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We show that high quality microarray gene expression profiles can be obtained following FACS sorting of cells using
combinations of transcription factors. We use this transcription factor FACS (tfFACS) methodology to perform a genomic
analysis of hESC-derived endodermal lineages marked by combinations of SOX17, GATA4, and CXCR4, and find that triple
positive cells have a much stronger definitive endoderm signature than other combinations of these markers. Additionally,
SOX17" GATA4" cells can be obtained at a much earlier stage of differentiation, prior to expression of CXCR4™ cells,
providing an important new tool to isolate this earlier definitive endoderm subtype. Overall, tfFACS represents an
advancement in FACS technology which broadly crosses multiple disciplines, most notably in regenerative medicine to
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Introduction

Cells in the developing embryo undergo step-wise progression
toward particular fates. Understanding the details of this
progression program is dependent upon marking and identifying
the emerging cellular populations. In the hematopoietic system,
specific cell surface markers for each developmental step have
been highly successful at elucidating these stages [1,2]. The ability
to classify other developmental lineages in this rigorous manner
would be a significant advance for developmental biology and for
regenerative medicine, which greatly depends upon understanding
and selecting pure populations of precise cellular types.

Human embryonic stem cells (hESCs) can differentiate into cells
reflective of early germ layers, including mesoderm, endoderm and
ectoderm [3]. While the derived cell types express batteries of markers
of the @ wiwo situation, the homogeneity of these cells remains
unexamined. The ability to separate subpopulations of these
particular lineages is critical for developing more targeted methods
for specific tissue engineering. In the case of endoderm, for example,
the ability to isolate and characterize a FOXAL, FOXA2 and HNF-
4o positive population, might allow the more efficient development of
cultured hepatocytes [4,5]. Despite much investigation, comprehen-
sive cell surface markers have been difficult to identify in embryonic
lineages, and thus teasing apart the stepwise progression of these
linecages using Fluorescence Activated Cell Sorting (FACS) has
remained difficult. Although cell surface markers have not been well
characterized in these emerging cell types, transcription factors are
known to specifically mark cellular lineages [4-8]. To date using
nuclear proteins to examine cellular phenotypes has not been feasible
due to limitations in technology [9].
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In this report, we present a methodology that uses lineage-
specific transcription factors to purify specific cellular populations
by multi-channel FACS. This technology, which we term t{FACS,
produces intact RNA that can be further examined to deduce the
molecular nature of the cells. We applied multichannel tfFACS to
examine the cellular populations that emerge upon endoderm
differentiation in hESCs.

Materials and Methods

Cell Culture

Undifferentiated hES cells (H9) were maintained on irradiated
mouse embryonic fibroblast (MEF) feeders as previously described
[10]. Briefly, the H9 hES cell line was obtained from WiCell
Research Institute (Madison, WI, http://www.wicell.org/). Cells
were cultured in DMEM/F12 medium supplemented with 20%
KnockOut serum replacement, 0.1 mM nonessential amino acids
(NEAA), 2 mM L-glutamine, 0.55 mM 2-mercaptoethanol (all
from Invitrogen, Carlsbad, CA, http://www.invitrogen.com) and
8 ng/ml recombinant human FGIF?2 (Peprotech, Rocky Hill, NJ,
http://www.peprotech.com). Cultures were passaged with 200
units/ml collagenase IV (Invitrogen) at a 1:3 split ratio every 4
days. Definitive endoderm differentiation was induced from
hESCs by using activin A as previously described [11-13]. For
differentiation, hESCs were first passaged onto dishes coated with
growth factor reduced Matrigel (BD Biosciences, San Diego, CA,
http://www.bdbiosciences.com) and cultured in hESC media
conditioned overnight on primary MEF (CM) for 2 days.
Differentiation was carried out in RPMI 1640 (Invitrogen)
supplemented with Glutamax, penicillin/streptomycin and vary-
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ing concentrations of defined FBS (Thermo Scientific HyClone,
Logan, UT, https://www.thermoscientific.com). Before initiating
differentiation, hESCs were given two brief washes in PBS
(Invitrogen). In differentiation experiments, FBS concentrations
were 0% for the first 24 h, 0.2% for the second 24 h, and 2.0% for
subsequent days of differentiation. Recombinant human activin A
(R&D Systems Inc., Minneapolis, MN, http://www.rndsystems.
com) was added to the differentiation medium at 100 ng/ml, and
cells were treated for 5 days, with medium changed once at day 3.

RT-quantitative PCR

Total RNA was isolated from triplicate samples using RNeasy
Plus Mini Kit (Qiagen, Duesseldorf, Germany, http://www.
qiagen.com) or the Ambion Recover All nucleic acid extraction
kit (optimized for fixed cells) (Applied Biosystems Ambion). The
RNA concentration and purity were measured by NanoDrop
(Thermo Scientific, Wilmington, DE, http://www.nanodrop.
com). Only the samples with the OD A260/A280 ratio and the
OD A260/A230 ratio close to value of 2.0, which indicates that
the RNA is pure, were analyzed. 1 pg RNA was used for reverse
transcription with random hexamers in a 20 pl reaction using
SuperScript I First-Strand ¢cDNA synthesis kit (Invitrogen). PCR
reactions were run using 1/20 of the cDNA per reaction, and
500 nM forward and reverse primers with iQ) SYBR Green
Supermix (Bio-Rad, Hercules, CA, http://www.bio-rad.com).
Real-time PCR was performed using the Bio-Rad iCycler. Cycling
was performed as follows: 94°C for 5 min followed by 40 cycles
consisting of denaturation (95°C, 30 s), annealing (56°C, 30 s),
and extension (72°C, 30 s), with a final incubation at 72°C for
10 min. Relative quantification was calculated using the compar-
ative threshold cycle (C'T) method and relative quantified values
were normalized against that of housekeeping gene ¢yclophilin G
(CYCG) [11]. PCR was performed in triplicate for each sample,
and 3 independent experiments were carried out. The means and
standard derivations were calculated and reported here using data
from one representative experiment. Primer sequences are listed in

Table S1.

FACS Cell Fixation and CXCR4 Antibody Staining

Cells were dissociated using 0.05% trypsin-0.53 mM EDTA
(Invitrogen) at 37°C for 3 min followed by neutralization in hESCs
medium with serum. After washing three times in Staining Buffer
[bovine serum albumin (BSA) or fetal bovine serum (FBS)] (BD
Biosciences, San Diego, CA, http://www.bdbiosciences.com),
1.25%x10° cells were aliquoted for each antibody staining. Cells
were resuspended in 200 pl of the same buffer and first Fe-blocked
by treatment with 50 ul human serum supplement (Irvine
Scientific, Santa Ana, CA, http://www.irvinesci.com) for 15 min-
utes at room temperature or on ice. Excess blocking serum should
not be washed from this reaction. 1.25x10° pelleted cells were
fixed in 100 pl of 4% paraformaldehyde (PFA) (BD Biosciences)
PBS solution at 4°C for 15 minutes. Cells were washed twice in
Staining Buffer (BD Biosciences). The Fe-blocked cells were then
labeled with 5 pl of anti-human CXCR4-PE antibody (with direct
fluorophore conjugation, R&D Systems Inc.) and incubated for
30 min on ice. Live cells without fixation were stained directly for
comparison. As a negative control for analysis, cells in a separate
tube were treated in parallel with PE-labeled mouse IgG2A
antibody. The results showed comparable staining for fixed and
unfixed cells for the cell surface markers we have used in our
experiments, including CXCR4 (Fig. S1A). This is consistent with
a previous study in which when methanol was used to fix cells for
CD surface marker staining [14].
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GATA4 and SOX17 Direct Fluorophore Antibody

Conjugation and Two-Channel FACS Antibody Staining
For SOX17 and GATA4, direct fluorophore-conjugated
antibodies were not commercially available. Goat anti-human
SOX17 and GATA4 (both from R&D systems Inc.) were used, but
the common serotype of these primary antibodies meant that
secondary fluorescent antibodies would not distinguish between
them. We therefore conjugated these primary antibodies directly
to fluorophores using the Molecular Probe Zenon® antibody
labeling kit as follows: Cells were fixed and blocked as described
above. Cells were then permeablized using Cytofix/Cytoperm
containing 1% sapanin (BD Biosciences) at room temperature or
on ice for 20 minutes. During penetration, label transcription
factor antibodies with different fluorescence dyes: goat anti-human
GATA4, Goat anti-human SOX17 Abs were conjugated with
Alexa 488 and 647 respectively by using Zenon® Goat IgG
Labeling Kit from Molecular Probes, according to the manufac-
turer’s instructions (Invitrogen). Following conjugation, each
labeled antibody was titrated based on the quantitative result of
two-step single staining with secondary antibody. For the formal
experiment, cells were then incubated on ice for 30 min with both
titrated Alexa 488 conjugated anti-human GATA4 and Alexa 647
conjugated anti-human SOX17 antibodies. Each of the Isotype-
Goat IgG was also labeled and stained as a negative control.

Three-Channel GATA4, SOX17 and CXCR4 FACS Staining

For three-way multichannel FACS with the transcription factor-
GATA4, SOX17 and cell surface marker CXCR4, staining was
performed as follows: After fixation and blocking, cells were
labeled with mouse anti-human CXCR4-PE antibody. Cells were
then washed, permeablized, and stained with Alexa 488
conjugated anti-human GATA4 and Alexa 647 conjugated anti-
human SOX17 according to the staining protocol indicated as
above. As negative controls, PE-conjugated normal mouse IgG
(for anti-human CXCR4) and Goat IgGs (for GATA4 and Sox17)
were also stained in the same manner as the corresponding
antibodies. Compensation samples were prepared by staining fixed
hESCs with APC-conjugated mouse anti-human SSEA4 antibody,
PE-conjugated mouse anti-human SSEA4 antibody (both from
R&D Systems Inc.) and Alexa 488-conjugated mouse anti-human
OCT4 antibody (eBioscience, San Diego, CA, http://www.
ebioscience.com) for each of the 3 channels. The cell surface
marker SSEA4 and transcription factor OCT4 were stained the
same as for CXCR#4 and endodermal transcription factor markers-
GATA4 and SOX17, respectively. To exclude nonspecific staining
signals from the dead cells, cells were co-stained with LIVE/
DEAD® Fixable Dead Cells Stain single-color dye (Molecular
Probes, Invitrogen), in parallel with antibody staining. Compared
with live cells, dead cells have 50-fold higher intensity with near-IR
fluorescent reactive dye. We performed nuclear transcription
factor marker staining with fixable dead cell dyes and found that
dead cells produced very low signal (<10%) (Fig. S1B). Since the
fluorescence signals came mainly from live cells, we concluded that
contamination by dead cells was not a concern. Cells were washed
twice in Staining Buffer and were analyzed using LSR 1 or LSRII
(BD Bioscience) in the Stanford Shared FACS Facility. Data were
analyzed using the Flowjo software (Tree Star, Inc., Ashland,
Oregon, http://www.treestar.com).

RNA Quality Optimization

Four procedures will affect the intact RNA quality: fixation,
staining, sorting and RNA extraction. We harvested the stained
cells at different stages to check RNA quality using Agilent 2100
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Bioanalyzer (Agilent Technologies, Santa Clara, CA, http://
www.home.agilent.com). Total RNA was isolated using Ambion
Recover All nucleic acid extraction kit (optimized for fixed cells)
(Applied Biosystems Ambion). Before checking RNA quality, the
RNA concentration and purity were measured by NanoDrop
described as above in the section of RT-quantitative PCR
analysis. When we used the standard FACS protocol and
extracted RNA from the sorted cells, the RNA from fixed and
stained cells appeared to be of very poor quality, and even before
sorting (Fig. S2A), consistent with previous reports in the
literature [2,15-21]. Since the fixation process may be a cause
of the RNA degradation, we varied the fixation duration to see
how it affected the RNA. The results showed that fixation was not
a primary cause of RNA damage (Fig. S2B). Next we investigated
the staining process. We stored cells in the regular staining buffer
for different durations of time after fixation. As shown in Figure
S2C, the RNA quality becomes increasingly poor as the storage
period increases. This suggested that when cells were dead and
penetrated, the exposed RNAs might be gradually degraded by
the staining buffer, perhaps due to trace amounts of RNase.
Therefore we modified the staining procedure in several ways to
eliminate RNase activities: instead of using serum, cells were
blocked and stained in staining buffer with BSA (100 pug/ml),
RNase Inhibitor (100 U/ml), and DTT (5 mM) added. We also
used RNase free water to make stain solution, and maintained
very low temperature (on ice or 4°C) throughout the whole
procedure. Using our new protocol, we could obtain RNA of high
quality. This is demonstrated in Figure S2D where clean peaks
for 18S and 28S rRNA are still evident after fixation, staining,
and sorting. The fixatives which are used for intracellular marker
staining, either for flow cytometry or laser capture microdissec-
tion studies, include precipitive-type fixatives such as methanol,
acetone, ethanol, and cross-linking fixative-neutral-buffered
formalin and paraformaldehyde (PFA). According to current
studies, to both fix the intracellular proteins and keep the RNA
intact, methanol, acetone, and ethanol are preferred over 4%
PFA [18-20]. These three fixatives have been successfully used in
FACS staining for intracellular phosphorylated signaling proteins
[15,16]. Conversely, for tFACS staining, we found that 4% PFA
provides higher quality results.

FACS

When cells are prepared for sorting, two way or three way
HFACS staining was performed following the protocols above
using the improved RNA conditions. d5CXCR4" sorting was
performed on live cells. Isotype controls were used to gate the cells
(Fig. 1A, B and Fig. S1C). Sorting was performed using Aria (BD
Bioscience) in the Stanford Shared FACS Facility. Sorting was
done at 4°C. Cells were collected into tubes with RNase free PBS.
We performed the purity checking of the sorted cells immediately
after FACS separation (Fig. 1C). All the cells either from sorted
populations or from the presorted mixtures were centrifuged at
14,000 rpm, 2 min, 4°C to get cell pellets. Total RNA was isolated
using Ambion Recover All nucleic acid extraction kit (optimized
for fixed cells) (Applied Biosystems Ambion, Austin, TX, http://

www.ambion.com).

Microarray Analysis

Samples collected after 5 days of differentiation included
SOX17"GATA4" CXCR4" cells, unfixed CXCR4" cells, and
unsorted fixed cells. Samples collected after 3 days of differenti-
ation included SOX17*GATA4" cells, SOX17 GATA™ cells,
and unsorted fixed cells. As controls we also collected fixed, stained
hESCs using the same SOX17 GATA4 CXCR4 three-channel
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protocol, but without sorting. Unfixed hESCs Exon array data
using the same protocol were also analyzed together [10]. All of
these samples contained biological replicates, triplicates or
quadruplicates. Total RNA was extracted using the Ambion
Recover All nucleic acid extraction kit (optimized for fixed cells)
(Applied Biosystems Ambion). Probes for the Affymetrix human
Exon Array ST 1.0 were prepared and hybridized to the array
using the GeneChip Whole Transcript Sense Target Labeling
Assay (Affymetrix) according to the manufacturer’s suggestions
[10]. Briefly, for each sample, 1.5 g of total RNA was subjected to
ribosomal RNA reduction. Following rRNA reduction, double-
stranded cDNA was synthesized with random hexamers tagged
with a T7 promoter sequence. The double-stranded cDNA was
used as a template for amplification with T7 RNA polymerase to
create antisense cRNA. Next, random hexamers were used to
reverse transcribe the cRNA to produce single-stranded sense
strand DNA. The DNA was fragmented and biotin labeled. The
probes of all samples (H9 passages 40-55) were hybridized to the
Affymetrix Exon Array ST 1.0 microarrays and scanned.

Expression Data Processing

We computed gene expression indices for all the samples
analyzed using the GeneBASE software [22]. Specifically,
correction for background noise was performed for every core
probe using the adapted MAT model of background probes in
Affymetrix Exon Arrays. The background-corrected intensities
were normalized across arrays by core-probe-scaling so that the
median intensity of core probes in each sample was equal to 100.
The normalized probe intensities were then summarized to gene
level expression indices based on the dChip model [23]. The gene
expression indices across arrays were quantile-normalized to
generate the final gene expression profiles. The clustering heatmap
was generated by dChip using the default setting, i.e, the “1-
correlation” distance metric and the centroid linkage method. The
raw data files have been deposited in the Gene Expression
Omnibus (GEO) database with accession number GSE24135.

Results

tfFACS Allows Isolation of Cells Expressing Combinations
of SOX17 and GATA4

hESCs can differentiate into endodermal cells by dosing with
high levels of the NODAL signaling pathway, but it remains
unknown whether this differentiation results in several endodermal
cell sub-types or a single homogeneous population. We sought to
isolate and characterize these resulting endodermal cells. To this
end, we differentiated hESCs into endoderm using activin A in low
serum conditions [11-13]. Over the five days of differentiation,
consistent with the observations of others, we found that markers
of mesendoderm, including BRACHYURY are transiently ex-
pressed at 24 hours, and markers of endoderm, including SOX77
and GATA4, become highly expressed at 3 and 5 days post-
differentiation (Fig. S3) [6-8,24,25]. The expression of these
transcription factors, allowed us to develop multichannel tHFACS
using antibodies against SOX17 and GATA4. To this end, hESCs
derived endodermal cells 5 days post differentiation were fixed,
processed and examined for RNA quality. While multiple
conditions were investigated, most of these led to massive RNA
degradation, consistent with previous reports (Fig. S2A) [18-21].
We found that the single most influential factor was not extent of
fixation, but the amount of time the sample is stored following
fixation (See Materials and Methods for details and Fig. S2B, C).
Briefly, cells were fixed with 4% paraformaldehyde at 4°C for
15 min, and stained using both anti-human GATA4 and anti-
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Figure 1. Endodermal subpopulations emerging after activin A treatment using tfFACS. (A) A representative experiment using two-
channel FACS analysis of GATA4 and SOX17. Compared with the isotype negative control (bottom panels), three distinct cellular populations:
SOX17*GATA4 ™, SOX17*GATA4", and SOX17~ GATA4" are emerging gradually upon differentiation: at day 1, 13% are SOX17"GATA4", increasing to
23% by day 3. Another significant population consists of 18% SOX17~GATA4* at day 1 and 25% at day 3. (B) After 5 days of differentiation, using
three-way multichannel FACS analysis for SOX17, GATA4, and CXCR4, we found that the SOX17*GATA4" population dominates the culture (62%) and
CXCR4 is expressed in 49% of the cells, most of which are SOX17*GATA4"CXCR4" (41%). There are also approximately 27% GATA4"CXCR4 ™ cells,
which comprises the population of SOX17"GATA4"CXCR4™ cells (21%). (C) Post sorting, FACS analysis demonstrated that 97% of day 5
SOX17*GATA4"CXCR4™ cells were positive for GATA4, 88% were SOX17 positive, and 95% were CXCR4 positive. This was consistent over 5 separate
experiments. (D) Expression analysis using RT-qPCR demonstrates that day 5 SOX17*GATA4"CXCR4" and day3 SOX17*GATA4" cells have higher level
of expression of SOX17, GATA4 and CXCR4 than unsorted fixed cells or day 3 SOX17~ GATA4~ (d3SOX17negGATA4neg) cells.
doi:10.1371/journal.pone.0017536.g001

human SOX17 antibodies conjugated with the fluorescence dyes- endoderm after 5 days of differentiation: SOX17*GATA4™,
Alexa 488 and 647, respectively. As negative controls for analysis, SOX17*GATA4" and SOX17 GATA4" (Fig. 1A, B and 2).

normal goat IgG antibody was also conjugated with Alexa 488 and This observation demonstrates that treatment with activin A
647. Stained cells were then analyzed using two-channel FACS. causes hESCs to differentiate into molecularly distinct subpopu-
We found three distinct cellular populations in hESC derived lations of endoderm.
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tfFACS Can Be Used with Combinations of Antibodies

Against Transcription Factors and Cell Surface Proteins

To further investigate the extent of heterogeneity in the
endodermal culture, we followed the subpopulations through the
differentiation time course by adding an additional marker,
CXCR#4 [26]. We chose CXCR#4 as the third marker because it
is one of the few cell surface markers used to isolate definitive
endoderm from mouse and human ESCs [11,27]. We examined
hESC-derived endoderm after a 1, 3 or 5 days of differentiation
using three-way multichannel FACS analysis for SOX17, GATA4
and CXCR4, or two-way multichannel FACS analysis for SOX17
and GATA4. FACS analysis immediately following sorting to
check the purity showed that 95% of the day 5 SOX17*GA-
TA4"CXCR4" cells were positive for GATA4, 90% were positive
for SOX17 and more than 95% were positive for CXCR4,
suggesting efficacy of the sorting protocol (Fig. 1C). To further
validate the sorted populations, we performed marker analysis
using RT-qPCR for GATA4, SOX17 and CXCR4. Compared to
day 3 and day 5 fixed cells, which are highly heterogeneous
mixtures of differentiating cells, the day 5 SOXI7'GA-
TA4*CXCR4", and the day 3 SOX17*GATA4" express these
transcripts at a much higher level, consistent with an increase of
purity (Fig. 1D). Overall, we found that, during the first 24 hours
of differentiation, GATA4" cells increase substantially, and
approximately 13% of these are also SOX17". However, by day
3, the double SOX17*GATA4" population becomes the predom-
inant marked population (Fig. 1A, 2) and dominates the culture by
day 5 (>50%) (Fig. 1B, 2). SOX17"GATA4™ cells are rare
throughout the timecourse, strongly suggesting that if a cell is
SOX17", GATA4" will also be present. By day 5, CXCR4 is
expressed in approximately 43% of the cells. Interestingly, this
population does not entirely overlap with that of SOX17%-
GATA4" (Fig. 1B, 2), suggesting that the diversity of cells after
treatment with activin A is greater than previously thought. This
indicates that experiments using CXCR4 to isolate definitive
endoderm may have missed the SOX17*GATA4"CXCR4 ™ cells,
which comprise about 17% of the total population.

@ PLoS ONE | www.plosone.org

tfFACS Does Not Substantially Alter Gene Expression

In order to further elucidate the molecular nature of these
endodermal populations, we first needed to show that tfFACS does
not alter gene expression due to the fixation protocol. Initially, we
examined both hESCs and derived endoderm, either fixed or
unfixed for the expression of lineage specific markers. No
difference in expression levels of OCT4 (hESCs) or SOXI17,
GATA4, or CXCR4 (derived endoderm) were observed between
fixed and unfixed cells (Fig. S2E). We next measured global gene
expression using microarray technology on cells sorted using
tIFACS. Samples collected after 5 days of differentiation included
SOX17*GATA4" CXCR4" cells, unfixed CXCR4" cells, and
unsorted fixed cells. Samples collected after 3 days of differenti-
ation included SOX17"GATA4" cells, SOX17 GATA™ cells,
and unsorted fixed cells. As controls, we analyzed both unfixed
hESCs and fixed hESCs [10]. All samples contained biological
duplicates, triplicates or quadriplicates (Fig. S4). We then
performed hierarchical clustering to demonstrate whether cellular
fixation alone could change gene expression. We based this
analysis on 1647 transcript clusters with coefficient of variation
>0.5 across the samples and expression values > =500 in at least
2 out of the 21 samples. We found that the degree of distortion due
to fixation is small particularly when compared between samples
and stages. Two illustrations of this are that, first, fixed and
unfixed cells cluster together based upon differentiation stage, not
based upon degree of fixation, second, even though hESC and
d5CXCR4" are unfixed, unstained samples, they do not cluster
together. Instead, each is clustered with the fixed samples that are
biologically similar: hESCs with fixed hESC cells, and d5
CXCR4" cells with fixed day 5 samples (Fig. S4).

SOX17"GATA4"CXCR4" is enriched for Definitive
Endodermal Transcripts

Our tfFACS analysis, showing discrete subpopulations with
defined markers, strongly suggests that hESC derived endoderm
comprises cells already specified toward particular endodermal
fates. Since tissue engineering of endodermal organ systems is still
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in its infancy, our aim was to determine the endodermal character
of each isolated population and then examine whether these
subpopulations represented more specialized endodermal tissue
types. To this end, we first sought to determine whether the
subpopulations could be classified as definitive endoderm. Because
a reliable set of human definitive endodermal marker genes has
not been established, we compiled “gold-standard” definitive
endoderm gene sets: one from the Mouse Genome Informatics
(MGI Set) database based on RNA in situ hybridization or
immunohistochemistry evidence in E7.0-8.0 mouse (http://www.
informatics.jax.org; 22 genes) and another from Sherwood et al.,
(Melton Set) based upon microarray profiling of E8.25 mouse
definitive endoderm (51 genes, see Table 1) [28]. To determine
whether these ‘gold-standard genes’ are present in the subpopu-
lations at a level significantly higher than reference, we employed
the GSEA algorithm [29]. We first compared the SOX17*GA-
TA4*CXCR4" isolated from day 5 with all the other samples, with
the exception of SOX17*GATA4" cells from day 3 and CXCR4*
cells from day 5, which would have extensive overlap. As shown in
Figure 3A-C, the MGI gene set is highly enriched in the
SOX17"GATA4"CXCR4" day 5 sorted cells in multiple com-
parisons (d5 SOX17"GATA4*CXCR4" vs hESC: P<0.0002; d5
SOX17"GATA4*CXCR4" vs Unsortl: P=0.0304; and d5
SOX17*GATA4*CXCR4" vs Unsort2: P=0.0013. The Unsortl
represents d3Fix+d3 SOX17 GATA™ +d5Fix.1+d5Fix.3, and
Unsort2 represents d5Fix.2+d5Fix.4). We repeated the GSEA
analysis on the Melton gene set. Again, this gene set is enriched in
d5 SOX17"GATA4"CXCR4" in all comparisons (Fig. 3D-F).
We then asked whether the SOX17"GATA4"CXCR4" day 5
cells and day 3 SOX17*GATA4" were more enriched for ‘gold-
standard’ endodermal genes than the CXCR4" day 5 population,
which has generally been used to isolate hESC-derived endoderm
[11]. To this end, we performed GSEA analysis to compare
SOX17"GATA4"CXCR4", SOX17*GATA4", and CXCR4" to
the control group, which were all other samples combined. While
both the MGI set and Melton set are enriched in both
SOX17"GATA4"CXCR4" and CXCR4", we observed higher
enrichment levels in the SOX17"GATA4*CXCR4" in both
comparisons (MGI: P<0.0002 and P=0.0038, respectively;
Melton: P=0.0057 and P=0.0105, respectively) (Fig. S5).
Furthermore, day 3 SOXI17'GATA4" cells have a similar
enrichment in the MGI set as day 5 SOX17*GATA4*CXCR4*
(P<<0.0002). Importantly, the above analyses suggest that triple
selection using SOX17 " GATA4"CXCR4" and double selection of
SOX17"GATA4" produce a more homogenous population of DE
cells than selection using CXCR#4 alone, which may deduce that
protocols using a single FACS channel with CXCR4 are mixed
with other lineages, or missing a valuable population of definitive
endodermal cells. Additionally, we showed that day 3 SOX17*-
GATA4" cells can be obtained at a much earlier stage of
differentiation, prior to expression of CXCR4" cells, providing an
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important new tool to isolate this earlier definitive endoderm
subtype.

Isolated Populations Are Associated With Biological
Processes

To determine whether these endodermal subpopulations were
indeed already fated toward specific endodermal fates, we sought
to identify functional signatures using GO [30]. To this end, we
selected high value representative genes from each sorted cellular
population (upregulated with fold change >3 and expression
values difference >100 compared to control samples). With these
criteria, we selected 331 genes from the SOXI7*GA-
TA4*CXCR4" day 5 cells, 442 from the CXCR4" day 5 cells
and 197 from the SOX17*GATA4" day 3 cells. DAVID analysis
on these groups yielded similar annotations consisting of significant
biological process terms including terms “pattern specification
process”, and “gastrulation” (Table S2, S3, S4, S5, S6, S7). As
these annotations are shared between the sorted populations, we
asked whether they arose from overlap between the sets.
Comparing the gene lists from the SOX17"GATA4*"CXCR4"
and CXCR4" day 5 cells, we found that 197 genes are shared,
demonstrating that overlap between these populations is extensive.
DAVID analysis of these shared 197 genes is again significantly
enriched in biological processes such as pattern specification
process and cell morphogenesis (Table S8, S9). Unexpectedly, the
genes unique to d5 CXCR4" (241 genes) annotate as being
significant for blood vessel morphogenesis and nervous system
development (Table S10, S11) whereas those unique to SOX17*-
GATA4TCXCR4" (129 genes) annotate as being significant only
for cell adhesion (Table S12, S13). This data suggests that while
there overlap as may be expected due to the use of CXCR4 in
each sort, there are also distinct differences between these
populations.

Discussion

While the transcriptome of whole organisms, organ systems and
culture regimes, have been described, the extent of the molecular
similarities of cells within these complex groups is far from
understood. This distinction is critical, as differentiating cellular
populations must contain rapidly diversifying cellular types.
Distinguishing between these subtle varieties of cell types is central
toward a more complex biological investigation of single cell
differences within these larger systems. For example, based upon
transcriptional profiling it is clear that Human embryonic stem
cells can differentiate into definitive endodermal cells, but based
upon what we understand from the embryo these cells are unlikely
to be a purely homogeneous population [3,11,24,25]. For
regenerative medicine and for a developmental understanding, it
is important that these subtypes be isolated and characterized
further.

Table 1. Definitive endoderm (DE) gene sets used in the analyses.

SSBP2, PBX1

Gene set Number of genes Gene Name

MGl 22 CER1, GALNACA4S-6ST, CLDN4, CPM, DKK1, EDA, EFNA1, EMB, FOXA2, HHEX, HNF1B, ITGA3, JARID1B, LAMA1, PRDM1,
SDC1, SHH, TMEM46, SOX17, TES, TMPRSS2, TRH

Melton 51 SOX17, FOXC1, GATA3, PAX6, FOXA1, EVX1, IRX3, ZHX2, PAX1, DLX5, HOXB9, RIPK4, SP6, ISL1, IRX5, SOX21, DMRTA1,

PAXS8, SIX3, HOXD9, PAX9, MEOX1, HOXC4, HOXA9, FOXC2, HOXB2, T, HOXB3, PAX3, PKNOX2, DLX3, DLX2, SIX1,
TPBG, HOXC8, HOXDS, RFX3, CDX4, HOXA3, SOX9, HOXB1, ARNT2, HOXD1, HOXA1, FOXG1, GLI3, SOX11, IRX2, HEY2,

doi:10.1371/journal.pone.0017536.t001
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Figure 3. GSEA analysis of the definitive endoderm (DE) gene sets for the day 5 SOX17"GATA4"'CXCR4" group. As shown in (A-C), the
MGI gene set is highly enriched in the d5 SOX17*GATA4*CXCR4" cells in multiple comparisons. d5SOX17 "GATA4"CXCR4* vs. hESC (unfixed

hESCs+fixed hESCs): P<<0.0002 (A); d5SOX17"GATA4"CXCR4" vs. Unsort1l (d3Fix+d3 SOX17~ GATA +d5Fix.1+d5Fix.3):

P=0.0304 (B); and d5

SOX17*GATA4*CXCR4™ vs Unsort2 (d5Fix.2+d5Fix.4): P=0.0013 (C). We repeated the GSEA analysis on the Melton gene set. This gene set is enriched

in d550X17"GATA4"CXCR4" cells in all comparisons (D-F).
doi:10.1371/journal.pone.0017536.9003

Definitive Endoderm cells show a remarkable versatility in
serving as the precursor to a multitude of cell types that constitute
the visceral organs [3,6,28]. Using the technology described in this
report, transcription factors can now be used to define populations
emerging from human Embryonic Stem Cells, filling an urgent
need to classify intermediate steps of differentiation. While tfFACs
represents a new methodology to isolate and characterize similar
cellular types from a complex mixture, it does not allow continued
growth of sorted cells and thus their lineage specific commitments
cannot be readily assessed. Regardless, this new method does
provide a means to examine new subtypes genomically, opening
up the potential for discovery of new cell surface markers and for
elucidating previously uncharacterized cellular populations. As the
approach has the potential to scale up to 11 channels, it could
prove an unparalleled means to define cellular populations [1].

@ PLoS ONE | www.plosone.org

Using this approach, we find that definitive endoderm derived
from hESCs is not a homogeneous population of cells, but rather
diverse. We find cells within the differentiating cellular population
express SOX17, GATA4 and CXCR#4 together or in all possible
combinations, suggesting that differing lineage potentials exist
within the culture of endoderm.

Overall, this represents an advance in FACS technology that
can be used to evaluate specific subpopulations and avoids the «
priort need for lineage-specific cell surface markers, an unfulfilled
need that has limited our understanding of lineage differentiation
from embryonic stem cells as well as in a multitude of other
disciplines, including cancer biology. The use of tFACS to
characterize lineage commitment in a systematic step wise fashion
will provide inroads into understanding the molecular nature of
vitro derived cellular populations.
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Supporting Information

Figure S1 Methods to identify whether fixation will affect
cell surface marker staining, whether to exclude nonspe-
cific dead cell signals from fixed cells, and how the cell
sorting was performed. (A) To test if fixation distorts cell surface
marker staining, live and 4% paraformaldehyde (PFA) fixed (4°C,
15 min) day 5 differentiating cells were stained with PE-conjugated
anti-human CXCR4 antibody, based on its negative isotype control
mouse IgG (blue histogram), comparable CXCR4 staining result was
detected (red histogram). Day 5 CXCR4" sorting was performed on
live cells. (B) To exclude nonspecific fluorescence from dead cell, we
performed nuclear TF SOX17 staining with fixable dead cell dyes. By
comparison to the isotype negative control GtlgG (bottom panel), we
found that dead cells produced very low signal when sorted for Sox17
(5.47%, upper right quadrant), while the vast majority of Sox17
positive signals are from live cells (53%, lower right quadrant). (C)
According to isotype controls, day 5 CXCR4" (orange), CXCR4~
(purple), and SOX17*GATA4" (box in bottom panel) cells were
gated. Based on CXCR4" and CXCR4 ™ subsets, day 5 SOX17*-
GATA4"CXCR4" (blue) and SOX17"GATA4"CXCR4~ (green)
populations were selected respectively.

(DOC)

Figure S2 The tfFACS method used produce intact RNA
following fixation, nuclear staining and FACS sorting. (A)
When we used the standard FACS protocol, extracted and
amplified RNA from the sorted cells, the RNA from fixed and
stained cells appeared to be of very poor quality measured by
Agilent bioanalyzer, compared with unfixed and unstained cells.
(B) When we varied the fixation duration from 5 min to 10 min or
15 min, we found that fixation was not a primary cause of RNA
damage. Relatively intact RNA can be obtained from cells fixed by
4% paraformaldehyde at 4°C for 15 min at a level similar to that
of cells fixed for 5 min and 10 min. (G) We stored the cells in the
regular staining buffer for different amount of time after fixation.
The RNA quality becomes increasingly poor as the storing period
increases from 24 hours to 4 months at 4°C. (D) After modifying
the staining procedure in several ways, we could obtain intact
RNA which has clean peaks for 18S and 28S rRNA after fixation,
staining and sorting. (E) Fixed and unfixed samples were examined
by RT-qPCR analysis to determine expression levels of OCT4
(hESCs) and SOX17, GATA4, and CXCR4 (day 5 endoderm).
(DOC)

Figure S3 Molecular examination of endodermal differ-
entiation from hESCs over the course of 5 days. RT-
qPCR  analysis showed that markers of endoderm, including
SOX17, GATA4, and CXCR4 become highly expressed at day 3
and day 5 post-differentiation, while BRACHYURY (BRACH), a
mesendodermal marker, is expressed transiently at day 1. hESCs
have very low expression of endodermal genes. The cells are not
expressed SOXI, a neuroectoderm marker throughout the time-
course. X-axis indicates days of endodermal differentiation by
activin A; numbers on the Y-axis indicate relative gene expression
level, normalized to that of ¢yclophilinG (CYCG). qPCR was
performed using triplicates for each sample, and 3 independent
experiments were carried out. Error bars indicate standard
derivations which were calculated and reported here using data
from one representative experiment.

(DOC)

Figure S4 Hierarchical cluster shows that fixatives do
not substantially change expression of cell types. We
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performed hierarchical clustering and found that fixed and unfixed
cells cluster together based upon cellular character, and not due to
methodology. For example, hESC and d5CXCR4*, which have
not been processed, do not cluster together, but clustered with the
fixed samples that are biologically similar: hESCs with fixed hESC
cells, and d5 CXCR4™" cells with fixed day 5 samples.

DOC)

Figure S5 Comparing the definitive endoderm (DE)
gene set expression in SOX17'GATA4'CXCR4" day 5
cells, SOX17"'GATA4" day 3 cells and day 5 CXCR4" cells
using GSEA anmalysis. We performed GSEA analysis to
compare these three populations to the control group, which are
all the combined rest samples. While both the MGI DE set and
Melton DE set were enriched in both d5 SOXI17'GA-
TA4"CXCR4" and d5 CXCR4" cells, we observed higher
enrichment levels in the d5SOX17*GATA4*CXCR4" population
in both comparisons. MGI: P<<0.0002 (A) and P=0.0038 (C);
Melton: P=0.0057 (D) and P=0.0105 (F). Interestingly,
d3SOX17"*GATA4" cells have similar DE gene sets enrichment
to d5 SOX17*GATA4"CXCR4" cells (B, E).

(DOC)

Table S1 Primers used for RT-qPCR analysis.
(DOC)

Table S2 Enrichment of top gene categories in the d5
SOX17'GATA4 CXCR4" cells.
(DOC)

Table S3 Genes in each enriched category from db
SOX17'GATA4 CXCR4" cells.
(DOC)

Table S4 Enrichment of top gene categories in the d5
CXCR4" cells.
DOC)

Table S5 Genes in each enriched category from d5
CXCR4" cells.
DOC)

Table S6 Enrichment of top gene categories in the d3
SOX17'GATA4" cells.
(DOC)

Table S7 Genes in each enriched category from the d3
SOX17'GATA4" cells.
(DOC)

Table S8 Enrichment of top gene categories in the
overlapping 197 genes from the d5 SOX17'GA-
TA4"CXCR4" and d5 CXCR4" cells.

(DOC)

Table S9 Genes in each enriched category with over-
lapping 197 genes from the d5 SOX17"GATA4'CXCR4"
and d5 CXCR4" cells.

(DOC)

Table S10 Enrichment of top gene categories in the
unique 241 genes from the d5 CXCR4" cells.
(DOC)
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Table S11 Genes in each enriched category with the
unique 241 genes from d5 CXCR4" cells.
(DOC)

Table S12 Enrichment of top gene categories in the
unique 129 genes from the d5 SOX17 GATA4' CXCR4"
cells.
(DOC)

Table S13 Genes in each enriched category with the
unique 129 genes from the d5 SOX17"GATA4'CXCR4"
cells.

(DOC)

References

1. De Rosa SC, Brenchley JM, Roederer M (2003) Beyond six colors: A new era in
flow cytometry. Nat Med 9: 112-117.

2. Appay V, van Lier RA, Sallusto F, Roederer M (2008) Phenotype and function
of human T lymphocyte subsets: Consensus and issues. Cytom Part A 73:
975-983.

3. Murry CE, Keller G (2008) Differentiation of embryonic stem cells to clinically
relevant populations: lessons from embryonic development. Cell 132: 66-680.

4. Lee CS, Friedman JR, Fulmer JT, Kaestner KH (2005) The initiation of liver
development is dependent on Foxa transcription factors. Nature 435: 944-947.

5. LiJ, Ning G, Duncan SA (2000) Mammalian hepatocyte differentiation requires
the transcription factor HNF-4alpha. Genes Dev 14: 464-474.

6. Kanai-Azuma M, Kanai Y, Gad JM, Tajima Y, Taya C, et al. (2002) Depletion
of definitive gut endoderm in Sox17-null mutant mice. Development 129:
2367-2379.

7. Se’guin CA, Draper JS, Nagy A, Rossant J, et al. (2008) Establishment of
endoderm progenitors by SOX  transcription factor expression in human
embryonic stem cells. Cell Stem Cell 3: 182-195.

8. Afouda BA, Ciau-Uitz A, Patient R (2004) Gata4, 5, 6 mediate TGFB
maintenance of endodermal gene expression in Xenopus embryos. Development
132: 763-774.

9. Preffer I, Dombkowski D (2009) Advances in complex multiparameter flow
cytometry technology: applications in stem cell research. Cytom Part B-Clin
Cytom 76B: 295-314.

10. Chiao E, Elazar M, Xing Y, Xiong A, Kmet M, et al. (2008) Isolation and
transcriptional profiling of purified hepatic cells derived from human embryonic
stem cells. Stem Cells 26: 2032-2041.

11. D’Amour KA, Agulnick AD, Eliazer S, Kelly OG, Kroon E, et al. (2005)
Efficient differentiation of human embryonic stem cells to definitive endoderm.
Nat Biotechnol 23: 1534-1541.

12. D’Amour KA, Bang AG, Eliazer S, Kelly OG, Agulnick AD, et al. (2006)
Production of pancreatic hormone-expressing endocrine cells from human
embryonic stem cells. Nat Biotechnol 24: 1392-1401.

13. Brunner AL, Johnson DS, Kim SW, Valouev A, Reddy TE, et al. (2009) Distinct
DNA methylation patterns characterize differentiated human embryonic stem
cells and developing human fetal liver. Genome Res 19: 1044-1056.

14. Szaniszlo P, Wang N, Sinha M, Reece LM, Van Hook JW, et al. (2004) Getting
the right cells to the array: gene expression microarray analysis of cell mixtures
and sorted cells. Cytometry Part A 59A: 191-202.

15. Krutzik PO, Irish JM, Nolan GP, Perez OD (2004) Analysis of protein
phosphorylation and cellular signaling events by flow cytometry: techniques and
clinical applications. Clin Immunol 110: 206-221.

16. Lamoreaux L, Roederer M, Koup R (2006) Intracellular cytokine optimization
and standard operating procedure. Nat Protoc 1: 1507-1516.

@ PLoS ONE | www.plosone.org

New tfFACS lIsolates hESC Derived Endoderm

Acknowledgments

We wish to thank Dr. Matthew P. Scott for critical reading of the
manuscript. We would like to thank the members of the Baker, Wong and
Scott laboratories for valuable discussions and comments throughout the
course of this work, especially Si Wan Kim for the assistance with the
experiments, Se-Jin Yoon for the helpful discussions, Andrea Elizabeth
Wills for the generous help with the manuscript reading. We also thank
Jonathan Van Dyke, Catherine Carswell-Crumpton, and Elizabeth T. Zuo
for their technical support.

Author Contributions

Conceived and designed the experiments: YP WHW JCB. Performed the
experiments: YP. Analyzed the data: YP ZO WHW JCB. Contributed
reagents/materials/analysis tools: YP ZO WHW JCB. Wrote the paper:
YP 7O WHW JCB.

17. Mossman AK, Sourris K, Ng E, Stanley EG, Elefanty AG (2005) Mixll and
Oct4 proteins are transiently co-expressed in differentiating mouse and human
embryonic stem cells. Stem Cells Dev 14: 656-663.

18. Goldsworthy SM, Stockton PS, Trempus CS, Foley JF, Maronpot RR (1999)
Effects of fixation on RNA extraction and amplification from laser capture
microdissected tissues. Mol Carcinog 25: 86-91.

19. Cox ML, Schray CL, Luster CN, Stewart ZS, Korytko PJ, et al. (2006)
Assessment of fixatives, fixation, and tissue processing on morphology and RNA
integrity. Exp Mol Pathol 80: 183-191.

20. Medeiros F, Rigl CT, Anderson GG, Becker SH, Halling KC (2007) Tissue
handling for genome-wide expression analysis: A review of the issues, evidence,
and opportunities. Arch Pathol Lab Med 131: 1805-1816.

21. Ravo M, Mutarelli M, Ferraro L, Grober OM, Paris O, et al. (2008)
Quantitative expression profiling of highly degraded RNA from formalin-fixed,
paraffin-embedded breast tumor biopsies by oligonucleotide microarrays. Lab
Invest 88: 430-440.

22. Kapur K, Xing Y, Ouyang Z, Wong WH (2007) Exon arrays provide accurate
assessments of gene expression. Genome Biol 8: R82.

23. Li G, Wong WH (2001) Model-based analysis of oligonucleotide arrays:
expression index computation and outlier detection. Proc Natl Acad Sci USA
98: 31-36.

24. Liu H, Dalton S, Xu Y (2007) Transcriptional profiling of definitive endoderm
derived from human embryonic stem cells. Proc LSS Comput Syst Bioinform
Conf 6: 79-82.

25. McLean AB, D’Amour KA, Jones KL, Krishnamoorthy M, Kulik MJ, et al.
(2007) Activin A efficiently specifies definitive endoderm from human embryonic
stem cells only when phosphatidylinositol 3-kinase signaling is suppressed. Stem
Cells 25: 29-38.

26. McGrath KE, Koniski AD, Maltby KM, McGann JK, Palis J (1999) Embryonic
expression and function of the chemokine SDF-1 and its receptor, CXCR4. Dev
Biol 213: 442-456.

27. Yasunaga M, Tada S, Torikai-Nishikawa S, Nakano Y, Okada M, et al. (2005)
Induction and monitoring of definitive and visceral endoderm differentiation of
mouse ES cells. Nat Biotechnol 23: 1542-1550.

28. Sherwood RI, Jitianu C, Cleaver O, Shaywitz DA, Lamenzo JO, et al. (2007)
Prospective isolation and global gene expression analysis of definitive and
visceral endoderm. Dev Biol 304: 541-555.

29. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, et al. (2005)
Gene set enrichment analysis: A knowledge-based approach for interpreting
genome-wide expression profiles. Proc Natl Acad Sci U S A 102: 15545-15550.

30. Dennis G, Sherman BT, Hosack DA, Yang J, Gao W, et al. (2003) DAVID:
Database for annotation, visualization, and integrated discovery. Genome Biol 4:
R60.

March 2011 | Volume 6 | Issue 3 | e17536



