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ABSTRACT

Dissociation of imaginal disc cells has been carried out previously to enable flow cytometry and cell
sorting to analyze cell cycle progression, cell size, gene expression, and other aspects of imaginal
tissues. However, the lengthy dissociation protocols employed may alter gene expression, cell
behavior and overall viability. Here we describe a new rapid and gentle method of dissociating the
cells of wing imaginal discs that significantly enhances cell viability and reduces the likelihood of
gene expression changes. Furthermore, this method is scalable, enabling collection of large
amounts of sample for high-throughput experiments without the need for data-distorting

amplifications.

Introduction

Drosophila imaginal tissues, the larval epithelial struc-
tures that give rise to adult structures upon metamor-
phosis, have been used extensively to study patterning,
growth and cell cycle, signal transduction, cell fate
specification, and many other aspects of developmen-
tal biology." We use imaginal tissues to study how a
specified and patterned epithelium carries out tissue
regeneration after ablation of a significant portion of
that tissue.>> To identify changes in gene expression
at specific time points after tissue ablation, we sought
to label and sort regeneration blastema cells from
damaged wing imaginal discs for mRNA sequencing.
This isolation of blastema cells was challenging
because they are only about 2-5% of the cells in the
wing disc. Therefore, we needed a cell dissociation
protocol that would maximize cell viability and disso-
ciation to enable collection of the small number of
desired cells, while at the same time minimize the
time taken to achieve dissociation to prevent changes
in gene expression induced by the manipulations.
Dissociation of imaginal discs followed by flow
cytometry and/or fluorescence-activated cell sorting
(FACS) has been carried out using enzymes such as
trypsin® and collagenase® with lengthy incubation
times ranging from 1 to 4 h, raising the concern that
the time in the enzyme incubation could alter cell
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physiology and gene expression. Furthermore, our ini-
tial trials using such protocols resulted in high levels
of cell death, significantly reducing our yield of usable
cells and mRNA after cell sorting and RNA prepara-
tion. Therefore, we examined many protocols for cell
dissociation of imaginal discs,*® other Drosophila tis-
sues,”® and other organisms,” and tested numerous
modifications of those protocols to identify the short-
est protocol that produced the most live cells.

Here we present a rapid, gentle and scalable method
to isolate fluorescently labeled cells from imaginal
discs. This method uses a commercially available
enzyme preparation in a glass dish to dissociate the
discs in as little as 15 min, with significantly improved
cell viability and mRNA yield.

Results
Identification of an appropriate cell marker

For our purposes, we isolated cells that expressed the
gene nubbin'® (FBgn0085424) in the wing imaginal
disc. We identified a line containing a MiMIC trans-
posable element'' inserted in the nubbin (nub) locus
that expressed GFP in the nubbin-expressing cells of
the wing disc (Fig. 1)(nub™%°126 FBti0146996, Bloo-
mington Stock Center line #37920). Similar enhancer
trap and protein trap lines that express GFP in other
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Figure 1. (A) MiMIC insertion into the nubbin locus marks wing pouch cells for sorting after dissociation. Third instar wing imaginal disc.
A) Anti-Nubbin.® B) nub-MiMIC-GFP. Image is native GFP fluorescence. C) DAPI. D) Merge. Scale bar is 100 pm.

patterns would enable use of this protocol for a wide
variety of purposes.

For the optimization below we used undamaged
wing discs, in which the number of GFP-labeled cells
is significantly higher than it would be in our experi-
mental system. Isolation and transcriptional profiling
of regeneration blastema cells will be presented in a
separate publication.

Dissociation optimization

To identify the optimal enzymes, buffers, length of
time and temperature for disc dissociation, we tested
multiple concentrations, combinations and variations
of each (for examples see Table 1). Variations on the
protocol were initially assessed qualitatively and visu-
ally for relative amount of dissociation and cell viabil-
ity using Sytox Green or Red (Invitrogen #57020,
#534859) to stain the dying cells, which were visual-
ized under a compound microscope (Leica DM
RXA2). After this initial optimization we tested differ-
ent dissociation conditions by flow cytometry to quan-
tify numbers of viable GFP+ and GFP- cells (Table 1
and Fig. 2).

Handling of the dissected imaginal discs

While existing protocols called for collection of discs
in microfuge tubes and centrifuging the tubes to pellet
the discs between washes,” we found these steps led to

Table 1. Assessment of selected dissociation and sort trials.

loss of tissue. Therefore, we collected discs in a glass
dish (Carolina Biological Supply #742300), eliminated
these washing steps and proceeded straight to dissoci-
ation in the glass dish.

Buffer

Our starting protocol called for using Rinaldini Solu-
tion” (100 mL H,O, 800 mg NaCl, 20 mg KCl, 5 mg
NaH,PO,, 100 mg NaHCO;, 100 mg glucose, pH
7.35). We also tested a Calcium and Magnesium free
buffer (15 mM HEPES, 400 mg/L NaH,PO,, 800 mg/
L NaCl, 1200 mg/L KClI, 800 mg/L NaHCOs3, 240 mg/
L glucose, 1% BSA, pH 7.3 ) used for cell dissociation
in other organisms’, as well as Dulbecco’s PBS (Sigma
#D8537-500ML) as recommended for the TrypLE
enzyme. The protocols compared in Figure 2 used
Rinaldini Solution and Dulbecco’s PBS.

Enzymes

We tested collagenase (Sigma #C0130-100MG)’ at a
variety of concentrations, including 0.3 mg/mL, 0.5 mg/
mL, and 1 mg/mL, collagenase with papain (Sigma
#P4762-50MG)’ at a concentration of 1 mg/mL each,
and the commercially available purified recombinant
trypsin TrypLE (ThermoFisher #A12177-01) at the rec-
ommended 10x concentration. The protocols compared
in Figure 2 used Collagenase 1 mg/mL and TrypLE 10x.
We found the best dissociation and viability with the
TrypLE.

Method Percentage of flow Percentage of
to stop Cell Cell viability ~ cytometry “events” live single cells
Enzyme Buffer Incubation dissociation  dissociation  (Sytox Red)  that were live cells  that were GFP+
Collagenase 1 mg/mL +  Calcium Magnesium 30 min at 30°C  add CMF - * 25% 37%
Papain 1 mg/mL Free Buffer (CMF)
Collagenase 0.3 mg/mL  Calcium Magnesium 30 min at 30°C  add CMF - * 12% 23%
Free Buffer (CMF)
Collagenase Tmg/mL Rinaldini Solution 30 min at 30°C  add SSM - * 8% 10%
TrypLE 10x Dulbecco’s PBS 15 minat37°C  add SSM o o 48% 27%
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Figure 2. Comparison of different dissociation protocols. A, B) Initial protocol using 160 imaginal discs, 1 mg/mL collagenase and Rinaldini
solution. C, D) Final protocol using 120 imaginal discs, 10x TrypLE and Dulbecco’s PBS. A, C) Separation by GFP content showing peak of
GFP-positive cells (arrows). B, D) Gating to sort GFP- (blue) and GFP+ (green) cells. Gates were manually set to maximize separation of
GFP+ and GFP- cells. E) RT-gPCR showing enrichment of nubbin and dMyc in the GFP+ cells relative to the GFP- cells, and enrichment of
the notum marker teashirt and the hinge marker unpaired in the GFP- cells relative to the GFP+ cells, demonstrating the efficiency of the
sort. F) Wing disc in which most of the wing pouch has undergone ablation, leaving a small population of nub-GFP-+ cells remaining to be
sorted (arrow), as well as GFP+ debris (arrowhead). G) FACS sorting of the GFP+ cells remaining after tissue ablation, using 400 imaginal
discs, 10x TrypLE and Dulbecco’s PBS. FACS data are presented in graphs generated using the FCS Express 4 software.
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Time and temperature

We tested incubation with the enzymes for 5, 10, 15,
and 30 min at 30°C and 37°C (Table 1 and data not
shown). Our qualitative assessment determined that
the optimal dissociation and viability occurred using
the TrypLE at 37°C for 15 min. These experiments
were carried out with lot #1408696 of TrypLE, which
had a reported activity of 0.40 recombinant protease
units per mL (rPu/mL). Because activity varies by lot,
the time required for dissociation should be optimized
for each batch, taking the rPu/mL value into consider-
ation. We also experimented with different methods
of incubating the discs at the desired temperature in
the glass dish, developing the method using metal
beads described in the protocol (Fig. 3).

Halting the enzymatic reaction
Different protocols recommended halting the enzy-
matic reaction either with a series of washes in

Rinaldini solution and SSM 7 or adding excess buffer
to the reaction.” Our optimization ensured that the
discs were sufficiently dissociated such that they could
not be centrifuged and washed. When testing collage-
nase we found that flooding the sample with SSM
caused significantly less cell death than flooding with
buffer (Table 1). In our final protocol we added excess
SSM to stop the TrypLE reaction.

Mechanical dissociation

We tested mechanical dissociation after the enzyme
incubation by pipetting through different sized pipet
tips several times. We found that using a 200 uL
pipet tip ° caused significant cell death, whereas a
1000 pL pipet tip was sufficiently gentle (Fisher-
brand Sureone #02-707-403) (data not shown). We
also passed the cell suspension through a cell
strainer (VWR #352235) to remove cells that
remained clumped.” While we have not compared

Figure 3. Schematic of dissociation protocol. A) Wash larvae and dissect in SSM. B) Collect imaginal discs in Dulbecco’s PBS in a glass
dish. C) Replace PBS with TrypLE, cover with Petri dish lid and secure with tape. D) Incubate in metal bead bath for 15 min at 37°C. E)
Stop enzyme action by flooding with SSM. F) Further dissociate cells by pipetting 2-3 times with a 1000 L pipet tip. F) Pass cells

through a cell strainer to remove any remaining aggregates.



our method to that described by Liang et al,'
which uses mechanical dissociation by repeated pas-
sage through a small needle, we expect that, similar
to the 200 wL pipet tip, the needle would induce
levels of cell death that would be too high for our
purposes.

FACS sorting

Cells were sorted in a BD FACS ARIA II sorter, using
gentle conditions (85 um nozzle and low pressure of
20 psi). Under these conditions, sorting cells from 400
imaginal wing discs took approximately one hour. We
sorted directly into RNA Lysis buffer (Qiagen RNA
isolation kit #74104), limited the number of cells
sorted into each tube so as not to dilute the lysis
buffer, and added B-mercaptoethanol immediately.
We also found that how quickly we progressed
through the dissociation protocol and started the sort
affected the number of live cells at the time of the sort.
To demonstrate this, we used a BD LSR II Flow
Cytometry Analyzer to determine preparation quality
at various times after dissociation, and found that a
wait of as little as 30 min between dissociation and
sorting led to a 26% decrease in the number of viable
cells (data not shown).

RNA yield

For the 2 protocols in Figure 2, RNA was prepared
using a Qiagen kit (#74104). Protocol 1 (Collage-
nase) started with 160 imaginal discs and yielded
3.2 ng/uL RNA for a total of 96 ng RNA, while
protocol 2 (TrypLE) started with 120 imaginal discs
and yielded 13.4 ng/uL RNA for a total of 402 ng
RNA (Fig. 2). RNA concentrations were measured
using a Nanodrop Spectrophotometer 2000C (Ther-
moScientific) for these optimizations. Prior to pro-
sequencing we
recommend confirming RNA concentrations with a

ceeding with high-throughput

Qubit Fluorometer (ThermoFisher) and assessing
RNA quality with an Agilent 2100 BioAnalyzer or
similar machine.

Verification of sorting

To confirm separation of the nub-GFP expressing
wing pouch cells from the remainder of the wing
imaginal disc, we carried out RT-qPCR on the GFP+
and GFP- cells for the wing pouch marker nub,'® the
growth driver dMyc, which is ubiquitously expressed
in the wing disc but is higher in the pouch,'” as well as
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the notum marker teashirt (tsh) and the hinge marker
unpaired (upd)'* (Fig. 2E). Transcripts for nub were
highly enriched in the GFP+ cells relative to the GFP-
cells, while transcripts for dMyc were slightly elevated
in the GFP+ cells as expected. Conversely, transcripts
for tsh and upd were highly enriched in the GFP- cells
relative to the GFP+ cells. Three or 4 biological repli-
cates of 100 discs each were used. Primers: tsh F5'
AGGGGTAAAAGCTCCAGAAGAA, R5 GCTCAAT
GGCACTTAAAACAGA; nub F5 GCTACTCATT
CGGCATTCAAGT, R5 TTTGAAAATTGTGCAAA-
GAGTG, upd F5' AGCGTCCCAGGCAGAGCTTCA,
R5 TACTCCCGAAAGGCGTGGCG; dMyc F5' CAA
CTTGCTGGCGGCACGG, R5 TCCTGAGTTATA
TGCCTGTCTCGCT. For these experiments we used
TrypLE from lot 1755986, which had an rPu/mL of
0.22. Consequently, we increased dissociation time to
30 min and did not see any decrease in viability.

Sorting rare cells

To demonstrate that this protocol can be used to sort
small populations of cells, we dissociated and sorted
regeneration blastema cells. We have previously
described our method of ablating most of the wing
pouch in the early third larval instar using rotund-
GAL4, UAS-reaper, and GAL80® '°. Twenty-four
hours after ablation, the regeneration blastema is
marked via nub-GFP (Fig. 2F). Although they repre-
sent only 5.86% of the total dissociated cell popula-
tion, these cells can be sorted via FACS (Fig. 2G).

Scaling the preparation

The number of cells isolated by sorting and used for
each mRNA sample could be increased at several
points in the protocol. To increase the number of discs
used per sort we increased the number of people dis-
secting at once, rather than the length of time a single
researcher was dissecting. We found that 4 researchers
dissecting discs simultaneously could isolate at least
400 discs in about 1 h. We limited the number of discs
per glass dish to 100, processing multiple glass dishes
in parallel.

If more RNA is desired for each sample beyond
what can be achieved by dissections in parallel, multi-
ple rounds of dissections and sorts could be pooled.
When such pooling was necessary, we chose to pool
samples after isolating RNA, rather than at other
points in the protocol, because the RNA was more
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stable than frozen sorted or unsorted cells. Thus, the
protocol would proceed directly from dissection
through dissociation and sort to RNA isolation as
quickly as possible before storage and pooling.

Dissociation protocol

1) Before starting the protocol, autoclave micro-
fuge tubes (ThermoFisher #Am12400), close the
tubes, and use a razor to cut the connector
between the cap and the tube.

2) Select 50 third-instar larvae using appropriate
markers. Place the larvae into a glass dish (Caro-
lina Biological Supply #742300) containing
water to wash off residual food.

3) Remove the water with a transfer pipet, leaving
the larvae in the dish, and replace with enough
Ix PBS (Gold Biotechnology #P-271-200) to
submerge and wash the larvae. Repeat with 70%
ethanol to sterilize the larval cuticles.

4) Wash in the same manner with Supplemented

Medium (SSM)  (Schnieder’s
Medium [Sigma #S0146], Fetal bovine serum
10% [VWR #1300500], penicillin/streptomycin
2% [VWR 17602E], Insulin 0.02 mg/mL [Sigma
#12643-50MG]) before keeping in SSM.

5) Dissect larvae with forceps (Dumont no. 5, Ted

Schnieder’s

Pella #505) in SSM to isolate the wing imaginal
discs. Collect the discs in a second glass dish
containing Dulbecco’s PBS (Sigma #D8537-
500ML) placed on ice, up to 100 discs per dish.

6) Pipet out the Dulbecco’s PBS using a 200 uL
pipet tip (VWR ultrafine #89079-444). Add
100 uL TrypLE undiluted from its 10x working
concentration.

7) Cover the glass dish with a petri dish lid
(95 x 15 mm, Fisher #FB0875714G) flat side
down and wrap with lab tape to keep secure
(Fig. 3). Place the dish in a heated bath filled
with metallic beads (ThermoFisher #A12543-
02) at 37°C and cover with beads (Fig. 3).

8) Incubate the dish for 15 min and remove from
the metal bead bath.

9) Stop the reaction by adding 500 L SSM.

10) Gently pipet the suspension up and down using
a 1000 pL pipet tip 2-3 times for mechanical
dissociation.

11) Pass the cells through a cell strainer (VWR

#352235) to  eliminate  clumps.  Cell

concentration can be quantified using a hemo-
cytometer. Cell viability can be assessed using
Sytox staining.

12) Seal the cell strainer tube with parafilm, place on
ice, and transport for FACS sorting. Keep all
samples on ice before, after, and during the sort.

13) Adjust the FACS machine to use an 85 yum noz-
zle and low pressure of 20 psi.

14) Sort directly into the autoclaved tubes from step 1
containing 500 L Lysis Buffer (Qiagen RNA iso-
lation kit #74104), and keep the samples on ice.

15) As soon as a tube contains 20,000 cells, remove
it and immediately add 5L B-mercaptoethanol
(Sigma #M6250-100ML) and close with an
autoclaved cap. Use a new tube with Lysis Buffer
to continue to collect cells. Repeat as needed.

16) Once sorting is complete, transport the samples
back to the laboratory and continue the RNA
isolation (Qiagen #74104) immediately using
sterile and RNAse-free equipment (RNase Zap
ThermoFisher #AM9780). To pool the RNA
from the same sample collected in multiple
tubes, run the sample from each tube through a
single RNA column.

17) To assess RNA yield use a Nanodrop spectro-
photometer (ThermoScientific) or a Qubit Fluo-
rometer (ThermoFisher). RNA
quality, use an Agilent 2100 Bioanalyzer or simi-
lar machine.

18) Store RNA at —80°C before use for qPCR or
deep sequencing.

To assess

Discussion

Here we detail the optimization and final protocol for
dissociating imaginal discs and sorting fluorescently
labeled cells for RNA extraction. Our aim was to develop
a protocol that was rapid and gentle so as to avoid
changes in gene expression and cell physiology that
would mask the phenomena we sought to study. We
also needed a protocol that maximized cell viability,
because in our studies of tissue damage '° very few of the
GFP-labeled cells remain in the disc after damage. Thus
the protocol presented here enables isolation of cells that
comprise less than 5% of the imaginal disc in sufficient
quantities for high-throughput RNA sequencing.

While it is possible that the 15 min incubation in
the 37°C metal bead bath was sufficient to activate the
heat-shock stress response, the brief incubation



followed quickly by a sort into lysis buffer likely mini-
mized the changes in gene expression induced. Fur-
thermore, these changes would occur in both
experimental and control samples and thus not be
identified as differential expression. Indeed, in our
unpublished transcriptional profile of our experimen-
tal sorted cells compared with control sorted cells, 11
heat-shock protein (Hsp) genes, including the Hsp90
homolog Hsp83, were either not differentially
expressed or not detected (data not shown). The six
Hsp proteins that were differentially expressed showed
very low fold increases in expression such that they
would not be deemed of interest.

The ability to scale the protocol by dissecting in
parallel and pooling collections enables analysis of
cells that make up a small portion of the imaginal
disc. While protocols and Kkits exist to prepare RNA
for high-throughput sequencing from small numbers
of cells,'® the ability to collect sufficient numbers of
cells eliminates the need for amplifications that might
alter the proportion of transcripts to be sequenced.

Given the genetic tools available in Drosophila, cells
of interest might be positively or negatively fluores-
cently labeled using enhancer traps and protein traps,
or generation of mitotic clones, MARCM clones, or
flip-out clones.'"'”*® These techniques enable labeling
of cells from different regions of the discs, of different
cell-fate specifications, or different genetic makeup.
Therefore, this protocol will be widely applicable for a
variety of studies using imaginal discs.

Abbreviations
FACS fluorescence-activated cell sorting

mRNA-seq deep sequencing of messenger ribonu-
cleic acids

PBS phosphate buffered saline

SSM Supplemented Schnieder’s Medium

nub nubbin

tsh teashirt

upd unpaired

rPu/mL recombinant protease units per milliliter
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