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31
32  ABSTRACT:
33  Breast cancer stem cells (BCSCs) are cancer cells with inherited or acquired stem cell-like
34  characteristics. Despite their low frequency, they are major contributors to breast cancer
35 initiation, relapse, metastasis and therapy resistance. It is imperative to understand the biology
36  of breast cancer stem cells in order to identify novel therapeutic targets to treat breast cancer.
37  Breast cancer stem cells are isolated and characterized based on expression of unique cell surface
38 markers such as CD44, CD24 and enzymatic activity of aldehyde dehydrogenase (ALDH). These
39  ALDHM&"CD44*CD24" cells constitute the BCSC population and can be isolated by fluorescence-
40  activated cell sorting (FACS) for downstream functional studies. Depending on the scientific
41  question, different in vitro and in vivo methods can be used to assess the functional
42  characteristics of BCSCs. Here, we provide a detailed experimental protocol for isolation of
43  human BCSCs from both heterogenous populations of breast cancer cells as well as primary
44  tumor tissue obtained from breast cancer patients. In addition, we highlight downstream in vitro
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and in vivo functional assays including colony forming assays, mammosphere assays, 3D culture
models and tumor xenograft assays that can be used to assess BCSC function.

INTRODUCTION:

Understanding the cellular and molecular mechanisms of human breast cancer stem cells (BCSCs)
is crucial for addressing the challenges encountered in breast cancer treatment. The emergence
of the BCSC concept dates back to the early 215t century, where a small population of CD44*CD24-
/low hreast cancer cells were found to be capable of generating heterogenous tumors in mice®2.
Subsequently, it was observed that human breast cancer cells with high enzymatic activity of
aldehyde dehydrogenase (ALDH"&") also displayed similar stem cell-like properties3. These BCSCs
represent a small population of cells capable of self-renewal and differentiation, contributing to
the heterogenous nature of bulk tumors!3. Accumulating evidence suggest that alterations in
evolutionarily conserved signaling pathways drive BCSC survival and maintenance**. In addition,
the cell extrinsic microenvironment has been shown to play a pivotal role in dictating different
BCSC functions'>1’. These molecular pathways and the external factors regulating BCSC function
contribute to breast cancer relapse, metastasis'® and development of resistance to therapies®
21 with the residual existence of BCSCs post-treatment posing a major challenge to the overall
survival of breast cancer patients???3. Pre-clinical evaluation of these factors is therefore very
important for identifying BCSC-targeting therapies that could be beneficial for achieving better
treatment outcomes and improved overall survival in breast cancer patients.

Several in vitro human breast cancer cell line models and in vivo human xenograft models have
been used to characterize BCSCs?42?°. The ability of cell lines to continuously repopulate after
every successive passage makes these an ideal model system to perform omics-based and
pharmacogenomic studies. However, cell lines often fail to recapitulate the heterogeneity
observed in patient samples. Hence, it is important to complement cell line data with patient-
derived samples. Isolation of BCSCs in their purest form is important for enabling detailed
characterization of BCSCs. Achieving this purity depends on the selection of phenotypic markers
that are specific to BCSCs. Currently, the ALDHM8"CD44*CD24" cell phenotype is most commonly
used to distinguish and isolate human BCSCs from bulk breast cancer cell populations using
fluorescence activated cell sorting (FACS) for maximum purity>32¢. Furthermore, the properties
of isolated BCSCs such as self-renewal, proliferation, and differentiation can be evaluated using
in vitro and in vivo techniques.

For example, in vitro colony forming assays can be used to assess the ability of a single cell to
self-renew to form a colony of 50 cells or more in presence of different treatment conditions3°.
Mammosphere assays can also be used to assess the self-renewal potential of breast cancer cells
under anchorage-independent conditions. This assay measures the ability of single cells to
generate and grow as spheres (mixture of BCSCs and non-BCSCs) at each successive passage in
serum-free non-adherent culture conditions3!. Additionally, 3-Dimensional (3D) culture models
can be used to assess BCSC function, including cell-cell and cell-matrix interactions that closely
recapitulate the in vivo microenvironment and allow investigation of the activity of potential
BCSC-targeted therapies®?. Despite the diverse applications of in vitro models, it is difficult to
model the complexity of in vivo conditions using only in vitro assays. This challenge can be
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overcome by use of mouse xenograft models to evaluate BCSC behavior in vivo. In particular,
such models serve as an ideal system for assessing breast cancer metastasis33, investigating
interactions with the microenvironment during disease progression3*, in vivo imaging3?, and for
predicting patient-specific toxicity and efficacy of antitumor agents3*.

This protocol provides a detailed description for the isolation of human ALDH"&"CD44*CD24
BCSCs at maximum purity from bulk populations of heterogenous breast cancer cells. We also
provide a detailed description of three in vitro techniques (colony forming assay, mammosphere
assay, and 3D culture model) and an in vivo tumor xenograft assay that can be used to assess
different functions of BCSCs. These methods would be appropriate for use by investigators
interested in isolating and characterizing BCSCs from human breast cancer cell lines or primary-
patient derived breast cancer cells and tumor tissue for the purposes of understanding BCSC
biology and/or investigating novel BCSC-targeting therapies.

PROTOCOL:

Collection of patient-derived surgical or biopsy samples directly from consenting breast cancer
patients were carried out under approved human ethics protocol approved by the institutional
ethic board. All mice used to generate patient-derived xenograft models were maintained and
housed in an institution approved animal facility. The tumor tissue from patient-derived
xenograft models using mice were generated as per approved ethics protocol approved by the
institutional animal care committee.

1. Preparation of cell lines

1.1 Perform all cell culture and staining procedures under sterile conditions in a biosafety
cabinet. Use sterile cell culture dishes/flasks and reagents.

1.2 Maintain human breast cancer cells at 37 °C with 5% CO; in defined media supplemented
with fetal bovine serum (FBS) and necessary growth factors specific to each cell line.

1.3 Maintain mouse NIH3T3 fibroblast cell cultures (for use in colony forming assays) at 37 °C
with 5% CO; in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% FBS.

1.4 For all cultures, replenish the old media every 2-3 days with fresh media. Once the
cultures reach 75-80% confluency, subculture into multiple sterile cell culture flasks.

2. Preparation of breast cancer tumor tissue

2.1 Collect the patient-derived surgical or biopsy samples directly from consenting breast
cancer patients under a human ethics protocol approved by the institutional ethics board.

2.2 Subsequently, collect and generate tumor tissue from patient-derived xenograft models
using mice under an animal ethics protocol approved by the institutional animal care committee.
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2.3 Collect all tumor tissues under sterile conditions into a 50 mL sterile conical tube
containing 30 mL DMEM:F12 media, keep on ice, and process the samples as described below
within 2 h of collection.

3. Generation of single cell suspensions of breast cancer cells

3.1 Aspirate media from the flask containing a monolayer of breast cancer cells that is 60-
80% confluent (cell lines of choice). Wash the cells with 1x phosphate buffered saline (PBS).
Aspirate PBS and add appropriate cell dissociation solution (e.g., Trypsin:EDTA; just enough to
cover the monolayer of cells) and incubate for 5 min at room temperature (recommended) or at
37 °C.

3.2 Add 5 mL of culture media to neutralize the activity of cell dissociation solution.

33 Transfer the resulting dissociated cell solution to a 50 mL conical tube and centrifuge at
1000 x g for 5 min.

3.4 Discard supernatant and resuspended the cell pellet in 5 mL of 1x PBS. Count the cells
using a hemocytometer and a microscope.

NOTE: Observe for cell clumping in the hemocytometer. Repeat cell dissociation step if single cell
suspension has not formed.

3.5 After cell counting, re-centrifuge the cell suspension at 1000 x g for 5 min, discard
supernatant, and resuspend the cell pellet in ALDH substrate buffer at a concentration of 1 x 10°
cells/mL.

4. Generation of single cell suspension from tissue samples

4.1 Mince the tumor tissue with surgical blades using a crisscross technique to obtain smaller
pieces of approximately 1 mm in size. Transfer the tissue pieces into a fresh 50 mL conical tube
containing 10 mL dissociation buffer. Seal the conical tube with parafilm and incubate at 37 °Ciin
a shaker incubator for 40 min.

NOTE: If there is not a shaker incubator, place the tube in a 37 °C water bath and mix the tube
by vortexing every 5-10 min.

4.2 Pellet the digested tissue by centrifuging sample at 530 x g for 5 min. Discard the
supernatant and add 5 mL of trypsin. Pipette up and down using 1 mL pipette (set to 750 pL mark)
to disrupt the pellet and incubate in a 37 °C water bath for 5 min. After incubation, pipette up
and down vigorously to release single cells.

4.3 Top up the total volume in the tube to 25 mL with DMEM:F12 media and centrifuge at
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1000 x g for 5 min. Discard the supernatant and resuspend the pellet in 1 mL of dispase/DNase.
Incubate in a 37 °C water bath for 5 min.

4.4 Top up the total volume in the tube to 10 mL with PBS. Mix by pipetting up and down,
pass the resulting cell suspension through a 40 um cell strainer attached to a fresh 50 mL conical
tube. Centrifuge at 1000 x g for 5 min.

4.5 Discard supernatant and resuspend the cell pellet in 5 mL of 1x PBS. Count the cells and
complete preparation of the cell suspension as described in steps 3.4 and 3.5.

5. Isolation of breast cancer stem cells (BCSCs)

5.1 Label flow tubes for the unstained control, single cell staining controls (DEAB control,
ALDH, CD44-PE, CD24-PE-Cy7, 7AAD), the negative control tube (stained with DEAB, CD44-PE,
CD24-PE-Cy7 and 7AAD), fluorescent minus one (FMO) control and the ‘sort’ tube (stained with
ALDH, CD44, CD24 and 7AAD).

5.2 Transfer 500 pL (0.5 x 108 cells) of the cell suspensions from step 3.5 or step 4.5 to each
tube that is labelled cells only, CD44, CD24 and 7AAD. Place the tubes on ice until use.

5.3 Transfer 2 mL of sample (2 x 10° cells) to respective ‘ALDH’ tube. Add 5 uL of DEAB to the
‘DEAB control’ and ‘negative control’ tubes and cap it tightly. Add 10 pL of ALDH substrate to the
‘ALDH’ tube, mix well by vortexing, and immediately transfer 500 pL to corresponding ‘DEAB
control’ and ‘negative control’ tube. Recap the ‘DEAB control’, ‘negative control’ and ‘ALDH
tubes’ and incubate at 37 °C for 30-60 min (do not exceed 60 min).

NOTE: The optimal incubation time may require optimization depending on the cell line. Always
protect the ALDH substrate and the tubes containing stained cells from light.

5.4 Following incubation, centrifuge all samples for 5 min at 250 x g. Resuspend the cells in
500 pL of ALDH substrate buffer. Add manufacturer-recommended or user-optimized
concentration of anti-CD44-PE and anti-CD24-PE-Cy7 antibody cocktail and incubate at 4 °C for
30 min. Add anti-CD44-PE and anti-CD24-PE-Cy7 antibodies to respective ‘CD44’ and ‘CD24’
labelled tubes.

5.5 Following incubation, centrifuge all samples at 250 x g for 5 min. Resuspend the cells in
500 pL of ALDH substrate buffer. Incubate the ‘negative control’ tube, ‘Sort tube’ and the ‘7ADD’
tube with 7AAD (suggested concentration: 0.25 pg/1 x 108 cells) for 10 min on ice.

NOTE: The ALDH activity is detected in the green fluorescent channel, therefore a fluorochrome
with a different compatible emission spectrum should be used. Where spectral overlap is
observed during multi-parameter flow cytometry, single color controls and FMO control should
be used as a guide to allow compensation between fluorochromes to minimize the spill over of
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fluorescent signal into other channels.

5.6 Set up the analysis protocol on the FACS instrument in preparation for sample analysis.
Create scatter plots (forward vs side scatter, forward scatter vs fluorescent channels).

5.7 Using the unstained control, adjust the photomultiplier to separate debris from whole cell
population and adjust the fluorescent voltage to move the whole cell population around the first
log scale (10%). Using the DEAB control, move the whole cell population within the second log
scale (10?) by adjusting the green fluorescent voltage channel.

5.8 Analyze all the single staining controls first (ALDH, CD44-PE, CD24-PE-Cy7) and 7AAD and
FMO control, adjusting the voltage to separate stained from unstained cells and to minimize the
spillage of fluorescent signals into other channels.

5.9 Gate on the positive population for each single stained cell sample. Using the negative
control tube, gate for viability (7AAD negative), ALDH'Y and ALDH"&" cell populations
(representative gating strategy shown in Figure 1B).

5.10 Analyze multiparameter stained samples of interest to isolate BCSCs. Using the viable
ALDH"" and ALDH"e" gates, select for CD44*CD24" (BCSC) and CD44°CD24- (non-BCSC) cell
population respectively (Figure 1B).

5.11 Collect viable BCSCs and non-BCSCs in collection media in sterile collection tubes
(populations from two representative cell lines shown in Figure 2A&B). Use sorted cells for
downstream in vitro and in vivo assays as described below.

NOTE: In addition to in vitro and in vivo assays described below, BCSCs can be validated by
measuring the expression of pluripotent markers such as SOX2, OCT4 and NANOG via standard
immunoblotting techniques.

(Insert Figures 1, 2 here)

6. Colony forming assay

6.1 Resuspend the cells of interest (sorted cells from step 5.11 or unsorted cells from steps
3.5 or 4.5) in complete media.

6.2  Label three flow tubes for 1 x 102, 2 x 102 and 5 x 102 cells. Add 2 mL of complete media
and transfer the appropriate cell number (sorted from step 5.11 or unsorted cells from steps 3.5

or 4.5) in respective tubes. Mix the cell solutions thoroughly by pipetting it up and down 5 times.

6.3 Plate the cells in a 6-well plate and distribute the cell suspension by gently swirling the
plates to obtain uniform distribution of cells.
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6.4 Incubate the plates in a 37 °C, 5% CO; incubator until colonies appear (where colonies =
>50 cells per colony). Carefully replenish media twice a week without disturbing colony
formation.

6.5 Aspirate media and wash once with 1 mL PBS. Add 0.5 mL of 0.05% crystal violet solution
into each well and incubate the plate for 30 minutes. Remove excess crystal violet stain by
washing with 2 mL of water. Repeat the washing step until background staining has been
removed.

6.6 Using a microscope at 4x and 10x magnification, count and record the total number of
colonies generated (representative images shown in Figure 3A).

6.7 Calculate the frequency of colony formation as follows: Frequency (%) = (# of colonies
formed/number of cells seeded) x 100. For example, if 25 colonies are generated from 1 x 102
cells, then the Frequency of colony formation is, Frequency = (25/100) x100 = 25%.

6.8 Alternatively, replace steps 6.1 to 6.4 with an alternate method involving co-culture with
fibroblasts, which provide a microenvironmental support for BCSCs through production of
necessary growth and survival factors.

6.9 Pre-coat cell 60 mm culture dishes with type | bovine collagen (1 in 30 dilution of 3 mg/mL
collagen). Allow collagen to polymerize for 30 min in a 37 °C incubator. Aspirate the
unpolymerized collagen and wash the plate twice with 1x PBS. Cover the collagen-coated plate
with 1 mL of PBS and set it aside at room temperature until use.

6.10 Label three flow tubes for 1 x 103, 5 x 103and 1 x 10* cells. Add 4 mL of colony forming
assay media and transfer the appropriate number of cells (sorted from step 5.11 or unsorted cells
from steps 3.5 or 4.5) into the respective tubes. Add irradiated mouse NIH3T3 fibroblasts (4 x 10*
cells/mL of media). Mix cell solutions thoroughly by pipetting it up and down 5 times.

6.11  Aspirate the PBS from the collagen-coated culture dish from step 6.1 and plate the cell
mixture onto each of the cell culture plates as described in step 6.3.

6.12  Incubate the plates in a 37 °C, 5% CO; incubator and leave them undisturbed for 7-10
days or until colonies form, without replenishing the media. Count and record the total number
of colonies generated as described in steps 6.6 and 6.7.

7. Mammosphere assay

7.1 Resuspend the cells of interest (sorted cells from step 5.11 or unsorted cells from steps
3.5 or 4.5) in complete mammosphere media and plate cells at a seeding density of 5 x 10?
cells/cm? area in a 96 well ultra-low attachment cell culture plate.

NOTE: Cell seeding density should be optimized for different cell lines.
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7.2 Incubate the culture plates for 5-10 days in a 37 °C incubator with 5% CO,. Carefully
replenish media twice a week without disturbing mammosphere formation.

7.3 After incubation, count the number of mammospheres generated in each well using a
microscope; where mammospheres are defined as breast cancer cell clusters greater than 100
pum in diameter (representative images shown in Figure 3B).

7.4 Calculate the mammosphere formation efficiency (MFE) as follows: MFE (%) = (number
of mammospheres per well)/ (number of cells seeded per well) x 100 (i.e., if 5 mammospheres
are generated by 1 x 102 cells in a well, then MFE = (5/100) x 100 = 5%).

7.5 To subculture mammospheres, carefully transfer the media containing mammaospheres
content into a fresh 50 mL conical tube and centrifuge media at 1000 x g for 5 min. Carefully
remove the supernatant, resuspend the cell pellet in 500 pL of trypsin, and incubate for 5 min at
room temperature.

7.6 Discard the supernatant and resuspend the pellet in 1 mL of complete mammosphere
media. Count the cells using a hemocytometer and re-plate the cells in an ultra-low attachment
cell culture plate as described in step 7.1.

NOTE: In addition to sub-culturing, the mammosphere-derived cells can be also analyzed further
by FACS to assess BCSC phenotype and/or obtain pure populations of BCSCs for other
downstream assays.

7.7 To determine the number of mammosphere-initiating cells contained within your cell
populations, use an alternate method involving sphere limiting dilution analysis (SLDA). Plate cells
in serial dilutions of high to low cell numbers in a 96 well ultra-low attachment cell culture plate,
with the highest dilution resulting in less than one cell per well.

7.8 Incubate the culture plate for 10-14 days in a 37 °C incubator with 5% CO; and leave them
undisturbed to avoid cell aggregation.

7.9 After incubation, count the number of mammospheres generated in each well using a
microscope; where mammospheres are defined as breast cancer cell clusters greater than 100
pm in diameter. Calculate the sphere-initiating frequency and significance using Extreme Limiting
Dilution Analysis (ELDA) online software (http://bioinf.wehi.edu.au/software/elda/).

8. 3D culture model

8.1 Depending on the experimental question, use basement membrane extract (BME) with
or without growth factors (reduced). In order to evaluate the effect of individual growth factor
on cancer cells, use growth factor reduced BME. It also helps in minimizing the non-specific
effects of endogenous growth factors present in BME.
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NOTE: BME solidifies above 10 °C. Always keep BME on ice even during the thawing step.

8.2 Carefully add 50 pL of BME per well in a 96-well plate without creating air bubbles and
allow it to polymerize at 37 °C for 1 h. After 10 min of incubation, add PBS to avoid drying of the
gel layer.

8.3 Resuspend the sorted cells from step 5.11 or unsorted cells from steps 3.5 or 4.5 at a
concentration of 5 x 10® to 5 x 10/200 pL in 3D culture media.

8.4 Once the BME has polymerized, remove PBS, add 200 uL of cell suspension to each well
and incubate in 37 °C incubator with 5% CO,. Add PBS to the surrounding wells to avoid
evaporation of the media.

NOTE: The optimal number of cells for plating should be determined prior to setting of the
experiment. Depending on the experimental question, BCSCs can be cultured alone or with other
cells types (fibroblasts/endothelial/immune cells etc.).

8.6 Add fresh media to the culture plates twice weekly. Maintain cultures for 10-14 days prior
to analyzing the formation of organoids (representative images shown in Figure 3C).

8.7 For sub-culturing, carefully aspirate the media and add 200 pL of dispase to each well
containing cells. Incubate the plate in a 37 °C incubator for 1 h. Halfway through the incubation
period (30 min), take out the plate, gently pipette the dispase solution up and down 5 times, and
place back in the incubator for a further 30 min.

8.8 After 1 h, transfer the dissociated cell solution to a flow tube. Wash the well with 1x PBS
containing 2% FBS (fPBS) and transfer it to the flow tube. Centrifuge the tube at 1000 x g for 5
min. Carefully aspirate the supernatant and add 500 pL of trypsin, incubate at 37 °C for 5 min.
Inactivate trypsin by adding equal amount of fPBS and centrifuge at 1000 x g for 5 min.

8.9 Discard the supernatant and resuspend the pellet in 1 mL of 3D culture media. Count the
cells and re-plate required number of cells in the BME as in steps 8.2 to 8.4.

NOTE: Multiple wells can be pooled to further analyze or sort the cell population of interest.
(Insert Figure 3 here)

NOTE: Perform animal experiments under an animal ethics protocol approved by the institutional
animal care committee.

9. In vivo xenograft model
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9.1 In order to determine the tumor initiation capacity of breast cancer stem cells, prepare
cells (sorted population from step 5.7 or unsorted populations from steps 3.5 or 4.5) using a
limiting dilution approach. Serially dilute cells in PBS using between 1 and 5 different dilution
groups, with doses as low as 0.01-0.2 x 102 cells/100 pL and as high as 1 x 10 cells/100 pL.

NOTE: Unsorted/whole population cells can be used as a control. The number of dilution groups
used will depend on the desired scientific outcome (e.g. if only testing tumorgenicity then 1 group
at a higher cell number may be used, whereas when calculating tumor-initiating capacity, it is
optimal to test 5 limiting dilution doses).

9.2 To generate xenograft models from human breast cancer cells, use immunocompromised
female mice (athymic nude [nu/nu], nonobese diabetic/severe combined immunodeficient
[NOD/SCID] or NOD/SCID 1L2y [NGS] strains).

NOTE: Although a minimum of 4 animals per group can be used, 8-12 animals per group is
recommended to obtain robust results particularly for limiting dilution analysis.

9.3 Perform standard mammary fat pad (MFP) injections using 100 pL/mouse of each cell
preparation, under sterile conditions in a biosafety cabinet.

NOTE: For optimal breast tumor growth and spontaneous metastasis to distant organs, the
thoracic MFP is recommended. Alternatively, the inguinal MFP can also be used.

9.5 Post-injection, monitor the mice on a daily basis for general health and tumor growth at the
site of injection. Upon detection of a palpable tumor, begin measuring the tumor size by calipers
in two perpendicular dimensions and record weekly until endpoint.

NOTE: The experimental end point is determined based on the regulations laid out the
institutional animal ethics protocol; typically, endpoint by euthanasia is usually required once
tumor volumes reach 1500 mm3. For BCSC populations and/or higher cell doses (e.g. >1 x 104
cells), this endpoint will likely be reached within 4-8 weeks of MFP injection. For very low cell
doses and/or non-BCSC cell populations, tumor growth should be allowed to progress for up to
8 months post-injection.

9.6 From these measurements, calculate the tumor volume using the following formula:
Volume in mm?3 = 0.52 x (width)? x length. If using a limiting dilution approach, calculate tumor-
initiating capacity and significance using ELDA online software
(http://bioinf.wehi.edu.au/software/elda/).

9.7 Alternatively, to humanely extend the endpoint, surgically remove primary tumors and
continue to monitor mice for health and/or development of spontaneous metastasis in distant
organs. Use resected tumor tissue for the generation of serial xenotransplants.

9.8 At endpoint, harvest tissue from primary tumors and distant organs (lymph nodes, lung,
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liver, brain, bone) and carry out histopathological and/or immunohistochemical analysis or
dissociated the tumor tissue and use in the in vitro assays described in sections 6-8.

REPRESENTATIVE RESULTS:

The described protocol allows isolation of human BCSCs from a heterogenous population of
breast cancer cells, either from cell lines or from dissociated tumor tissue. For any given cell line
or tissue sample, it is crucial to generate a uniform single cell suspension to isolate BCSCs at
maximum purity as contaminating non-BCSC populations could result in variable cellular
responses, especially if the study aim is to evaluate the efficacy of therapeutic agents targeting
BCSCs. Application of a stringent sorting strategy will minimize the presence of contaminating
non-BCSCs and result in the ability to collect the proportion of breast cancer cells with stem cell-
like characteristics that display a cellular phenotype that distinguishes them from bulk population
of cancer cells. Human breast cancer cells that exhibit enhanced ALDH enzymatic activity, express
high levels of the cell surface marker CD44, and low/negative expression of CD24 have an
ALDH"8"CD44*CD24 phenotype and can be classified as BCSCs. The proportion of BCSCs within
the bulk population can vary between cell lines or patients (Figure 2), and often depends on
disease stage, with more aggressive breast cancer usually displaying a higher proportion of
BCSC526’36’37.

Isolated BCSCs can be used to perform different in vitro and in vivo assays where their behavior
and function can be compared to that of the bulk and/or non-BCSC populations. For example,
the ability of a single breast cancer cell to self-renew and generate colonies of 50 cells can be
assessed by colony-forming assays (Figure 3A). The ability of BCSCs to self-renew under
anchorage-independent experimental conditions can be assessed by mammosphere assays,
where variable sphere number, size, and sphere-initiating capacity can be analyzed and
correlated with the presence and function of BCSCs (Figure 3B). It is important to determine the
seeding cell densities for different breast cancer cell lines or breast tumor samples to obtain
optimal results. This is particularly important when performing SLDA, as higher cell densities
could lead to cell aggregation resulting in misinterpretation of cellular activity.

Culturing breast cancer cells in BME allows BCSCs to form 3D structures that recapitulate in vivo
conditions (Figure 3C). 3D culture of breast cancer cells in the presence of other
microenvironmental cell types such as fibroblasts, endothelial cells, and/or immune cells has the
added capacity for investigating the role of microenvironment in 3D growth of BCSCs3%3°. The
specific cell numbers required to generate 3D organoids may vary depending on the cell line or
patient tumor source, and thus it is important to optimize the culture conditions and cell numbers
prior to any large-scale experiments.

Finally, in vivo mouse xenograft models can be used to understand the differences in growth
(Figure 4) self-renewal, differentiation and/or tumor-initiating ability of BCSCs in vivo compared
to non-BCSCs or bulk cell populations. Often, the in vitro cellular responses observed in the
presence of exogenous factors or therapeutic agents is not representative of in vivo setting,
suggesting that in vitro observation should be complimented with in vivo studies whenever
feasible. Using in vivo xenograft models, the cellular heterogeneity and tumor architecture is
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preserved and thus these models can serve as a system that closely mimics the
microenvironment in human patients. In vivo LDA can be performed to determine the proportion
of tumor-initiating cells in a given mixed population of cancer cells (BCSCs or non-BCSCs)*%4, The
range of cell dilutions used should be optimized and will depend on the frequency of initiating
cells in the cell population of interest. Ideally these dilutions should include doses that result in
100% tumor formation, down to cell doses with no tumor formation and a reasonable range in
between. The frequency of tumor-initiating cells in primary samples can be variable, and in
instances where breast tumors have very low numbers or heterogenous populations of tumor-
initiating cells, performing LDA can be particularly challenging®?. In these cases, injecting larger
number of cells would be more appropriate for understanding breast cancer biology.

(Insert Figure 4 here)

FIGURE AND TABLE LEGENDS:

Figure 1: FACS gating strategy for isolation of BCSCs from breast cancer cell lines and tissue
samples. (A) Flowchart describing the procedure of BCSC isolation. (B) Representative FACS plots
showing the sort strategy used to isolate viable BCSCs and non-BCSCs from a heterogenous pool
of cells. MDA-MB-231 human breast cancer cells are concurrently labeled with 7-AAD, CD44-APC,
CD24-PE and the ALDH substrate. Cell subsets were isolated using a four-color protocol on a FACS
machine. Cells are selected based on expected light scatter, then for singlets, and viability based
on 7-AAD exclusion. Cells are then analyzed for ALDH activity and the top 20% most positive are
selected as the ALDH"&" population, while the bottom 20% of cells with the lowest ALDH activity
were deemed to be ALDH"". Finally, 50% of the ALDH"" cells are further selected based on a
CD44"°%/-CD24* phenotype, and 50% of the ALDH"g" cells are selected based on CD44*CD24
phenotype. This figure has been adapted from Chu et al.'’.

Figure 2: BCSCs proportions are variable in different breast cancer cell lines. Representative
image showing the differential proportion of BCSCs and non-BCSCs in (A) SUM159 and (B) MDA-
MD-468 triple negative breast cancer cell lines following labelling and sorting as described in
Figure 1.

Figure 3: In vitro assays to assess BCSC cell function. In vitro assays were performed as described
in protocol sections 6.1 to 6.5 (A), 7.1to 7.4 (B), or 81. to 8.4 + 8.6 (C). (A) Representative image
showing the colonies generated by MDA-MB-231 human breast cancer cells; (B) Representative
images showing mammosphere formation by MCF7, SUM159, or MDA-MB-468 human cell lines
as well as patient-derived LRCP17 breast cancer cells. (C) Representative images showing the 3D
structures formed by MCF7 and MDA-MB-231 breast cancer cells in 3D cultures models.

Figure 4: In vivo xenograft assays to assess BCSC function. MDA-MB-231 breast cancer cells were
isolated by FACS as described in Figure 1 and injected into the right thoracic mammary fat pad of
female NSG mice as described in protocol sections 9.1 to 9.8 (5x10° cells/mouse; 4 mice/cell
population). Primary breast tumor growth kinetics are shown for ALDHMCD44+*CD24" (m) versus
ALDH'*“CD44'°%/-CD24* (o) populations. Data represented as the mean + S.E.M. * = significantly
different tumor size than respective ALDH'®“CD44'°V/- subsets at the same time-point (P < 0.05).
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This figure has been adapted from Croker et al.?®.

DISCUSSION:

Breast cancer metastasis and resistance to therapy have become major cause of mortality in
women worldwide. The existence of a sub-population of breast cancer stem cells (BCSCs)
contributes to enhanced metastasis?®*3-4¢ and therapy resistance?>*48, Therefore, the focus of
future treatments should aim at eradicating BCSCs to achieve better treatment outcomes, and
this requires accurate methods for isolating and characterizing the functional characteristics of
BCSCs using both in vitro and in vivo methods.

Immortalized cell lines derived from different subtypes of breast cancer have proven to be
feasible models to study breast cancer biology including the isolation and characterization of
BCSCs264%°0, The high proliferative capacity and unlimited expansion ability of cell lines provides
an ideal model system for performing studies that are highly reproducible and technically
straightforward. However, due to the clonal origin of cell lines, they may fail to recapitulate the
heterogeneity exhibited by different patients and/or by cancer cells within tumor tissue. In
addition, genetic alterations can be acquired during serial passaging of cell lines and may induce
genotypic or phenotypic changes that can confound experimental results®’. In contrast, primary
patient-derived cells, despite their limited proliferative and expansion ability, may provide a
more accurate model to that observed in vivo. However, such samples may be more difficult to
acquire and be more technically challenging to work with. All of these factors should be
considered when choosing a starting model system with which to isolate and characterize BCSCs.

FACS is a commonly used technique to isolate cells of interest based on cell surface marker
expression®>>3, Based on cell surface antigens (CD44 and CD24) and ALDH enzymatic activity,
human BCSCs can be isolated at high purity from both breast cancer cell lines and tumor
tissues'?. The sorting efficiency determines the purity of sorted sample, and it is recommended
that users analyze a small portion of sorted sample incubated with viability dye to check the
efficiency of sorting®>°*. The sorting efficiency can be confounded by many factors including the
presence of cell clumps, a high number of dead or dying cells, improper compensation of the
fluorochromes and/or damage to cell surface antigens due to sensitivity to trypsin or collagenase
during pre-sorting dissociation steps>3°. Therefore, generation of a proper single cell suspension
and use of appropriate cell dissociation techniques will increase the sorting efficiency. While
performing multiparameter cell sorting, it is important to choose fluorochromes that minimizes
spectral overlap. In some cases, where spectral overlap cannot be avoided, a control that
contains all the fluorochromes except one (fluorescence minus one, FMO) should be used to
minimize the spillover of fluorescent signals into other channels®*. Alternatively, the spectral
overlap can reduced by immunomagnetically isolating cell populations prior to final FACS
isolation of cells of interest®®.

In vitro assays such as the colony-forming and mammosphere assays described in this protocol
have been extensively used to study the self-renewal and proliferative ability of BCSCs®’-%2,
Additionally, these assays can be used to assess the activity of different therapeutic drugs on
BCSC function. Several evolutionarily conserved signaling pathways have been implemented in
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BCSC maintenance®3, and both colony-forming®- and mammosphere assays®4®” have been used
to assess the value of therapeutic disruption of these pathways as an intervention to block BCSC
intrinsic signaling and reduce BCSC activity and disease progression. Colony forming assay using
primary cells can be challenging due to low cell density, variation between samples and lack of
its adaptability to isolated in vitro conditions. These challenges can be overcome by culturing
BCSCs on a soft agar layer or by coculturing them with fibroblasts on a collagen-coated cell culture
dish®870 In addition, supplementing growth factors into the culture media (such as FGF77?) could
also improve the colony-forming ability of cells isolated from tissue samples. In addition, over-
digestion of tissue using collagenase or trypsin during single cell suspension generation step can
result in low to zero colony-forming ability and reduce mammosphere-forming efficiency3!. In
both assays, care should be taken to incubate the assay plates undisturbed to avoid disruption of
colony or sphere structures as they are forming. It is also recommended that users extend the
incubation period for primary cells (relative to cell lines) as it might take longer for these cells to
form colonies or spheres.

Multiple lines of evidence have demonstrated the critical role of extracellular matrix (ECM)*>17.72
and stromal components, such as fibroblasts, immune cells, endothelial cells and adipocytes in
influencing BCSC functions®. Thus, the 3D culture model we describe in this protocol can provide
a useful experimental system for helping to recapitulate the in vivo tumor microenvironment in
an in vitro setting. Although the 3D culture system closely resembles the tumor
microenvironment in cancer patients, long term maintenance of cells as organoids can be
difficult. In addition, optimization of the 3D culture conditions and the ability to accurately
investigate self-renewal and differentiation ability of BCSCs is challenging’®. The efficiency of
organoids formed in 3D culture system depends on the growth factors supplemented in the
culture media’4. Absence of key components (for example, ROCK inhibitor) could lead to reduced
or no organoid formation’4. Media should be replenished every 3-4 days to maintain optimal
cellular function and the sustainability of the culture. In order to recapitulate in vivo conditions
and response, it is always important to allow the cells to form organoids prior to any kind of
exogenous treatment’®. Cells derived from patient samples should be giving sufficient time to
form organoids, particularly if the objective is the evaluate drug response”’>.

While these in vitro methods are attractive and accessible experimental tools for characterizing
BCSC function, tumor heterogeneity and the effect of tumor microenvironment on BCSC behavior
cannot be studied with complete effectiveness. These in vitro assays should therefore be
complemented with in vivo xenograft models whenever feasible in order to further validate
experimental findings related to BSCS biology and/or response to novel therapeutics. Different
in vivo models have been used study BCSC tumorigenicity and metastasis. Ectopic (subcutaneous
engraftment) and orthotopic (MFP engraftment) mouse models have been used to generate
breast tumors and assess longitudinal changes in tumor growth over time>°. Although both in
vivo injection approaches can be used to study BCSC biology, the native stromal and vasculature-
related components of the MFP allow more accurate recapitulation of primary breast tumor
progression as observed in patients, and thus MFP injection is preferred’®’7.78, Finally, the use of
immunocompromised mice is required for engraftment of human BCSCs and tumor growth, and
this prevents incorporating the role of immune cells in tumorigenesis and metastasis studies’®.
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More recently, this limitation has been addressed through the use of humanized mice in which a
human immune system is reconstituted via bone marrow transplantation prior to the initiation
of xenograft studies®?®2, However, these models are expensive and technically challenging, and
thus are still not commonly used®.

In summary, here we have provided a protocol for the isolation of human BCSCs from both breast
cancer cell lines and patient-derived tumor tissue samples. We have also described in vitro and
in vivo protocols for downstream assays that can be used to study BCSC function, with the ability
to be optimized for different breast cancer cell sources and the flexibility to be performed under
different experimental conditions. These protocols will be useful for investigators interested in
cancer stem cells, breast cancer biology and therapeutic development, with the ultimate goal of
improving patient outcomes in the future.
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Table of Materials

Name of Material/ Equipment

7-Aminoactinomycin D (7AAD)
Acetone

Aldehyde dehydrogenase (ALDH) substrate

Basement membrane extract (BME)
Cell culture plates: 6 well

Cell culture plates: 60mm

Cell culture plates: 96-well ultra low
attachment

Cell strainer: 40 micron

Collagen

Collagenase

Conical tubes: 50 mL

Crystal violet

Dispase

DMEM:F12

DNAse

FBS

Flow tubes: 5ml

Methanol

mouse anti-Human CD24 antibody
mouse anti-Human CD44 antibody

N,N-diethylaminobenzaldehyde (DEAB)
PBS
Trypsin-EDTA

Mammosphere Media Composition
B27

bFGF

BSA
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Company

BD
Fisher

Stemcell Technologies
Corning
Corning
Corning

Corning

BD

Stemcell Technologies
Sigma

Fisher scientific

Sigma

Stemcell Technologies
Gibco

Sigma

Avantor Seradigm Lifescience
BD

Fisher

BD

BD

Stemcell Technologies
Wisent Inc
Gibco

Gibco
Sigma
Bioshop

Catalog Number

51-68981E
Al18-1

1700
354234
877218
353002

3474
352340
7001

11088807001

05-539-7
C6158
7913
11330-032
D5052
97068-085
352063
84124
561646
555479

1700
311-425-CL
25200-056

17504-44
F2006
ALBOO3
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DMEM:F12
EGF
Insulin

3D Organoid Media Composition
A8301

B27

DMEM:F12

EGF

FGF10

FGF7

GlutaMax
HEPES
N-acetylcysteine
Neuregulin 1
Nicotinamide
Noggin
R-spondin3
SB202190
Y-27632

Gibco
Sigma
Sigma

Tocris
Gibco
Gibco
Sigma
Peprotech
Peprotech
Invitrogen
Gibco
Sigma
Peprotech
Sigma
Peprotech
R&D
Sigma
Tocris

11330-032
E9644
16634

2939
17504-44
11330-032
E9644
100-26
100-19
35050-061
15630-080
A9165
100-03
N0636
120-10C
3500
S7067
1254



Comments/Description/Final Concentration
suggested: 0.25 ug/lxlo6 cells

Sold commerically as part of the ALDEFLOUR Assay kit; follow
manufacturer's instructions for ALDH substrate preparation
Sold under the commercial name Matrigel

Prepare 1:30 dilution of 3 mg/mL collagen in PBS
1x

Use 0.05% crystal violet solution in water for staining
5U/mL

1x, With L-glutamine and 15 mM HEPES

0.1 mg/mL final concentration

Polypropylene round-bottom tubes

R-phycoerythrin and Cyanine dye conjugated Clone: ML5
R-phycoerythrin conjugated, Clone: G44-26

Sold commerically as part of the ALDEFLOUR Assay kit; follow
manufacturer's instructions DEAB preparation

1x, Without calcium and magnesium

1x
10 ng/mL
0.4%



1x, With L-glutamine and 15 mM HEPES
20 ng/mL
5 ug/mL

500 nM

1x

1x, With L-glutamine and 15 mM HEPES
5 ng/mL
20 ng/mL
5 ng/mL
1x

10 mM
1.25 mM
5nM
5mM

100 ng/mL
250 ng/mL
500 nM
5uM



Rebuttal Letter

Click here to access/download;Rebuttal Letter;Bhat et al JoVE
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23 August 2020
Dear Dr. Bajaj:

We thank the editor and reviewers for taking time to evaluate our manuscript and provide
constructive feedbacks to improve this protocol paper. We have carefully considered all the
editorial and reviewers’ comments and these have been addressed in the revised manuscript as
described in detail below.

Sincerely,

Dr. Alison Allan

Professor, Dept. of Anatomy and Cell Biology
University of Western Ontario

A. Editorial Comments

1. “Protocol Language: Please ensure that all text in the protocol section is written in the
imperative voice/tense as if you are telling someone how to do the technique (i.e. “Do this”,
“Measure that” etc.) Any text that cannot be written in the imperative tense may be added as
a “Note”, however, notes should be used sparingly and actions should be described in the
imperative tense wherever possible. Some examples NOT in the imperative: Lines 104-125,
step 7.4, etc”

Response: The text in the protocol section has been carefully reviewed and revised to ensure that
it is written in the imperative voice/tense.

2. “Protocol Detail: Please note that your protocol will be used to generate the script for the
video, and must contain everything that you would like shown in the video. Please ensure that
all specific details (e.g. button clicks for software actions, numerical values for settings, etc)
have been added to your protocol steps. There should be enough detail in each step to
supplement the actions seen in the video so that viewers can easily replicate the protocol.

1) Please include an ethics statement before your numbered protocol steps indicating that the
protocol follows the guidelines of your institutions human research ethics committee.

2) 5.7-5.11: Provide detailed software steps such as button clicks and menu selections.

3) 6.6: Mention magnification”.

Response:
1) The ethical statements have been added to the protocol to indicate that the protocol follows

the guidelines of our institutional human and animal research ethics committee (Line 221-
226, and Lines 571-572 in the revised manuscript.

2) During cell sorting experiment, the software and commands used for setting up the sort
controls, gates and display plots varies from instrument to instrument depending on the
model and manufacturer. therefore, we have not mentioned these details in the current
protocol as they would vary from user to user.

3) The magnification has now been included in Step 6.6 in the revised manuscript.

*
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3. “Figures: Fig 4: define the error bars”.

Response: The error bars have now been defined in the Figure 4 legend.

4. “References: Please spell out journal names”

Response: The full journal names are now included in the Reference section.

5. “Commercial Language: JoVE is unable to publish manuscripts containing commercial
sounding language, including trademark or registered trademark symbols (TM/R) and the
mention of company brand names before an instrument or reagent. Examples of commercial
sounding language in your manuscript are ALDEFLOUR, Matrigel, etc. Please use MS Word'’s
find function (Ctrl+F), to locate and replace all commercial sounding language in your
manuscript with generic names that are not company-specific. All commercial products should
be sufficiently referenced in the table of materials/reagents. You may use the generic term
followed by “(see table of materials)” to draw the readers’ attention to specific commercial
names”.

Response: The commercial terms have been replaced with generic names and specific
commercial products have been referenced in the Table of Materials.

6. “Table of Materials: Please sort in alphabetical order”.

Response: The Table of Materials has now been sorted in alphabetical order.

B. Reviewers’ Comments
Reviewer #1:

1. “Trypsin should be replaced with a different reagent such as TriPLE or Accutase that preserve
cells surface protein digestion”.

Response: We agree with this suggestion. However, as per the journal’s formatting guidelines,
commercial reagent names cannot be used in the protocol and thus we have refrained from
mentioning commercial reagent names.

2. “The protocol for the generation of single suspension from tissue samples should be
performed in just one step using the collagenase and DNase combined possibly”.

Response: We thank the reviewer for this suggestion. Although DNase could be used with
collagenase during tissue digestion process, in our experience the DNase is much more effectively
used just prior to staining for cell sorting in order to ensure the greatest prevention of cell
clumping and non-specific uptake of 7AAD dye that can reduce the efficiency of sorting process.



3. “Centrifuge speed should be reduced from 1000g to 500-750g”.

Response: We thank the reviewer for this suggestion. In optimizing our protocol, we have
observed that centrifugation at 1000 x g (compared to lower speeds of 500-750 x g) improves
overall cell recovery without affecting cell viability. Therefore, we perform cell pelleting at 1000

Xg.

4. “Gating boundaries should be determined using FMO gating controls”.

Response: We apologize for omitting this detail from the protocol. We have now included this as
part of the description of the gating strategy in steps 5.1 and 5.8 of the protocol in the revised
manuscript.

5. “I suggest to improve the quality of the image in Fig.3. The scale is incorrect and MDA-MB-
468 cultures do not represent spheres. They seem to be more similar to aggregates of few
cells”.

Response: We have improved the quality of the image for the MBA-MB-468 mammosphere
image and ensured that the scale bars are accurate. The reason that we included images of
mammospheres generated from different breast cancer cell lines and PDXs was to highlight the
heterogeneity in size and cellular aggregation patterns across cell lines. In the case of MDA-MB-
468 cells, these images are representative of how these cells grow under mammosphere-forming
conditions.

Reviewer #2:

1. “Some protocols are not well described and lack repeatability. In some functional
identification assays, the composition of media was not clear enough. For example, what
cytokines have been added? Why are these cytokines added?”.

Response: As per the journal’s formatting guidelines; the details of media compositions including
cytokines are described in full in the Table of Materials. The media compositions are based on
previously published literature which describes the rationale for the media composition in detail.
The 3D organoid media composition is based on Sachs et al.,, 2018 (Reference 74). The
mammosphere media composition is based on Ponti et al., 2005 (Reference 62).

2. “Itis not clear whether the cells need to be replenished with culture medium during the long
incubation period of the colony forming assay and mammosphere assay”.

Response: We apologize for omission of this detail. The culture medium should be replenished
twice per week for the colony forming assay (without fibroblasts) and mammosphere assay. For
the colony forming assays with fibroblasts, media is not replenished. This has now been detailed
in protocol steps 6.4, 7.2, and 6.12 respectively.



3. “The presentation of cell concentration and density in some protocols is not standard and
inconsistent”.

Response: We have corrected the presentation of cell concentration to be consistent throughout
the protocol.

4. “Some of the reagents used in the experiment are missing key information, such as the
manufacturer, model and item number”.

Response: As per the journal’s formatting guidelines, all detailed information for the reagents
and materials is presented in the Table of Materials.

Reviewer #3:

1. “In section 3, subsection 3.1, the authors have mentioned use of trypsin or EDTA. It is usually
Trypsin-EDTA that is generally used. Also, why do they incubate at room temperature and not
37°C”.

Response: We thank the reviewer for this suggestion and we have now changed the

recommended dissociation reagent to Trypsin-EDTA in protocol step 3.1 in the revised

manuscript. We prefer performing cell dissociation at room temperature in order to avoid excess
damage to the cell membrane that could occur if cells are left for too long at 37°Cin the presence
of trypsin.

2. “Change PE-cy7 to PE-Cy7”.
Response: We have now made this change.

3. “It would be better if the authors could use a flowchart or some kind of a schematic for the
procedure of BCSC isolation”.

Response: We thank the reviewer for the suggestion. A flowchart depicting the BCSC isolation
procedure has now been added as Figure 1A.

4. “There are no isotype controls used for the CD44-PE and CD24-PE-Cy7. How is it gated in the
flow cytometer without these controls”?

Response: The positive signals generated by stained cells are gated based on unstained controls,
single stained controls and fluorescence minus one (FMO) controls rather than isotype controls
as we find this approach is more robust and reproducible. The recommended antibodies used for
staining are clinical-grade antibodies and their specificity has been tested and confirmed.



5. “In Section 7 Subsection 7.3, the authors have used 40 um as a cut off diameter for the
assessment of mammospheres. Did the authors optimize this diameter based on the cell line
or was it a generalized cut-off diameter? We typically employ 100 um as the cut off.”

Response: We apologize for this error. We have corrected the cut off diameter to 100 um in Steps
7.3 and 7.9 of the protocol in the revised manuscript.

6. “Do the authors have any other validations on BCSCs, such as Western blots or
immunofluorescence data for the pluripotency markers SOX2, OCT4, NANOG”.

Response: We thank the reviewer for this suggestion and have now added it at a note to the
protocol (Note 5; Lines 206-208) in the revised manuscript.

7. “In 7.6 Change FACs to FACS”.
Response: This has now been changed.

8. “9.11- The authors say a serial dilution of 1-20 cells/ml. How long do they wait for tumor
initiation? What kind of controls would you use for this experiment, since non-BCSCs are
unable to initiate tumor at such low concentrations”?

Response: Unsorted breast cancer cells can be used as a control to compare the tumor initiation
ability of BCSCs in xenograft models, now detailed in Note 11 of the protocol (Lines 326-329). The
experimental end point is determined based on the regulations laid out the institutional animal
ethics protocol; typically, endpoint by euthanasia is usually required once tumor volumes reach
1500 mm3. For BCSC populations and/or higher cell doses (e.g. >1 x 10* cells), this endpoint will
likely be reached within 4-8 weeks of MFP injection. For non-BCSC cell populations and/or very
low cell doses (e.g. 0.01-0.2 x 102 cells/mouse), tumor initiation/growth should be assessed for
up to 8 months post-injection. This is now detailed in Note 14 (Lines 342-347) of the revised
manuscript.

9. “Also, in Figure 4, the authors have shown a figure that has been adapted from a previous
publication Croker et al. for in vivo studies. This study has used 5x 105 cells/ml which is very
different from what the authors have suggested”.

Response: We have now revised Section 9 of the protocol to provide more details about the cell
range that can be used for limiting dilution analysis (as low as 0.01-0.2 x 10? cells/mouse, up to 1
x 108 cells/mouse); now detailed in Step 9.2 of the protocol. The publication by Croker et. al was
aimed at assessed simple differences in tumorgenicity and metastasis between BCSC and non-
BCSC cell populations (rather than tumor initiating capacity) and therefore used a single cell dose
of 5 x 10° cells/mouse of each sorted population. This is within the cell dose range described in
the protocol.



10. “Also, the authors need to make sure that they have proper permissions for publishing these
results as it could be copyright infringement, even if it is from the same group”.

Response: We have received copyright permission for publishing these results in this JoVE
manuscript, and these permissions are now included as part of the supplemental information.

11. “Do the authors have better images for the mammospheres with a higher magnification?”

Response: Higher magnification images have been added wherever possible. Unfortunately,
generating new figures has become difficult due to the current COVID19 pandemic situation.

12. “Section 5.5, change 7ADD-7AAD”.
Response: This has now been corrected.

13. “Do the authors have data on the primary and secondary mammosphere formation abilities
of the cells that have been sorted?”

Response: Unfortunately, the unpublished data on the primary and secondary mammosphere
formation generated in our lab cannot be used in this manuscript as it is earmarked for another
publication in preparation. Generating a new dataset for this purpose has become difficult due
to the current COVID19 pandemic situation.

14. “Section 6-Would it be possible for the authors to explain the rationale and references for
colony formation assay with fibroblasts. What is the purpose of using fibroblasts in this
assay?”

Response: Fibroblast cultures can act as a feeder layer to provide additional microenvironmental
support for BCSCs through production of necessary growth and survival factors. Fibroblast feeder
layers have been used to study colony forming ability of adult stem/progenitor cells as well as
cancer stem cells; e.g. as described in References 68-70.

15. “The author's section on in vivo xenograft model (section 9) focuses more on tumor cells than
breast cancer stem cells. This section is redundant as there are previous JOVE publications
that demonstrate mammary fat pad injection. The authors should elaborate on the
procedures pertaining specifically to BCSCs”.

Response: We thank the reviewer for this suggestion. Section 9 of the protocol has now been
changed to make it more specific to generation of xenograft models using BCSC.

16. “In the figure legend for figure 3C, include MDA-MB-231"

Response: The figure legend for Figure 3 has been updated to include this information.
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does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

e The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
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their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction
to be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
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any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.

e This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

e Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

e These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

¢ In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

e WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (i1) these terms and conditions and (ii1) CCC's Billing and Payment terms
and conditions.

e This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

e This Agreement shall be governed by and construed in accordance with the laws of
the State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS

Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.

The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY

license permits commercial and non-

Creative Commons Attribution Non-Commercial License
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The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)

Creative Commons Attribution-Non-Commercial-NoDerivs License

The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)

Use by commercial "for-profit" organizations

Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.

Further details can be found on Wiley Online Library
http://olabout.wiley.com/WileyCDA/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Terms and Conditions

INTRODUCTION

1. The publisher for this copyrighted material is Elsevier. By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS

2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.

3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source. If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:

"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."

4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.

5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@glsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.

6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.

7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (ii1) CCC's Billing and Payment
terms and conditions.

8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
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use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions. If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted. Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted. Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.

9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.

10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.

11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.

12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).

13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions. These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction. In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.

14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you. Notice of such denial will be made using the contact information provided by you.
Failure to receive such notice will not alter or invalidate the denial. In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:

15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
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16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.

Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.

17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:

A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).

Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).

If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.

Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.

Authors can share their accepted author manuscript:

e immediately
o via their non-commercial person homepage or blog
o by updating a preprint in arXiv or RePEc with the accepted manuscript
o via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
o directly by providing copies to their students or to research collaborators for
their personal use
o for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement
o After the embargo period
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o via non-commercial hosting platforms such as their institutional repository
o via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

¢ link to the formal publication via its DOI

e bear a CC-BY-NC-ND license - this is easy to do

o if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.

Policies for sharing publishing journal articles differ for subscription and gold open access
articles:

Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.

Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal
publications on ScienceDirect.

If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.

Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.

Please refer to Elsevier's posting policy for further information.

18. For book authors the following clauses are applicable in addition to the above:

Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.

19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of
the formal submission can be posted publicly by the awarding institution with DOI links
back to the formal publications on ScienceDirect.
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Elsevier Open Access Terms and Conditions

You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.

Terms & Conditions applicable to all Open Access articles published with Elsevier:

Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.

The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.

If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.

Additional Terms & Conditions applicable to each Creative Commons user license:

CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.

CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.

CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.

Commercial reuse includes:

e Associating advertising with the full text of the Article
e Charging fees for document delivery or access

e Article aggregation

¢ Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
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20. Other Conditions:

v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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