], very small
stem cell-like cells (2-4 um) that express embryonic markers such as SSEA-4, Oct-4,
Nanog, Sox-2, and c-kit in the human ovarian surface epithelium [21] have been reported.
Whether these latter, small-sized, putative stem cells truly possess stem cell properties (i.e.,
self-renewal and multi-lineage differentiation) has not been rigorously examined and
remains somewhat controversial.

Identification of different sized subpopulations has been largely based on regular light or
electron microscopy [15-18], fluorescence-activated cell sorting (FACS) [22], size-sieving
methods [23], centrifugal elutriation, and long-term culture under specific conditions [24]
(Figure 1). These methods have been instrumental in producing evidence that cell size is
related to cell cycle [25], cell proliferation [26—28], and differentiation [29, 30]. For
example, the differentiation marker involucrin has been reported to correlate with increasing
cell size and terminal differentiation in human epidermal cultures [31]. In studies utilizing
human epidermal keratinocytes, the smallest cells sorted by centrifugal elutriation expressed
the highest levels of basal cell markers (p63 and basonuclin) and possessed the greatest
clonogenicity in culture [26, 28, 30]. Vice versa, the proliferative potential of human
fibroblasts and keratinocytes was shown to be inversely dependent on cell size [26, 27].

When utilizing FACS, cells of different sizes can be separated based on forward scatter
(FSC), which is an indirect measurement of size, versus light scatter (LSC), which is a
measurement of the cell’s granularity (Figure 1A). Alternatively, a mixture of synthetic
beads of predefined sizes can be employed in FACS to fractionate subpopulations of cells of
varying sizes (Figure 1C-D). In one study, human corneal epithelial cells were sorted by
FACS based on FSC [32]. Four fractions (A, B, C, and D) of cells ranging in size from 10 to
16, 17 to 23, 24 to 30, and >31 pm in diameter, respectively, were isolated. Cell size was
shown to positively correlate with the expression of the differentiation markers keratin (K)
3, K12, and involucrin and inversely with the levels of stem cell-associated markers ANp63
and ABCG2 and with colonyforming efficiency and growth capacity. Cells with the smallest
size contained the greatest number of BrdU label-retaining slow-cycling cells, displayed the
highest percentage of cells immune-positive to p63 and ABCG2 and negative to K3 and
involucrin, expressed the highest levels of ANp63 and ABCG2 mRNA and the lowest levels
of K3, K12, and involucrin, and possessed the highest colony-forming efficiency and growth
capacity [32].

As discussed above, when keratinocytes undergo terminal differentiation, both in vivo and
in culture, they increase progressively in cellular size [31, 33]. In studying the p53/MDM2
regulatory loop in human epidermal differentiation, one group found that induction of
MDM2 and downregulation of p53 characterized the transition from proliferation to
differentiation in primary human keratinocytes. These changes correlated with an increase in
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cell size and an irreversible commitment to terminal differentiation [29]. The same group
also found that upon differentiation, keratinocytes continued DNA replication after cell
division was suppressed [34]. As a consequence of this phenomenon, referred to as
endoreplication, cell growth results not in proliferation, but rather in an increased cellular
size and polyploidy.

Size has also been interrogated in mesenchymal cells. In order to obtain homogeneous
subpopulations of stem cells from human umbilical cord matrix, one group applied the
counterflow centrifugal elutriation to separate cells with distinct characteristics with respect
to size, morphology and proliferative activity [35]. In another study, both FACS and the
elutriation method were used to identify a phenotypically distinct population of
mesenchymal stem/progenitor cells (MSPCs) within human BM [36]. The MSPC activity
resided within a population of rare, small CD45-CD73*CD90*CD105* cells that lacked
CDA44. These rare MSPCs, which were between 5 and 12 pm in diameter, expanded rapidly
in culture and demonstrated tri-lineage mesenchymal differentiation potential into
osteoblasts, chondrocytes, and adipocytes [36]. Other studies utilizing normal human
peripheral blood cells and hematopoietic progenitor cells have also uncovered a correlation
between cell volume with stem cell marker expression, allowing for the identification of
small stem cells [37].

Rapidly self-renewing mesenchymal stem cells (MSCs) of ~7 um [22,39] or even smaller
VSEL stem cells [20,38] have been described in the BM. Size-sieving based approach using
smaller pores, for example, 3 um, has also been employed to isolate very small BM MSCs
with proliferation and self-renewal capacities that lack markers of osteoblastic
differentiation and can serve as progenitors for all mesenchymal cell lineages, including
osseous, adipose, and cartilaginous tissues [23]. In another study, equine umbilical cords
were processed and cells separated into larger and smaller sieved populations using multi-
dishes with 8-um pore transwell inserts [40]. Cells from both populations (i.e., >8-um and
<8-um) expressed MSC and pluripotency markers and were able to differentiate into
mesodermic and ectodermic lineages. After sieving, both large intervascular and small
perivascular cells were rapidly replicating cells. However, sieved cells (i.e., <8-um) had
more proliferative potential than un-sieved cells [40]. Interestingly, Katsube et al measured
the proliferation and cellular thickness of human MSCs by atomic force microscopy and
found that the MSCs with high proliferative activity were small and those with low
proliferative activity were flat and large [41]. The MSCs with medium proliferative activity
were of intermediate size.

The VESL stem cells described above [20,38] have the phenotype of
CXCR4*Sca-1*CD45 Lin™ in murine BM and are highly enriched at the mRNA and protein
levels for markers in embryonic pluripotent stem cells. A transmission electron microscopy
study showed that these cells were extremely small (2—4 um) and had the ability to
differentiate into cells from all three germ cell layers in vitro [42]. The same group later
isolated a similar population of CXCR4*AC133*CD34*Lin"CD45~ mononuclear cells from
human cord blood (CB), which were very small (3-5 um) and expressed embryonic
transcription factors Oct-4 and Nanog [43]. The authors showed that murine VSELSs could
differentiate into the hematopoietic lineage after coculture over OP9 stromal cells [44].
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Nevertheless, these observations on VSELSs have recently become controversial because
studies from an independent group found no evidence for VSELSs in murine BM, and no
molecular signatures associated with pluripotency in any mouse BM cells smaller than 7 pm
across [45]. In addition, the small cells did not form spheres in vitro and differentiate into
blood cells [45].

In contrast to the above studies that correlate small cell size with adult stem cell properties, a
recent study reported an opposite correlation in mouse mammary stem cells (MaSCs) [46].
In addition to the CD24*CD49f"CD29"Scal~ marker profile, adult MaSCs can be defined
by the property of size. Based on FACS FSC, cells with a low FSC (approximately <10 pM)
lacked outgrowth potential and failed to reconstitute the mammary gland when transplanted
into the cleared fat pads of syngeneic mice. In contrast, cells >10 uM in size had increased
outgrowth potential as compared with Lin™ control cells. Limiting dilution transplantation
assays indicated that the repopulating ability of Lin"CD24~CD29Mi cells that were >10 pM
in size was significantly increased as compared with cells marked by CD24 and CD29 alone
[46].

Cancer stem cells

Cancer is characterized by the excessive and uncontrolled expansion of abnormal, malignant
cells that display morphological, proliferative, and functional heterogeneity. Morphological
heterogeneity is further manifested in tumor cells of variegating size, shape, thickness,
nucleus/cytoplasm ratio, etc. In order to explain this tumor cell heterogeneity, two models
have been proposed, one being the cancer stem cell (CSC) concept [47,48]. This model
postulates that, akin to growth of normal proliferative tissues, growth of tumors or expansion
of a tumor clone is driven by a population of cells endowed with both self-renewal and
differentiation capabilities [48]. CSCs, as with normal stem cells, are long-lasting and have
self-renewal capabilities. Both human cancers (or tumor clones) and regenerating normal
tissues are organized in a hierarchical manner according to stages of differentiation and
proliferative potential with stem cells as the common denominator. However, this does not
necessarily imply that CSCs are always derived from normal stem cells. Stem cells are often
the target of genetic events that are necessary or sufficient for malignant transformation;
however, restricted progenitors, due to their cycling feature, oftentimes represent the
preferred transformation targets [47]. Even differentiated cells can undergo oncogenic
reprogramming and dedifferentiation and be transformed [47]. Both normal stem cells and
CSCs share the ability to self renew and produce differentiated progeny, and thus parallels
can be found between signaling pathways that regulate these attributes. A CSC is set apart
from a normal stem cell in that it has acquired the capacity for indefinite proliferation
through accumulated genetic mutations and epigenetic alterations. In this case, when
signaling pathways that regulate normal stem cell self-renewal are dysregulated,
tumorigenesis occurs. Multiple approaches have been employed to identify, enrich, purify,
and characterize CSCs in different tumor systems [47].

CSCs have now been reported in most human tumors. Multiple approaches have been
employed to identify, enrich, purify, and characterize CSCs [47]. Cell surface biomarkers
can be exploited to purify and analyze CSC populations by FACS or magnetic-activated cell
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sorting (MACS). Isolation of side population (SP) cells, defined by Hoechst dye exclusion in
FACS, can also facilitate enrichment of CSCs. The SP cells are identified according to their
ability to efflux the Hoechst dye at a higher pace than the remaining cells. The degree of
efflux also correlates with maturation state, as cells with the highest efflux activity are less
differentiated. Because the SP phenotype is mainly mediated by ABCG2, an ATP-binding
cassette half-transporter associated with multidrug resistance, ABCG2 can also be used to
enrich putative CSCs. High expression of aldehyde dehydrogenase (ALDH) is another
marker for CSCs. Clonogenicity and sphere formation assays assess, to a certain degree,
self-renewal properties in isolated cell populations. The former determines if one seeded cell
has the ability to proliferative extensively, evidenced by the formation of large colonies.
Additional serial seeding can further strengthen the clone’s self-renewal capacity. The latter
employs low adherence plates and serum-free medium that specifically enrich for
tumorspheres displaying CSC phenotypes. The application of genetic marking can be used
to isolate CSCs. An example of this is use of a lentiviral reporter system that contains a
specific promoter of interest specific to phenotypic characteristics of either stem cells or
differentiated cells that drives the expression of a fluorescent tag. The same principle applies
to lineage tracing whereby a single cell is marked, via a promoter of interest, and the label is
transmitted to the cell’s progeny resulting in a set of labeled clones, thus providing
information about the founder cell and its location. As mentioned previously, a common
feature associated with stem cells is quiescence. Incorporation of DNA analogues (BrdU,
EdU) during the S-phase is a type of label retention method for studying cell-cycle kinetics
and thus enables detection of the slow-cycling, quiescent stem cells and CSCs.

Cancer stem cells and cell size

Tumors generally contain multiple clones, in which differentially sized tumor cells can be
easily observed. It seems reasonable to speculate, a priori, that a certain population of cells
in tumors with certain sizes might be endowed with particular characteristics to promote
survival and longevity. In other words, can cell size be used as a determinant of CSCs vs.
non-CSCs? Very few studies by far have been conducted to prospectively address this
interesting question. A group recently generated a liver-derived progenitor cell (LDPC) line,
RA1L, by overexpressing the simian virus 40 (SV40) large T antigen (TAg) in primary
LDPCs [49]. Interestingly, following transformation, LDPCs decreased in size significantly
and the propagating cells measured 1 um in diameter compared with the 10 um size of the
parental LDPCs. These small cells multiplied continuously and, after passage 36, they
started to increase in size and reached a maximum size of 10-12 ym by passage 42. The
authors speculated [49] that forced cell cycle entry by TAg might have been the trigger for
the “reprogramming” of cells causing a change in their cell size, possibly via the process of
‘de-differentiation’, a feature observed in other stem cells and CSCs. To date, RA1 cells are
the smallest mammalian cells to be reported in the literature.

Bortolomai et al investigated cancer stem/tumor initiating cells characteristics in the human
epidermoid carcinoma cell line, A431, via growth as non-adherent spheres in specific media
and ALDH enzymatic activity [50]. Spheres manifested increased stem-cell like properties
including holoclone formation, high ALDH activity (the ALDH-positive fraction increased
from 46% in adherent cultures to 65% in spheres), and a transient induction of stem cell
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markers such as Nanog, Nestin and Oct4. When compared to parental cells, spheres were
greatly enriched in a podoplanin-positive subpopulation characterized by small cell sizes and
the ability to propagate tumors in nude mice at a lower cell dose [50].

In contrast, Srivastava et al interrogated the DAOY medulloblastoma cell line with respect
to the relationship between cell size and stem-like potential and observed opposing results
[51]. They purified SP/non-SP DAQY cells, which were also sorted separately for viability,
cell size, cell cycle status, and proliferative capacity evaluation. The SP, non-SP, CD133*,
and CD133" fractions were all capable of reconstituting the original parental DAOY
population. However, SP cells, which have been shown to enrich for CSCs in many tumor
systems [47], differed from the non-SP cells in that they actually showed increased cell size,
decreased S-phase, and slightly decreased proliferative capacity. Another example of stem-
like cancer cells with increased cell size is polyploid giant cancer cells (PGCCs) that are
frequently found in human solid tumors. These cells are large atypical cancer cells with
multiple copies of DNAs and have been recently been studied in human ovarian cancer cell
lines and primary ovarian cancer [52]. Of interest, these PGCCs are highly resistant to
oxygen deprivation, express normal and CSC markers, divide asymmetrically and cycle
slowly, and, surprisingly, can differentiate into adipose, cartilage and bone cells. A single
PGCC can form cancer cell spheroids in vitro and generate tumors in immunodeficient mice,
which manifest a mesenchymal phenotype with increased expression of CSC markers CD44
and CD133 and become more resistant to treatment with cisplatin [52].

Our laboratory, in the past 10 years, has been meticulously dissecting prostate cancer cell
heterogeneity. Using cell surface markers, SP, holoclone and sphere formation, as well as
tumor transplantation and serial transplantation assays, we have provided strong evidence
for the presence of CSCs in long-term cultured prostate cancer cell lines and xenografts as
well as in primary patient tumors [53-61]. We have recently made attempts to determine a
correlation between CSCs and cell size in the most aggressive, fully undifferentiated
prostate cancer cells PC3. PC3 cells completely lack differentiation markers such as
androgen receptor (AR) and prostate-specific antigen (PSA). Virtually 100% of PC3 cells
express commonly used CSC surface markers such as CD44, integrin a281; consequently,
these markers would not differentiate between tumorigenic CSCs vs. non-CSCs. We have
shown that PC3 holoclones harbor long-term self-renewing tumor-propagating cells [57].

To address whether cell size is able to provide tumorigenic stratification in PC3 cells, we
first utilized FSC-based FACS sorting (Figure 1A) to fractionate PC3 into, relatively, large
and small sized populations and then implanted 100 and 1,000 cells, respectively,
subcutaneously, in NOD/SCID mice. This experiment revealed a tendency of small cells
being more tumorigenic manifested by more and larger tumors regenerated (Figure 2A). We
then employed size-sieving approach by using nylon mesh of different pore sizes (Figure
1B) to separate PC3 cells into two cell populations varying in the cell sizes, i.e., small (< 10
pum) and large (= 20 or 30 pm) (Figure 2B-E; Figure 3A-B) followed by clonal (i.e., 2D)
and clonogenic (i.e., 3D) assays as well as in vivo tumor regeneration. In two independent
experiments, small PC3 cells demonstrated higher clonal capacity than large PC3 cells
(Figure 2C; Figure 3B). Importantly, two separate tumor experiments again revealed the
trend of small PC3 cells being more tumorigenic (Figure 2D-E). Similar studies in another
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ART/PSA™ prostate cancer cell line IGR also revealed that small IGR cells displayed higher
clonal (Figure 3C) and clonogenic (Figure 3D-E) capacities than corresponding large cells.

The above studies suggest that in two undifferentiated prostate cancer cell models, small-
sized cells possess higher CSC-associated properties (i.e., higher clonal, clonogenic, and
tumorigenic capacities). Serial tumor transplantations are needed to verify the true CSC
traits in small prostate cancer cells. Current experimental strategies in fractionating cancer
cells into different sizes have obvious pros and cons. Nylon mesh-based size sieving
represents a cheap and facile method that is gentle on cells leading to high viability; but
purity is a concern and precise cell sizes cannot be determined. FACS produces populations
with higher purity; however, the high speed at which cells are sorted leads to low cell
viability. Also, the use of forward angle light scatter is not an accurate measure of cell size
as light scatter is influenced by a number of factors. Finally, although FACS with beads
sizing has been used to fractionate normal cells into cell populations of different sizes
[32,46], our preliminary studies in PC3 cells, which vary widely in sizes in culture,
demonstrate that this approach might not be readily applicable to cultured human cancer
cells as two flow cytometers give completely different flow profiles (Figure 3F-G).

Perspectives

Significant progress has been made in the identification of three key and inter-connected
regulatory pathways, i.e., MTOR, Myc, and Hippo, that control normal cell growth, and this
has given us clues as to how cell size is controlled in homeostasis and how cancer cells
might have abnormal cell size control mechanisms (Figure 4). The PI3BK/AKT/mTOR
signaling pathway is a major regulator of cell growth and thus a key determinant of cell size
[62]. Critical inputs regulating this pathway include growth factors, amino acids, stress,
energy status, and oxygen. The activated pathway promotes protein synthesis, lipogenesis,
and energy metabolism, activities that directly relate to cell size (Figure 4A). Many of the
components of the PI3K signaling pathway, which is upstream of both mTOR complexes,
are mutated in human caners. Additionally, the loss of p53 promotes mTOR complex
activation. Another major regulator is Myc, a transcription factor that increases cell growth
and cell size in multiple tissues and organisms (Figure 4B). Myc is frequently overexpressed
as a consequence of genomic amplification and heightened growth or mitogenic signaling
from, e.g., Ras activation (Figure 4B). Endoreplication and cell enlargement is stimulated in
keratinocytes by continuous activation of c-Myc [34]. Continuous activity of c-Myc also
results in increased cellular size and loss of the cell cycle control in other cell types when
mitosis is impaired [63-66]. When c-Myc is knocked out in the epidermis, there is a loss of
the proliferative compartment and premature differentiation. The keratinocyte cells size,
growth and endoreplication are all reduced and the stem cell amplification is compromised
[66]. The Hippo pathway controls tissue/organ size via regulating cell number and cell size
[67] (Figure 4C). YAP, the main downstream target of this pathway promotes organ growth
via activation of mTOR. PTEN, an upstream regulator of mTOR, is a critical mediator of
YAP regulation. Therefore, YAP is the functional link between the mTOR and HIPPO
pathways that regulates cell size, tissue growth and hyperplasia [68]. Both Myc and YAP are
frequently overexpressed in human cancers.

Semin Cancer Biol. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 9

Other factors have also been found that regulate cell size. One example is the transcription
factor myostatin, a negative regulator of skeletal muscle size that inhibits muscle cell
differentiation. Myostatin inhibits activation of the Akt/mTOR/p70S6 protein synthesis
pathway, which mediates both differentiation in myoblasts and hypertrophy in myotubes
[69]. lon channel activity has been shown to simultaneously affect cell cycle and cell
volume in the S phase of the cell cycle in embryonic stem cells [70]. Also, the Erg channel
is critical in controlling cell volume during cell cycle in embryonic stem cells. In support of
this, cell death following Erg inhibition is a consequence of the inability to regulate cell
volume [71]. The Notch pathway has been studied in relationship to cell size. Recently, type
Il neural stem cells in Drosophila are used for studying CSC-initiated tumorigenesis [72].
These cells, marked by a transcriptional target of Notch involved in their self-renewal and
the absence of a differentiation-promoting transcription factor, give rise to immature
progenitors that are small in size. Notch signaling is required for the maintenance of these
normal stem cells although the specific mechanisms are unclear. When Notch signaling is
inhibited, these neural stem cells exhibit reduced cell growth and cell size [72]. Finally,
ectopic expression of the p21 cyclin-dependent kinase inhibitor has been shown to induce
hypertrophy, increase cell size and reduced the replicative lifespan of cells [73].

Cell size is a reflection of the balance between anabolic and catabolic processes that are
initiated by various signaling pathways (Figure 4). Cell size thus can dynamically change
based on the total net input of these signals. Clear correlations between cell size and
particular phenotypes such as stem cell features have been discovered in normal cell
lineages. Limited reports and our preliminary studies also suggest that small cancer cells
appear to be more tumorigenic and possess more CSC properties. However, whether a
relationship truly exists between cell sizes and all CSCs is less clear, may likely be tumor
cell type-dependent, and requires more thorough investigations. This is due in part to the
various cell fractionation methods that may favor certain cell sizes over others or that are
simply not technically adept. Recent advances in computer science, microfabrication, and
microfluidic devices have spurred the rapid development of precision mass-quantifying
approaches, allowing more precise quantification in cell size. Future studies should aim to
further relate cell size (a phenotype) to functional properties such as stemness based on a
combination of next-generation techniques.
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Figure 1.

Schematic illustration of strategies to enrich cell populations with varying sizes. (A) Single
cells from normal or cancerous cultures or tissues can be separated into (relatively) small,
intermediate and large cell populations based on the forward scatter (FSC) intensity value in
flow cytometry (i.e., FSC-based FACS). (B) Size-sieving approach using nylon mesh
filtration. Single cells are separated into small cells (<10 um) and large cells (= 20 or 30 pm)
using 20 or 30 pm nylon mesh. (C-D) Cell populations with different sizes can be more
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precisely purified via a beads-sizing method by FACS (i.e., beads sizing-based FACS)
(modified from Figure 1-A of ref. 32).
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Small PC3 cells tend to be more clonal and tumorigenic than the isogenic large cells. (A)
FSC-based FACS-purified small PC3-GFP cells exhibited a trend of increasing
tumorigenicity than isogenic large cells. (B-E) PC3 cells were separated by size-sieving
using nylon mesh into three (small, intermediate, and large) sizes and then used in various in
vitro and in vivo assays. (B) Morphologic validation and GFP checking of small (<10 um)
and corresponding large (=30 pm) cells. (C) Clonal assays. PC3-GFP cells of two different
sizes were plated in 6-well plates (300 cells per well). Clones were counted 14 days after
plating. Presented are the mean + SD from triplicate wells (*P<0.05). (D-E) Two
independent tumor experiments. PC3-GFP cells were separated by nylon mesh into the 3
sizes indicated and subcutaneously injected into NOD/SCID female mice at different cell
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doses. Presented are tumor images, tumor incidence, and the time (days; bottom) when
tumors were harvested.
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Figure 3.
Small prostate cancer cells (<10 pm) are more clonal and clonogenic than isogenic large

cells (=20 um) in both PC3 (A-B) and IGR-CaP1 (IGR; C-E) cell lines. (A) Morphologic
validation of different cell sizes separated by nylon mesh. (B) Clonal assay in PC3 cells.
PC3 cells were sorted into small (<10 um) and large (=20 um) sized populations by nylon
mesh, and plated in 6-well plates (300 cells per well). Clones were counted 14 days after
plating. Presented are the mean £ SD from triplicate wells (**P<0.01). Shown in the inset is
the Giemsa-stained image. (C) Clonal assay in IGR. Sorted small and large IGR-CaP1 cells
were plated in 6-well plates (200 cells per well) and clones were enumerated 14 days after
plating. Presented are the mean £ SD from triplicate cells (*P<0.05). (D) Clonogenic assay
in IGR-CaP1 cells. Small and large IGR cells were mixed with Matrigel and plated in 12-
well plates (1,000 cells/well) and colonies were counted in 2 weeks. The large cells showed
reduced colony-forming activity in comparison to small cells although this difference was
not statistically significant. (E) Secondary (2°) sphere formation assays in IGR-CaP1 cells.
Nylon mesh-separated cells were plated in 6-well ultra-low attachment (ULA) plates (1,000
cells per well), and cultured in serum-free medium for 2 weeks. 1° spheres were harvested,
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digested into single-cell suspension, re-sorted into small cell (<10 um) and large cells (=20
um) by nylon mesh and plated into the ULA plates (1,000 cells per well) for 2° sphere
formation assays. Spheres were counted after 2 weeks (*P<0.05). (F-G) Ongoing trials of
beads sizing-based FACS protocol in PC3. Different FACS machines exhibited distinct
sorting profiles.
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Figure 4.
Three major signaling pathways that regulate cell size in normal cells.

A. The PI3K/AKT/mTOR pathway. An increase in cell number and cell size both can lead to
organ growth. Cell number is dependent on the intricate balance between cell proliferation,
which is controlled by extracellular mitogens and inhibitory molecules, and cell death,
which is initiated in response to developmental cues or lack of survival factors. Cell size is
dependent on cell growth, which is controlled by a balance between protein synthesis and
protein degradation based on extracellular growth factors and nutrient sufficiency. Central to
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the regulation of cell growth, is the mTOR pathway. The core components of the mTOR
pathway are shown.

B. The c-Myc pathway. The Ras/PI3K/ERK pathway induces c-Myc. Myc mainly functions
as a transcription factor to regulate target genes including those involved in cell cycle,
apoptosis, cell metabolism and protein and RNA biosynthesis. Myc is also frequently
upregulated in cancer cells due to genomic amplification (not shown).

C. The Hippo pathway. The pathway is thought to sense cell density and to regulate gene
expression for control of organ size. The key downstream effector of the mammalian Hippo
pathway is the Yes-associated protein (YAP), which function as a transcription co-activator.
Mst is a mammalian homolog of Drosophila Hippo and encodes a kinase that
phosphorylates Lats with cooperation from Sav. Phosphorylated Lats then exerts kinase
activity on YAP. Phosphorylated YAP is then trapped in the cytoplasm by a 14-3-3 protein,
until de-phosphorylation by a phosphatase such as PP1A allows translocation to the nucleus,
thereby facilitating transcriptional regulation.
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