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Abstract

Putative cancer stem cell (CSC) populations efflux dyes such as Hoechst 33342 giving rise to side
populations (SP) that can be analyzed or isolated by flow cytometry. However, Hoechst 33342 is
highly toxic, more so to non-SP cells, and thus presents difficulties in interpreting in vivo studies
where non-SP cells appear less tumorigenic than SP cells in immunodeficient mice. We searched for
non-toxic dyes to circumvent this problem as well as to image these putative CSCs. We found that
the fluorescent dye calcein, a product of intracellular Calcein AM cleavage, is effluxed by a small
subpopulation, calcein low population (C'°P). This population overlaps with SP and demonstrated
long term cell viability, lack of cell stress and proliferation in several cancer cell lines when stained
whereas Hoechst 33342 staining caused substantial apoptosis and ablated proliferation. We also
found that the effluxed dye D-luciferin exhibits strong UV-fluorescence that can be imaged at cellular
resolution and spatially overlaps with Calcein AM. In order to evaluate the hypothesis that p53 loss
promotes enrichment of putative CSC populations we used Calcein AM, D-luciferin and Mitotracker
Red FM as a counterstain to visualize dye-effluxing cells. Using fluorescence microscopy and flow
cytometry we observed increased dye-effluxing populations in DLD-1 colon tumor cells with mutant
p53 versus wild-type (WT) p53-expressing HCT116 cells. Deletion of the wild-type p53 or pro-
apoptotic Bax genes induced the putative CSC populations in the HCT116 background to significant
levels. Restoration of WT p53in HCT116 p53 '~ cells by an adenovirus vector eliminated the putative
CSC populations whereas a control adenovirus vector, Ad-LacZ, maintained the putative CSC
population. Our results suggest it is possible to image and quantitatively analyze putative CSC
populations within the tumor microenvironment and that loss of pro-apoptotic and tumor suppressing
genes such as Bax or p53 enrich such tumor-prone populations.
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Introduction

The notion that cancer emanates from a small subpopulation of cells which possess the ability
to self renew as well as differentiate was first suggested over 150 years ago.1 Since then,
empirical evidence has amassed to buttress this theory including the identification of a small
subset of cells isolated from tumor tissues which contained a pronounced capacity to proliferate
under in vivo conditions.2:3 To explore the alternative explanation that all cancer cells simply
have a low probability of clonogenicity, one study isolated cancer cells from acute myeloid
leukemia (AML) tissue samples and sorted for populations expressing CD34*/ CD387,
mammalian cell surface glycoproteins which are putative CSC markers found in AML.4:5 The
subpopulation possessing the aforementioned marker properties indeed possessed an exclusive
and potent potential to transfer AML from humans to NOD/ SCID mice.® Corroboration of the
CSC theory has expanded to include animal models and other CSC markers such as CD133
(PROM1)’ and CD44*/CD24~+8 in brain and breast solid tumors, respectively. These
attributions of self renewal and differentiation potential in conjunction with the manipulation
of normal cellular regulatory processes give rise to a cogent putative mechanism of the unique
tumorigenicity of CSC and its suggested role in metastasis. Functional properties of putative
CSC populations have also been noted such as increased aldehyde dehydrogenase (ALDH)
activity® and dye-efflux which gives rise to side populations (SP).10

SP cells are a small subset of a cellular population initially identified in murine bone marrow
by flow cytometry due to their efflux of the fluorescent dye Hoechst 33342.11 This efflux
property has been ascribed to the ATP binding cassette (ABC) transporters,12 including P-
glycoprotein (P-gp) as well as ABCG2, and identification of these subpopulations is qualified
by inhibiting the SP efflux via ABC transporter inhibitors such as verapamil. P-gp is encoded
by the MDRL1 gene which has been shown to be transcriptionally regulated by Ras and
p53.13 This regulation has been found to be disrupted upon p53 mutation in vivo and has been
extended to MRP1 as well.14716 Further studies have also revealed a relationship of
inactivating pro-apoptotic genes p53 or INK4a in addition to overexpressing the anti-apoptotic
Bcl-2 with increased resistance to chemotherapy in vivo.1771° The substrates of ABC
transporters include small molecule chemotherapeutic agents such as topotecan,20
methotrexate,21 paclitaxel22 and Imatinib mesylate23 thus implicating SP cells in multidrug
resistance (MDR).24 SP cells have been characterized in several cancer cell lines and in primary
tumor samples of mesenchymal neoplasms,25 neuroblastomas,12 as well as ascites of ovarian
cancers.26 Continuing research on the identification of SP cell properties has yielded an
imperfect but clearly recognizable overlap with that of various stem cell markers. Such
overlapping properties have been found in murine tissues including the majority of isolated SP
cells expressing CD45 in bone marrow,2” CD34 in skin tissue,28 Sca-1 in bone marrow,29
skeletal tissue,30 mammary gland,3! testis32 and skin tissue,33 as well as c-kit in brain
tissue34 and bone marrow.2°

Disparities between properties identified from putative CSCs and SP cells are inherent for a
few reasons. First of all, SP cells have been shown to be sensitive to variables such as method
of preparation, confluency, hypoxia and serum levels which sensitizes isolation to
inconsistency across samples.3> Additionally, SP cells as well as putative CSCs are identified
based on an operational definition, e.g., cell surface markers, which may contribute to the
phenotype but not exclusively confer it. For instance, SP cells are identified by their efflux
property which has been attributed to ABC transporters such as ABCG2 and have been shown
to be tumorigenic in nude mice.3¢ However, ABCG2* and ABCG2~ SP cells, while both are
more tumorigenic than non-SP cells, have been shown to have similar tumorigenicity.3’

Hoechst 33342 is known to inhibit DNA topoisomerase | in addition to increasing levels of
ATM, Chk2 and p53 phosphorylation.38:39 A change in yH2AX is also noted and is thought
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to occur as a result of Hoechst 33342 binding to the minor groove of DNA which alters
chromatin structure.40 Importantly, despite the significant efflux of the dye in stem cells, it
has been shown that stem cells still retain 10-80% of Hoechst 33342 relative to non stem cells.
1141 Atexposures of 18 h to Hoechst 33342 (1 uM), cells arrest in G, and exhibit significantly
increased levels of activated ATM, activated Chk2 and phosphorylated p53(Ser15).39 It should
also be noted that these observations were made at a concentration 10-fold less than the
prototypical staining concentration recommended for SP analysis by flow cytometry (5 pg/
mL).11 As Hoechst 33342 clearly alters protein expression levels, cellular properties are likely
to be differentially affected throughout the population. Using Hoechst 33342 staining as a
sorting method for tumorigenicity studies is also confounded by the toxicity of Hoechst 33342
which strongly influences proliferation. Therefore an alternative method of identifying
subpopulations with this putative CSC efflux property in a non-toxic manner is warranted and
would potentially allow for longitudinal and/or in vivo studies without altering cell properties.
Such studies have the potential to dispel the small but persistent empirical disparities between
CSC and SP cells.

Visualizing live CSCs in cell culture and in vivo holds great value for understanding cancer
pathogenesis, metastasis, resistance to therapy and the development of novel therapies targeting
CSCs within the tumor microenvironment. Current methods for identifying CSCs typically
involve sorting by flow cytometry or immunohistochemical staining for putative CSC marker
properties. A significant limitation of these approaches is that they cannot be performed in vivo
as they require the removal of cells from their natural environment for analysis and in some
cases fixation of the cells so that they are no longer viable. Visualizing live CSCs via a
noninvasive, non-toxic stain would provide a window to observe CSCs in a more biologically
and clinically relevant environment, possibly in vivo. Several studies have employed dyes to
differentiate between SP cells and non-SP cells including luciferin assays for determining
ABCG?2 inhibitors.*? Interpretation of such experiments is subject to caution due to the
possibility of displaying altered properties due to dye-retention and not physiological
properties. The ensuing method allows for visualization of putative CSCs and extends as a tool
for clarification of these ambiguities.

To address these concerns, we propose calcein as an alternative fluorescent dye to Hoechst
33342 due to its similar ability to be effluxed and its absence of cellular toxicity exhibited by
Hoechst 33342- as an identifier for dye efflux associated with putative CSCs. Calcein AM is
a cell permeable, non-fluorescent compound which is cleaved by intracellular esterases to
produce calcein which fluoresces and is retained in the cytosol.*3 We have identified cells
capable of effluxing calcein (calcein low population, C'°P) in several human cancer cell lines.
CoP cells are a small subpopulation, though larger than SP, which exhibit significant overlap
with SP which has the potential to identify a larger population of putative CSCs. Visualization
of cells by fluorescence microscopy using Calcein AM and/or D-luciferin, efflux substrates,
in concurrence with Mitotracker Red FM, a mitochondrial dye which is not effluxed, was
carried out to identify live cells which possess efflux capability. A novel relationship with p53
inactivation or Bax deletion yielded an enrichment of putative CSCs by our visualization
method and was corroborated by flow cytometry. This yields important mechanistic insight
into how putative CSCs gain their efflux property which confers MDR.

C!°P overlaps with SP as an identifier of putative CSCs

Hoechst 33342 has been used to identify dye-effluxing SP cells that have been proposed to be
CSCs due to their apparently greater tumorigenic potential in vivo.36 Due to the toxicity of
Hoechst 33342 at low concentrations and on short time scales,3? an alternative means of
isolating putative CSC’s based on dye efflux is desired. To evaluate the feasibilility of Calcein
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AM staining as a way of determining dye effluxing cells, the DLD-1 colon carcinoma cell line
which has a well described SP was stained with Calcein AM, Hoechst 33342 and PI. Cells
were gated for viability based on P1 exclusion as well as light scatter (FS and SS). Cells which
were viable and considered SP by low Hoechst 33342 fluorescence were quantified as 1.22%
and their low fluorescence was inhibited by verapamil, an ABC transporter inhibitor (Fig. 1A).
Analyzing fluorescence of calcein yielded a C'°P of 2.17% which was significantly larger than
that identified by SP and inhibited by verapamil (Fig. 1B). To assess the overlap of the SP and
Cop, SP and non-SP cells were independently analyzed for their C!°P based on the same gating
used earlier to determine these subpopulations (Fig. 1C). The SP was determined to have a
CloP 0f 45.22% and has a strong overall shift to lower calcein fluorescence intensity throughout
the population compared to that of the non-SP which contained a C'°P of 1.64%. A number of
human cancer cell lines including RKO, DLD-1, MDA-MB-231, SW620 and SW480 were
found to contain a C'°P (Fig. 1D). The imperfect but significant overlap of C'°P and SP is likely
due to irreversible Hoechst 33342 binding to the minor grove of DNA while the fluorescence
of calcein does not require binding.38:43 Thus putative CSCs which do not efflux Hoechst
33342 before it binds irreversibly are not identified via the SP identification method but would
be contained in the C'°P as calcein is not bound. The identification of a larger C'°P relative to
SP while exhibiting significant overlap suggests that the C'°P could potentially serve as a better
identifier for the putative CSC dye effluxing subpopulations due to their unique respective dye
properties.

Calcein AM is non-toxic to cells in contrast to Hoechst 33342

With the observation of a C!°P, the toxicities of the dyes were evaluated. To evaluate levels of
p53, a transcription factor which regulates many cellular processes such as cell cycle
progression after DNA damage, transcriptional activity was determined by a luciferase reporter
assay in HCT116 cells treated with varying concentrations of Hoechst 33342 (0-10 pg/mL) at
several time points (0-36 h) (Fig. 2A and B). It is clear that Hoechst 33342 increases levels of
p53-mediated transcription in a time and dose dependent manner. The decrease in activity at
24 and 36 h is due to apoptosis. To assess the effects of Calcein AM staining as well as Hoechst
33342 staining on cell stress, levels of phosphorylated p53 (serinel5) were determined by
western blot in the H460 cell line which also expresses WT p53 (Fig. 2C). At both
concentrations, Hoechst 33342 staining induced significant levels of phosphorylated p53
(serine 15) whereas Calcein AM staining demonstrated levels close to the control. We then
investigated the ability of cells to proliferate following prototypical staining with Hoechst
33342 and Calcein AM. DLD-1 cells were plated at a concentration of 70,000 cells/mL and
treated with Hoechst 33342 or Calcein AM at a working concentration of 5 pg/mL for 1.5 h
or 50 nM for 2 h, respectively, as defined by their protocols. The stained populations were
allowed to proliferate for 10 d and were then fixed and stained with Coomassie blue to visualize
cell colonies (Fig. 2D). Markedly, Hoechst 33342 staining yielded no viable cells whereas
Calcein AM staining yielded a population close to that of the control. Furthermore, levels of
apoptosis were determined by flow cytometry analysis of sub-G1 content following incubation
with Hoechst 33342 or Calcein AM at the noted time points and concentrations in HCT116
and DLD-1 cell lines (Fig. 2E). Calcein AM at a 50 nM working concentration displayed levels
of apoptosis similar to control cells that were maintained under identical conditions in the
absence of fluorescent dye. At 200 nM, Calcein AM produced a modest increase in levels of
apoptosis; however it should be remarked that these levels are still less than those of Hoechst
33342 staining under any conditions tested. At both concentrations (5 pg/mL and 20 pg/ mL)
of Hoechst 33342, levels of apoptosis were clearly elevated at all time points and in all cell
lines tested relative to the control as well as Calcein AM. Lastly, the effects of Calcein AM
staining on proliferation was quantitatively determined over several days in DLD-1, SW260,
RKO and SW480 cell lines (Fig. 2F). It appears there is a slight lag phase during the first day
but overall proliferation is similar to control levels. Taking this evidence together with previous
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observations, Calcein AM appears suitable as a nontoxic alternative fluorescent dye that is
effluxed by and therefore a potential indicator of putative CSCs.

Luciferin exhibits strong UV-excited fluorescence that can be imaged at a cellular resolution
and spatially overlaps with calcein

D-luciferin is a known substrate of ABC transporters#’ which have been associated with SP
cells* and subsequently implicated in putative CSCs. Due to its strong fluorescence signal
and availability, it is employed in a variety of both in vitro and in vivo assays.*”:49 Such studies
include screening for ABC transporter inhibitors by means of determining efficacy based on
luciferin retention. These studies assume the properties of the sorted populations to be dye-
independent. Considering this, conclusions drawn from these studies about subpopulations
based on dye-efflux must be taken with caution as differences may be caused by dye-induced
alterations of cell cycling, differential toxicity and protein levels/status such as p53, ATM or
Chk2.39 For these reasons, we carried out image analysis of D-luciferin in DLD-1 cells that
yielded visualization at cellular resolution not previously achieved. The cells were incubated
with D-luciferin for 1 h followed by washing twice with PBS and imaged in PBS + 2 mM
MgCL,/CaCL to maintain cell adhesion. These procedures along with a minimal
concentration of 250 g/mL of D-luciferin allowed cell visualization of dye-containing cells
(Fig. 3B) while higher concentrations yielded diminishing margins in image contrast
improvement (Fig. 3C and D). Concentrations below this did not provide a desirable cellular
resolution (Fig. 3A). Previous efforts employing D-luciferin lack cellular resolution and rely
on bulk signal and fall subject to the previously outlined problems. The demonstrated capability
of such resolution could be used in combination with viability stains and other fluorescent
probes to visualize the level of dye-retention as well as other important cell properties in a
simultaneous, noninvasive and dynamic fashion unparalleled by bulk-signal methods.

Visualization of ALDH* population and inhibition by DEAB

To further expand our efforts to provide an alternative and improved method for studying
putative CSCs under relatively physiological conditions, we explored the use of ALDH activity
within putative CSCs as a means to visualize such cells. In addition to dye efflux, ALDH
activity has been positively correlated with tumorigenicity®? and therefore has been suggested
as a property of putative CSCs. Thus, we attempted to visualize ALDH activity in DLD-1
human colon carcinoma cells. Cells were stained with Mitotracker Red FM and Aldefluor, a
fluorescent probe of ALDH activity, in the described manner and imaged (Fig. 4A). As all cells
exhibited significant levels ALDH activity, a threshold was set for visualization of Aldefluor
fluorescence so that only cells with higher than average ALDH activity display fluorescence
in the image for clarity. DEAB, an inhibitor of ALDH, was added to the media and incubated
at 37°C in 5% CO», for 1.5 h and imaged in the same field of view (Fig. 4B). It is evident in
Figure 4B that ALDH activity is inhibited by DEAB. Images were taken in an identical manner
without addition of DEAB to demonstrate Aldefluor fluorescence is not being quenched by
photobleaching (Fig. 4C and D). This capability demonstrated in this observation underscores
the ability to capture dynamic information concerning cellular properties of putative CSCs.
This method can be extended to time lapse studies that observe putative CSCs in real time;
however caution is warranted with regards to exposure time and photobleaching.

Visualization of putative CSC populations induced upon p53 inactivation or Bax deletion
using fluorescence microscopy and non-toxic dyes

We hypothesized that loss of the p53 tumor suppressor or the pro-apoptotic Bax gene may

allow for enrichment of putative CSCs as these genes are often affected in cancer and thus may
be involved in the CSC phenotype. Evidence for the transcriptional regulation of some MDR
genes by p53 in addition to disease prognosis dependency on the status of these apoptotic genes
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in different models also led us to this hypothesis.13-15:22,51-55 \jith the demonstrated
visualization methods we then searched for putative CSCs in cell lines harboring these genetic
aberrancies. The colon carcinoma cell lines mutant p53-expressing DLD-1, WT p53-
expressing HCT116, p53~~ HCT116 and Bax '~ HCT116 were analyzed for potential CSC
populations via the described putative CSC staining and visualization methods. As
demonstrated in WT HCT116 by Figure 5A, cells were stained with Mitotracker Red FM (Fig.
5A, ii), Calcein AM (Fig. 5A, iii) and D-luciferin (Fig. 5A, iv). Cells were imaged, assigned
pseudo-color and overlayed (Fig. 5A, i) for analysis. Visual analysis revealed a small dye-
effluxing population in DLD-1 cells (Fig. 5D) which was absent in WT HCT116 cells. This
observation is in full agreement with published data regarding the SP of these two cell lines.
35 |t should also be noted that these putative CSCs have a smaller size than the rest of the
population which is a property that has been linked to stem cells.%6 Scrutinizing these images
for Bax /= (Fig. 5B) and p53~/~ (Fig. 5C) HCT116 cell lines, a rare dye-effluxing population
was noted. In accordance with our hypothesis, these observations suggest a novel relationship
between the putative CSC property of dye-efflux and p53 as well as the pro-apoptotic gene
Bax. DLD-1, which has an established SP and herein demonstrated C!°P, harbors mutant p53
while WT HCT116 has WT p53. Thus it appears p53 inactivation, by mutation or gene deletion,
gives rise to the putative CSC property of small molecule efflux. This is consistent with the
notion that p53 represses MDR genes that provide detoxifying activity to enhance survival of
stem cell populations, and that loss of p53 promotes the CSC phenotype in part at the level of
small molecule efflux. The observation that Bax '~ HCT116 appears to have an SP as opposed
to WT HCT116 provides evidence for a dependency of the CSC phenotype of dye-efflux on
Bax as well. In summary, our method of visualizing CSC properties has suggested a novel
relationship of p53 inactivation as well as Bax deletion with the induction of putative CSCs.

Putative CSC populations induced upon p53 inactivation or Bax deletion in colon cancer cell

lines

The observation that dye-effluxing capabilities can be induced with inactivation of p53 or
through Bax gene deletion is of mechanistic importance to CSCs and merits quantitative
validation. To corroborate this assertion we performed SP analysis on DLD-1, WT HCT116,
p53/"HCT116 and Bax '~ HCT116 cells. Cells were prepared for analysis by the procedure
outlined in the methods section and analyzed by flow cytometry for SP as determined by low
Hoechst 33342 fluorescence in viable cells and efflux inhibition by verapamil. In agreement
with our previous observations, DLD-1 yielded a significant SP population of 1.47% (Fig. 6A)
while WT HCT116 had a negligible SP (Fig. 6B). Moreover, Bax '~ HCT116 had a SP of
0.74% (Fig. 6C) and p53 7/~ HCT116 had a SP of 0.79% (Fig. 6D) in agreement with qualitative
observations by our visualization methods. Infection by an adenovirus vector, Ad-LacZ, in
HCT116 p53~~ caused no appreciable change in SP (Fig. 6E) but expression of WT p53 via
the adenovirus vector Ad-p53 returned the SP to background levels (Fig. 6F). It should be noted
that SP populations are sensitive to their environment3® and so while the quantification varies
in the literature, to our knowledge a relationship of SP induction within a non-SP cell line by
gene-deletion has not been previously reported.

Discussion

The relationship of p53 mutations or deletion as well as Bax deletion with putative CSCs
provides mechanistic insight for understanding the aberrancies that differentiate CSCs from
other cells. Previous studies have been confounded by isolation methods that utilize markers
which are not exclusive qualifiers and/or employ toxic dyes to purify these putative CSC
populations. The latter in the case of Hoechst 33342 has been shown to be toxic to all
subpopulations at low concentrations relative to established protocols. The evidence that
Calcein AM stains subpopulations in a non-toxic manner which allows for subsequent
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proliferation presents a viable possibility to surmount this impediment. The novel C'°P
identified in several cancer cell lines using this method also potentially presents a more accurate
identification of dye-effluxing putative CSCs because calcein is localized in the cytosol43
whereas Hoechst 33342 binds to the minor groove of DNA.? Using the staining method as a
paradigm, other putative CSC properties could potentially be assayed with the ability to
visualize cells in culture and in vivo. This concept is exemplified within this study by
fluorescently probing ALDH activity. High ALDH activity has been posited as putative marker
for tumorigenicity and has been extended to CSCs’ and can now be visualized as exhibited by
this study. Visualization of D-luciferin at a cellular resolution is unprecedented and has the
potential to further elucidate diffidence pertaining to criticism of in vivo studies regarding
subpopulation properties being induced by dye-toxicity effects in dye-retaining cells.

It should be noted that due to the limited availability of cell lines with gene knockouts which
allows for isogenic comparisons, the enrichment of putative CSCs in this study has been
observed exclusively in the colon carcinoma cell line HCT116. Establishing the presented
putative CSC enrichment relationship should be extended to other cell lines to corroborate this
relationship and/ or expose a deeper understanding of the dependency. For the same purposes,
visualization of properties such as calcein efflux and ALDH™ activity visualization should be
carried out on other cell lines. Recent evidence has emerged regarding the effects of fluorescent
probes on gene expression profiles.39 Therefore, future studies on identification of putative
CSC properties should examine effects on protein expression profiles and cell cycle to limit
induced alterations in cellular properties due to the method.

The impact of this work is in providing novel methods for visualization, isolation and tracking
of dye-effluxing putative CSC populations in culture and could be extended to in vivo. This
has not previously been possible in live cell populations and allows for dynamic monitoring.
A range of options is provided by our studies for use of Calcein AM, D-luciferin and ALDH
as markers for putative CSC visualization. Such methods can certainly be combined with
analysis of cell surface markers by live cell immunofluorescence for further understanding the
relationships between various CSC markers and phenotypes associated with cancer
development and progression. Future studies can analyze the tumorigenicity of the C!°P, herein
identified in cancer cell lines possessing dye-effluxing properties associated with putative
CSCs in a wide range of human tumor types. The described identification method allows for
non-toxic sorting of cancer cell lines based on this property and subsequent evaluation of
tumorigenicity in vivo.

An important aspect of our work is the demonstration that loss of the p53 tumor suppressor or
the pro-apoptotic Bax genes results in enrichment of putative CSC populations by our analytical
methods. In agreement with this novel p53 relationship, reintroduction of WT p53 eliminated
these putative CSC populations which concurs with the previously noted p53 regulation of
MDR genes such as MDR1 and MRP1.13:15:537°5 While this work was being conducted, a
number of studies were published which identified the loss of p53 as a promoter of more
efficient reprogramming of differentiated cells into pluripotent cells, or induced pluripotent
stem cells (iPS).57=61 This along with our finding regarding loss of p53 as a promoter of MDR
properties highlights the importance of p53 loss of function in conferring putative CSC
phenotypic properties. The ability to visualize and track putative CSC populations should
facilitate a host of cell culture and in vivo studies regarding cancer progression as well as novel
therapy development, including the discovery and testing of agents that may directly target
putative CSC populations. Such visualization of putative CSC populations in vivo may be
coupled with cell death visualization, e.g., using fluorescently labeled Annexin V, to assess at
cellular resolution the effects of specific therapies on CSC and non-CSC in the context of the
tumor microenvironment.
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Materials and Methods

Cell culture

All tumor cell lines were obtained from the American Type Culture Corporation (ATCC)
except Bax '~ HCT116 and p53~/~ cell lines which were provided by B. Vogelstein (Johns
Hopkins University, Baltimore) and H460 which was from S.B. Baylin (Johns Hopkins
University, Baltimore, MD). WT HCT116, Bax /- HCT116 and p53~/~ HCT116 cell lines
were grown in McCoy’s 5A medium with 10% FBS and 1% Penicillin/ Streptomycin at 37°C
in 5% CO,. DLD-1, RKO, SW480, SW620 and DMAMB-231 cell lines were grown in DMEM
(Gibco) with 10% FBS and 1% Penicillin/Streptomycin at 37°C in 5% CO,. The H460 cell
line was grown in RPMI (Gibco) with 10% FBS and 1% Penicillin/Streptomycin at 37°C in
5% CO,.

Fluorescent dyes

The following fluorescent dyes were used in flow cytometry and/or fluorescence microscopy
experiments and the wavelength of light used for excitation (Ex) as well as the wavelength of
light collected (Em) is noted parenthetically. Propidium iodide (P1) (488 nm Ex, 675 nm Em)
was used exclusively in flow cytometry and was obtained from Sigma-Aldrich (St. Louis, MO).
D-Luciferin (Ex 365 nm, Em 450) was obtained from Gold Biotechnology (St. Louis, MO).
The fluorescent dyes Mitotracker Red FM (Ex 540 nm, Em 605 nm), Hoechst 33342 (Ex 365
nm, Em 450 nm) and Calcein AM (Ex 480 nm, Em 535 nm) were obtained from Invitrogen
(Carlsbad, CA). Mitotracker Red FM was used for staining at a working concentration of 400
nM in all experiments unless otherwise indicated. Calcein AM was used at a working
concentration of 50 nM in all experiments unless otherwise indicated. Aldefluor (Ex 480 nm,
Em 535 nm) and DEAB were obtained from the ALDEFLUOR Kit from Stem Cell
Technologies (Vancouver, BC, CA), and used at concentrations described by the
ALDEFLUOR kit protocol.

Luciferase reporter assay

HCT116 cells previously engineered to express a firefly luciferase gene under the control of
13 p53-response elements were treated with Hoechst 33342 at indicated concentrations.*4
Intensities of firefly luciferase activity were imaged and measured as previously described at
indicated time points.

Adenovirus preparation and infection

We prepared replication-deficient adenovirus recombinants expressing wild-type p53 (Adp53)
and -galactosidase (AdLacZ) as previously described.*®> Determination of viral titers and
multiplicity of infection (MOI) for the infected cell line has been described.46 HCT116
p53~/~ cells were infected at a MOI of 50.

Western blot analysis

Western blotting was carried out according to standard procedures, using horseradish
peroxidase-conjugated secondary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA) and
the ECL, detection system (Amersham, Arlington Heights, IL). The following antibodies were
used: rabbit polyclonal antibodies against phosphorylated serine 15 of p53 at a dilution of
1:1,000 from Cell Signaling Technology (Beverly, MA); mouse monoclonal antibodies against
Ran at a dilution of 1:10,000 from BD Technologies (Franklin Lakes, NJ).

Coomassie stain and growth assay

To visualize proliferation after dye staining, cells were plated at a density of 70,000 cells/mL
in 3-100 mm x 20 mm cell culture dishes and stained with Hoechst 33342 for 1.5 h at 5 g/mL
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working concentration, Calcein AM at a 50 nM working concentration, or only media as a
control. After staining, the dye-containing media was aspirated and replaced with fresh media
containing no dye. Cells were incubated at 37°C in 5% CO,, for 10 d, replacing with fresh
media once every 3 d. At the end of this 10 d period, cells were washed in PBS and fixed in a
solution of 10% methanol and 10% acetate for 5 min. Cells were then stained with Coomassie
blue for 5 min and imaged. To quantitatively determine the effect of Calcein AM staining on
cell proliferation a growth assay was performed. Cultured cells were treated with Calcein AM
(50 nM in growth media) for 30 min at 37°C and 5% CO,. The cells were washed and incubated
with fresh complete medium for the indicated number of days. Cell counts were taken just prior
to treatment and at the indicated times after treatment by trypan blue exclusion assay for living
cells. Results are expressed as total cell number over time.

SP and C!°P assays by flow cytometry

Flow cytometry was performed using an Elite ESP flow cytometer (Beckman-Coulter, Miami,
FL). To analyze the SP, a solid state 355 nm UV laser (Lightwave Electronics, Mt. View, CA)
was used to excite the Hoechst 33342 and the dual emission was captured with a 450 nm band
pass filter (Hoechst Blue) and a 675 nm band pass filter (Hoechst Red) separated with a 550LP
dichroic. Forward scatter (FS) and P1 (675/40BP) were captured from a 488 nm argon laser 40
sec upstream of the UV laser. For quantification of SP by flow cytometry, cells were grown to
~70% confluency and were harvested using trypsin (Gibco). Cells were washed and
resuspended in cold HBSS (Gibco) at a concentration of 1 x 106 cells/mL containing Hoechst
33342 (5 g/mL) (Invitrogen) for 1.5 h at 37°C, vortexing gently every 30 min. A negative
control sample was treated with verapamil (Sigma) (50 M) for 15 min at room temperature
prior to the addition of Hoechst 33342. After the incubation with Hoechst 33342, cells were
centrifuged, washed, and resuspended in ~300 L HBSS containing PI (2 g/mL). Dead cells
were gated out based on PI fluorescence at 675 nm as well as FS and side scatter (SS). C'°P
cells were analyzed in the same manner but instead of Hoechst 33342 fluorescence, calcein
fluorescence was collected at 520 nm.

Sub-G; analysis

Pl staining and analysis by flow cytometry were used to quantify the levels of apoptosis induced
by Hoechst 33342 and Calcein AM in the indicated cell lines, dye concentrations and time
points. Cells were grown to ~70% confluency in 6-well plates, washed with PBS, and digested
by 1 mL trypsin at 37°C for 5 min. Cells were washed with 2 mL PBS/1% FBS, resuspended
in 0.5 mL PBS. Resuspended cells were added drop-wise into 5 mL cold 70% ethanol with
gentle vortexing, then kept on ice for 30 min. Fixed cells were spun down to remove ethanol,
washed with 2 ml PBS/1% FBS, and resuspended in 1.0 mL PBS. 0.5 mL of phosphate-citrate
buffer (pH 7.8) was then added and the solution was incubated for 5 min. Cells were spun
down, resuspended in 300 L PI/RNase staining solution, and stored for 30 min at room
temperature in the dark and subsequently analyzed by flow cytometry. Staining with Calcein
AM was carried out by the described methods.

Fluorescence microscopy and images

Fluorescence microscopy images were recorded by a QIlmaging 2000R Camera on an Axiovert
100 inverted microscope. Images were collected and processed using iVision-Mac (BioVision
Technologies, Exton, PA). During imaging, cells were maintained by the LiveCell™ system
(Pathology Devices, Westminster, MD) at 37°C and 5% CO,.

Abbreviations

CsC cancer stem cell
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SP side population

clop calcein low population
AML acute myeloid leukemia
ALDH aldehyde dehydrogenase
ABC ATP binding cassette
MDR multidrug resistance

FS forward scatter

SS side scatter

WT wild-type

P-gp P-glycoprotein
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Figure 1.

Analysis of SP and C'°P by flow cytometry in cell lines treated with Calcein AM and Hoechst
33342. Dead cells were first gated out based on FS and SS as well as P1 staining. SP cells were
identified by its low Hoechst 33342 fluorescence and its efflux inhibition by verapamil
treatment (A). After gating out dead cells, the C!°P was also quantified in the total population
based on its low calcein fluorescence and its efflux inhibition by verapamil treatment (B). To
determine the overlap of SP and C!°P, the C!°P was quantified for non-SP and SP (C) as
determined by the gate for SP shown in (A). A significant C!°P was identified in a number of
human cancer cell lines (D).
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Figure 2.

Hoechst 33342 induces cell stress and death while Calcein AM does not. HCT116 cells
containing a p53 luciferase reporter shows an induction of p53 mediated transcriptional activity
in a dose and time dependent manner with hoechst 33342 treatment (A and B). H460 cells were
treated with Hoechst 33342 for 1.5 h or Calcein AM for 2 h at indicated concentrations and
protein expression level of phospho-p53 (serl5) were determined by western blot (C).
Coomassie stain after 10 d following plating at 70,000 cells/mL and treatment with Hoechst
33342 for 1.5 h or Calcein AM for 2 h at indicated concentrations (D). sub-G analysis by flow
cytometry following incubation of DLD-1 or HCT116 cells with Hoechst 33342 or Calcein
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AM at indicated concentrations after 24 or 48 h incubation (E). proliferation of DLD-1 (i),
RKO (ii), SW620 (iii) or SW480 (iv) cell lines following Calcein AM staining (F).
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Figure 3.

Fluorescence imaging of D-luciferin in the DLD-1 cell line at various concentrations of D-
luciferin. Concentrations of D-luciferin were imaged at 50 pg/mL (a), 250 pg/mL (B), 500 pg/
mL (C) and 750 pg/mL (D). The optimal concentration was determined to be 250 pg/mL which
provided cellular resolution after washing with PBS.
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Figure 4.

Visualization by fluorescence microscopy of an ALDH* population and its inhibition. DLD-1
cells were stained with Aldefluor and imaged in the same field of view before (A) and 1.5 h
after the addition of DEAB (B). DLD-1 cells were stained with Aldefluor and imaged in the
same field of view before (C) and 1.5 h after staining as a control for fluorescence quenching
or photobleaching (D). Boxes of the same color show identical locations in the field of view
as reference point for locating ALDH?* cells. To emphasize putative CsCs expressing high
aLDh activity, a threshold level was set so that only cells expressing higher than average
Aldefluor fluorescence are shown in green. Mitotracker Red FM was used as a counterstain
before Aldefluor staining and is shown in red.
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Figure 5.

Visualization of dye effluxing population. Visualization of fluorescence in viable WT HCT116
cells (A) showing Mitotracker Red FM (red) (b), calcein (green) (c), D-luciferin (blue) (d) and
an overlay (a). The same staining was carried out in (B) Bax '~ HCT116, (C) p53 7/~ HCT116,
and (D) DLD-1 cell lines. Dye-effluxing cells are indicated by white arrows. All scales bars
are 100 m.
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Figure 6.

Quantification of SP using Hoechst 33342 staining by flow cytometry in colon carcinoma cell
lines with different p53 and/or Bax gene status. SP were determined in (a) DLD-1 (mutant
p53), (B) HCT116 (WT p53), (C) HCT116 Bax/~ and (D) HCT116 p53~~ cell lines. Noting
the induction of SP upon Bax deletion or p53 inactivation, SP were then determined following
the overexpression of p53 using (E) Ad-LacZ as a control and (F) Ad-p53 in HCT116 p53~/~
to confirm the relationship between p53 and dye-effluxing properties.
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