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Purification of Planarian Stem Cells Using a Drag5-Based
FACS Approach

Kuang-Tse Wang, Justin Tapper, and Carolyn E. Adler

Abstract

Planarians are flatworms that have the remarkable ability to regenerate entirely new animals. This regenera-
tive ability requires abundant adult stem cells called neoblasts, which are relatively small in size, sensitive to
irradiation and the only proliferative cells in the animal. Despite the lack of cell surface markers,
fluorescence-activated cell sorting (FACS) protocols have been developed to discriminate and isolate
neoblasts, based on DNA content. Here, we describe a protocol that combines staining of far-red DNA
dye Draq5, Calcein-AM and DAPI, along with a shortened processing time. This profiling strategy can be
used to functionally characterize the neoblast population in pharmacologically-treated or gene knockdown
animals. Highly purified neoblasts can be analyzed with downstream assays, such as in situ hybridization and
RNA sequencing.
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1 Introduction

Planarians have the remarkable ability to regenerate entire new
animals from small pieces of tissue, making them an intriguing
model to study regeneration [1, 2]. Planarian tissue turnover and
regeneration are fueled by an active adult stem cell population,
referred to as neoblasts. Neoblasts are the only proliferative cells
in planarians and produce new cells that replenish missing and
damaged tissues [3]. Therefore, characterizing neoblasts and their
behavior is one of the primary goals of research in planarian biology.

Although fluorescence-activated cell sorting (FACS) com-
monly relies on the unique expression of cell-surface markers to
selectively purify populations of cells from animals, such molecules
presenting on the surface of planarian neoblasts remain largely
unknown. Therefore, purification of neoblasts relies on the fact
that these are the only actively dividing cells in the animal, their
sensitivity to irradiation, and their relatively small size. Based on
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these properties, isolation of neoblasts often combines a DNA dye
together with a dead-cell dye to eliminate necrotic cells, as well as
their depletion after radiation to confirm the purification strategy
[4-12]. Further verification of neoblasts by morphological criteria
and in situ hybridization of neoblast markers, such as ¢yc/in-B and
Smedwi-2, demonstrates that these crude markers are sufficient to
isolate neoblasts with high purity from the animal [4, 13-
17]. EACS also enables analysis of the dynamics of neoblasts with
additional dyes, such as the apoptotic marker annexin V; following
various perturbations to the animals [9, 18, 19]. FACS-sorted
neoblasts have been used in downstream assays such as RNA-seq
[20-26], ChIP-seq [21,27-29], in situ hybridization [ 15, 30], and
single-cell RNA sequencing [30-36], which facilitates the under-
standing of neoblast characteristics.

Although the most commonly used DNA dye for purifying
neoblasts is Hoechst 33342 [4], there are limitations to its use. In
particular, current gating strategies depend on the dual blue and
red emissions from Hoechst 33342 following exposure to UV
light. Reliance on two-color emissions precludes addition of other
short wavelength and red dyes for certain experimental design
strategies. Also, some instruments may not have a UV laser avail-
able. Use of alternative DNA dyes, including Sir-DNA and Draq5,
both of which emit in far red, has been used for neoblast culture
[33, 37] and neoblast isolation, respectively, along with verification
by single-cell RNA sequencing [ 35, 38].

Here, we describe a detailed protocol that combines Draq5,
Calcein-AM, and DAPI to isolate the mitotic neoblast population.
Draq5 emission occupies the far-red spectrum, so we include DAPI
to identify dead cells and Calcein-AM as a vital marker to ensure the
isolation of healthy cells. Application of these three dyes is simulta-
neous, shortening the total processing time. More importantly, the
use of this dye combination frees the red channel for incorporation
of dyes in this spectrum.

2 Materials

2.1 Animals for Cell
Dissociation

This protocol has been optimized with animals cultured in the lab
derived from a clonal strain of Schmidtea mediterannea [ 39, 40].
Before dissociation, starve the animals for at least 1 week to elimi-
nate food debris. To standardize cell numbers expected for each
dissociation, select animals of similar sizes. We typically use ten
3-5 mm animals per sample, which yields ~2 + 0.5 million live
cells per mL. When conducting the experiment for the first time,
generate lethally irradiated animals as a negative control to properly
establish the gating strategy. Two days after radiation exposure,
animals no longer have mitotic neoblasts.
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2.2 Cell Dissociation

2.3 Live GCell Staining

2.4 Common
Equipment

1.

—
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CMEF: 400 mg/L NaH,PO,, 800 mg/L. NaCl, 1200 mg/L
KCl, 800 mg/L NaHCOj3; 240 mg/L Glucose, 15 mM
HEPES. To prepare 1x CMF, dissolve NaH,PO,, NaCl, KCI,
NaHCOg3, and Glucose in ultrapure water to the desired vol-
ume. Add HEPES buffer to 15 mM, filter-sterilize and store
the solution at 4 °C for future use.

. CMFB: CMF, 1% (w/v) BSA. On the day of cell dissociation,

weigh out BSA and add to CMF to make CMFB. To dissoci-
ate and process a single sample, usually 20 mL of CMFB is
more than sufficient (se¢ Note 1). For example, add 0.2 g BSA
to 20 mL CMF in a 50 mL conical tube and rock on a nutator
to dissolve the powder. Sterilize by filtering this solution using
0.22 pm low protein binding syringe filters and keep on ice.

. Calcein-AM stock solution: 2 mM Calcein-AM in DMSO.

Dissolve 50 pg Calcein-AM  powder (ThermoFisher
C3100MP) in 250 pl. DMSO. Protect this solution from
light and store at —20 °C for future use. Samples will be stained
using a 4 pM working stock solution.

. Drag5 stock solution (eBioscience/ThermoFisher 65-0880-

92): 5 mM Draqg5. Protect this solution from light and store
at 4 °C for future use. Samples will be stained using a 10 pM
working stock solution.

. DAPI stock solution: 5 mg/mL DAPI in water. Add 2 mL

ultrapure water to 10 mg DAPI powder (ThermoFisher
62247). Protect this solution from light and store at 4 °C for
future use. Samples will be stained using a 5 pg/mL working
stock solution.

. Trypan Blue solution (VWR 76180-676): Store this solution at

room temperature.

. SonyMA900 FACS sorter.
. Sorvall Legend X1R centrifuge (or equivalent swinging bucket

refrigerated centrifuge).

.0.22 pm low protein binding syringe filters (Millex

SLGV004SL).

. TC20 Automated Cell Counter (Bio-Rad 1450102).
. TC20 Cell counting slides (Bio-Rad 1450015).
. 30 pm Filcon filters (BD Biosciences 340627).

. Thermo Scientific Multi-tube rotator (or equivalent nutator).
. MicroScalpel (VWR 100491-038) (or equivalent blade for

cutting animals).

. 35 mm Petri dish (VWR 82050-536).
10.

Transfer pipette (VWR 14670-149).
. 5 mL tubes (LPS L225001).
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3 Methods

3.1 CGell Suspension
Preparation

3.2 Cell Counting

3.3 Cell Staining

. Keep the CMEFB at 4 °C or on ice (see Note 2).
2. Place ten animals into a 35 mm plastic dish.

. Remove the planarian water from the animals and replace with

~3 mL CMFB.

. Using a sharp scalpel, cut all animals into tiny fragments,

ensuring that all fragments should be less than ~1 mm in size
(see Note 3).

. Collect the fragments with a transfer pipette and move them

into a 5 mL tube. Transfer them quickly to prevent fragments
from sticking to the inside of the transfer pipette (sec Note 4).

. Cool the centrifuge to 4 °C. Every 5 min, triturate the worms

using a P1000 pipette and allow the sample to rock on the
nutator for 20 total minutes (se¢ Note 5). As the dissociation
progresses, the solution should become opaque and lack pig-
mented fragments (se¢ Note 6).

. Once the fragments are sufficiently dissociated, pass the sus-

pended cells through a 30 pm Filcon filter into a new
5 mL tube.

. Spin the tubes at 500 x g for 5 min at 4 °C. A dark pellet should

appear after centrifugation.

. Aspirate the supernatant carefully, leaving the pellet in a small

amount of liquid so that it does not fully dry out. Gently
resuspend the pellet in 2 mL CMEB using a P1000 pipette.

. Mix 10 pL of the cell suspension from the filtered samples with

10 pL Trypan Blue solution (in a 1.5 mL Eppendorf tube).
Then load 10 pL of the dye mixture into a hemocytometer slide
(see Note 7).

. Count cells using a hemocytometer or TC20 Automated Cell

Counter. This protocol should provide ~2 + 0.5 million live
cells per mL (see Note 8). Using a centrifuge, spin at 500 x gfor
5 min at 4 °C. A dark pellet should be visible after centrifuga-
tion. Store the samples on ice while preparing staining solu-
tions or proceed to the next step immediately.

. Thaw the Calcein-AM stock solution in the dark.
. Calculate the desired volume of dye solution. We typically stain

cells at a final concentration of 2 million cells per mL. For
example, make 2 mL of dye solution to stain 4 million cells
(see Note 9).

. Make the dye solution by diluting 1:500 Calcein-AM stock

solution, 1:500 Drag5 stock solution and/or 1:1000 DAPI
stock solution (see Note 10). For example, to make 10 mL of



3.4 Cell Sorting

3.5 Q@ating the
Mitotic Neoblast
Population
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dye solution, add 20 pL Calcein-AM stock solution, 20 pL
Draq5 stock solution and 10 pL. DAPI stock solution. Invert
the dye solution several times to ensure mixing. Once mixed,
protect the solution from light.

. Resuspend the cell pellet in the appropriate volume of dye

solution and place the tubes on a nutator at room temperature
for 20 min in the dark.

. Once the staining is completed, wrap the tubes with foil and

keep on ice.

. Immediately before sorting, refilter the cells into a new tube

using a fresh 30 pm Filcon filter (see Note 11).

. Set up the lasers and cool down the FACS machine to 4 °C if

possible. Load the tubes into the FACS machine and sort your
samples (see Note 12). We use the 100 pm nozzle for sorting.
The gating strategy for isolating the mitotic neoblast popula-
tion is described in Subheading 3.5.

. Eliminate cell aggregates by using forward scatter (FSC) and

side scatter (SSC). Outliers with bigger sizes and high morpho-
logical complexity can be cell aggregates, which will show high
DNA content in downstream gates and distort the analysis
(Fig. la, b) (see Note 13).

. Gate for DAPI-negative and Calcein-AM-positive cells to

enrich for live cells. Only dead cells are permeable to DAPI,
while vital cells can absorb Calcein-AM and convert it to a
fluorescent form. Use the FITC filter to record Calcein-AM
emission (as in Fig. 1c) (see Note 14).

. Identify Draq5-positive cells, which are nucleated, in APC

versus 750 nm filter using linear scales. The APC and 750 filter
together can record the far-red emission of Draq5 (Fig. 1d).

. Set up Calcein-AM versus APC-A gates. The 4N (DNA con-

tent) cells represent the mitotic neoblast population (X-ray--
sensitive cell fraction-1: X1), and have higher than average APC
intensity. Mitotic cells are sensitive to irradiation, so they
should be absent in the irradiated sample (X1 in Fig. le, f).

. The post-mitotic progeny of neoblasts (X-ray-sensitive cell

fraction-2: X2) are 2N and also irradiation-sensitive (X2 in
Fig. le, f). The remainder of the cells represent the 2N difter-
entiated cell population (X-ray-insensitive cell fraction: Xins)
(Xins in Fig. le, f).

. Collect the sorted cells into an Eppendort tube containing

50 uL CMFB.

. Centrifuge your collected cells at 500 x 4 for 5 min at 4 °C. A

dark blue pellet may be visible (se¢ Note 15).
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Fig. 1 FACS gating strategy for neoblasts. The heading of each panel indicates the objectives of the gating
strategy. The order of the panels follows the hierarchy of the gating. (a) Dot plot showing side scatter area
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8. Carefully aspirate the supernatant and resuspend the cells in
100 pL. CMFB.

9. Count cells using a hemocytometer or TC20 Automated Cell
Counter (see Note 16).

10. Centrifuge your collected cells at 500 x g for 5 min at 4 °C, and
resuspend the cells into the desired buffer at the appropriate
density for downstream applications.

11. The sorted cells may now be used for imaging, in situ hybridi-
zations, or sequencing.

4 Notes

1. Do not vortex CMFB. Vortexing will generate bubbles which
may complicate downstream volume measurements.

2. To increase cell viability for downstream applications, maintain
cells at 4 °C as much as possible.

3. Cutting fragments to a size of ~1 mm or smaller will accelerate
dissociation of the fragments. Larger or heterogeneously-sized
fragments will slow down dissociation, requiring more proces-
sing and handling, ultimately decreasing the overall health of
the dissociated cells. Enzymatic dissociation methodologies,
including papain and liberase treatments have also been used
to accelerate dissociation without harming mitotic neoblasts [9,
41-43].

4. If fragments adhere to the inside of the transfer pipette, dis-
lodge them by vigorously pipetting CMFB up and down and
flicking the pipette near where the fragment is stuck.

5. For trituration, use a P1000 set to 500 pL and rapidly pipette
up and down. This is particularly important at the beginning,
to initiate dissociation. In the first several triturations, some
fragments will inevitably adhere to the inside of the tip. Due to

Fig. 1 (continued) (SSC-A) versus forward scatter height (FSC-H). FSC intensity increases in proportion to cell
size, and side scatter detects cellular complexity. We eliminate the SSC outliers to reduce cell aggregates,
which tend to have higher complexity. (b) Dot plot showing forward scatter width (FSC-W) versus forward
scatter height (FSC-H). For further eliminating cell aggregates, we gate for cells with mild forward scatter
width. Inset, backgating of D. Red dots are cells in the X1 gate, which lies close to the right boundary of Gate
Il. (c) Dot plot showing DAPI-height (DAPI-H) versus FITC-area (FITC-A). The Calcein-AM is detected by the
FITC filter. Live cells will be DAPI-negative and Calcein-AM positive. (d) Dot plot showing Alexa Fluor 750 nm
area (APC-Alexa Fluor 750-A) versus APC-A (APC-area). Drag5 is excited by the 633 nm laser, and its emission
is detected through APC (>650 nm) and far red (750 nm) filters. (e, f) Dot plots of cells in Gate IV showing the
FITC-A versus APC-A in unirradiated and irradiated animals, respectively. X1 cells (red) are defined as the
mitotic, 4N neoblast population. X2 cells (green) are the post-mitotic progeny of neoblasts. Radiation depletes
the X1 and X2 populations (), but not the radiation-insensitive differentiated cells (Xins, blue)
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10.

11.

12.

13.

14.

15.

16.

the time-sensitive nature of this step, simply discard the pipette
tip and prepare for the next trituration to maximize efficient
dissociation.

. Mechanical force will dissociate all planarian tissues with the

exception of the animal’s pharynx. Towards the end of the
dissociation, these pharynges will become apparent as small
white objects. The rest of the solution will appear opaque.

. Our lab uses a TC20 Automated Cell Counter to count cells

and determine the percentage of live and dead cells with trypan
blue staining. However, the cell counter can overestimate cell
numbers. As a result, we strongly recommend optimizing the
cell counting method in each lab to ensure reliability. Calculate
the cell number by multiplying the cell counts by the dilution
factor, which is 2 in this example because the cell suspension is
diluted 1:1.

. Live cells typically represent 50-60% of the total population of

dissociated cells.

. For consistent dye staining across samples, it is necessary to

adjust the volume of staining solution with cell density. Other-
wise, cells may be oversaturated or have inconsistent staining,
leading to variability in cell sorting across experiments. Prior to
sorting, the final cell concentration should be adjusted accord-
ing to instrument specifications.

When performing this method for the first time, allocate some
cell suspension for staining with single dyes. These single-
stained samples are used for setting up fluorescent compensa-
tion on the flow cytometer. Fluorescent compensation corrects
fluorescence spillover when the emission spectrum of each dye
overlaps with other dyes.

This additional 30 pm filtration removes clumps of cells, reduc-
ing the probability of clogging the FACS machine.

The size of the collection tube may vary depending upon the
downstream application or the specific FACS machine used.

The mitotic neoblast population lies on the right boundary of
Gate II (Fig. B inset, red dots). Therefore, if the X1 population
cannot be found, shift the boundary of Gate II rightward.

Dye-negative cells can be determined by comparing profiles of
single-stained samples.

In some cases, especially if fewer than ~20,000 cells were
sorted, pellets may not be visible after centrifugation.

To conserve as many cells as possible for downstream applica-
tions, dilute the cells 1:10 with Trypan Blue solution. It is also
possible to use a standard trypan blue staining as described in
Sect. 3.2.
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