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study question: How can we study the full transcriptome of endometrial stromal and epithelial cells at the single-cell level?

summary answer: By compiling and developing novel analytical tools for biopsy, tissue cryopreservation and disaggregation, single-cell
sorting, library preparation, RNA sequencing (RNA-seq) and statistical data analysis.

what is known already: Although single-cell transcriptome analyses from various biopsied tissues have been published recently, cor-
responding protocols for human endometrium have not been described.

study design, size, duration: The frozen-thawed endometrial biopsies were fluorescence-activated cell sorted (FACS) to distin-
guish CD13-positive stromal and CD9-positive epithelial cells and single-cell transcriptome analysis performed from biopsied tissues without cul-
turing the cells. We studied gene transcription, applying a modern and efficient RNA-seq protocol. In parallel, endometrial stromal cells were
cultured and global expression profiles were compared with uncultured cells.

participants/materials, setting, methods: For method validation, we used two endometrial biopsies, one from mid-se-
cretoryphase (Day 21, LH+8) and another from late-secretoryphase (Day 25). The samples underwent single-cell FACS sorting, single-cell RNA-
seq library preparation and Illumina sequencing.

main results and the role of chance: Herewepresent acomplete pipeline for single-cell gene-expression studies, from clinical
sampling to statistical data analysis. Tissue manipulation, starting from disaggregation and cell-type-specific labelling and ending with single-cell
automated sorting, is managed within 90 min at low temperature to minimize changes in the gene expression profile. The single living stromal
and epithelial cells were sorted using CD13- and CD9-specific antibodies, respectively. Of the 8622 detected genes, 2661 were more active
in cultured stromal cells than in biopsy cells. In the comparison of biopsy versus cultured cells, 5603 commonly expressed genes were detected,
with 241 significantly differentially expressed genes. Of these, 231 genes were up- and 10 down-regulated in cultured cells, respectively. In add-
ition, we performed a gene ontology analysis of the differentially expressed genes and found that these genes are mainly related to cell cycle, trans-
lational processes and metabolism.

limitations, reasons for caution: Although CD9-positive single epithelial cells sorting was successfully established in our la-
boratory, the amount of transcriptome data per individual epithelial cell was low, complicating further analysis. This step most likely failed due
to the high dose of RNases that are released by the cells’ natural processes, or due to rapid turnaround time or the apoptotic conditions in freezing-
or single-cell solutions. Since only the cells from the late-secretory phase were subject to more focused analysis, further studies including larger
sample size from the different time-points of the natural menstrual cycle are needed. The methodology also needs furtheroptimization to examine
different cell types at high quality.
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wider implications of the findings: The symbiosis between clinical biopsy and the sophisticated laboratory and bioinformatic
protocols described here brings together clinical diagnostic needs and modern laboratory and bioinformatic solutions, enabling us to implement a
precise analytical toolbox for studying the endometrial tissue even at the single-cell level.
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Introduction
Ever since the cell was first described by Robert Hook in 1665, hundreds
of cell types have been described in the human body, and practically all
tissues consist of multiple cell types. As with other organs or tissues,
endometrial tissue represents a heterogeneous mixture of a number
of different cell types, including the luminal epithelium (LE), glandular epi-
thelium (GE), and stroma. The most commonly used method to isolate
these cell types from bulk tissue is laser capture microdissection (LCM),
which can distinguish these main cell types from each other with high
purity (Evans et al., 2012, 2014). Although LCM is mainly used to
isolate groups of specific cells under direct microscopic visualization,
the method can also be used to pick individual cells from ethanol or
paraffin-embedded formalin-fixed tissue sections (Lovatt et al., 2015).
The main technical challenges of LCM are decreased RNA integrity (Bev-
ilacqua et al., 2010; Chabratet al., 2015), need for RNA extraction before
downstream applications, and the availability of LCM equipment (Lovatt
et al., 2015).

Single-cell RNA-seq (scRNA-seq) approach has now become a viable
alternative option to bulk-RNA analysis. ScRNA-seq has the potential to
(i) detect cell-to-cell variability and map possible subpopulations (Buett-
ner et al., 2015), (ii) discover possible rare cell types (Grun et al., 2015),
and (iii) study clinically relevant but rare endometrial adult stem cells
(Vassena et al., 2015). Even if scRNA-seq provides insight into a single
cell, focusing on specific endometrial tissue sub-types which have been
mapped previously by LCM-based studies will strengthen the outcome
and keep the cost of analysis down. Alternatively, previously described
cytoplasmic LE and GE biomarkers can be applied to separate analysed
epithelial single-cell pools into the LE, GE, and outlier subpopulations.
Either way, LCM and scRNA-seq constitute a novel approach to endo-
metrial expression studies with a vast potential for new discoveries
and an improved understanding of basic mechanisms governing tissue
function.

ScRNA-seq methods have recently undergone rapid development
(Tang et al., 2009; Islam et al., 2011; Goetz and Trimarchi, 2012;
Hashimshony et al., 2012; Nakamura et al., 2015), providing knowledge
about the transcriptomics of embryo blastomeres (Tang et al., 2009; Yan
et al., 2013; Töhönen et al., 2015), circulating tumour cells (Ramskold
et al., 2012), and in vitro cultured cells (Islam et al., 2011; Picelli et al.,
2013; Yan et al., 2013). Recently, scRNA-seq has been performed direct-
ly from native tissue (Jaitin et al., 2014; Pollen et al., 2014; Treutlein et al.,
2014; Zeisel et al., 2015), extending our understanding about the condi-
tions of cells in vivo.

In this report, we present detailed laboratory protocols as well as an
up-to-date data analysis pipeline to study native tissue samples at the
single-cell resolution, using human endometrium as a clinically relevant
type of sample. The method is based on tissue cryopreservation, allowing
for short- or long-term sample storage between sampling and analysis,
thus simplifying material logistics between clinic and laboratory. Our

protocol constitutes a modern scRNA-seq technique suitable for clinical
research needs, helping to broaden the portfolio of clinical biomarker di-
versity and aiding the study of endometrium-related diseases such as
female infertility and endometriosis by providing detailed and advanced
research-tools for future studies.

Materials and Methods

Study design
The study was designed to develop a single-cell analysis pipeline for highly
specialized subpopulations of cells from clinical endometrial biopsies. This
requires the streamlining of tissue disaggregation, cell sorting and lysis
methods, with minimal warm ischaemia time to retain a natural expression
profile and minimize technical bias due to sampling and handling. The
whole pipeline starts with tissue sampling in the clinic and cryopreservation
in appropriate media, until thawing and physical-enzymatic tissue disaggrega-
tion in the laboratory, just one and a half hours prior to single-cell FACS
(Fig. 1A). Single cells are lysed and frozen immediately after FACS sorting
and thawed again for the laboratory steps. Following this, 48-plex (48 cells
in parallel) Illumina-compatible scRNA-seq libraries arecreated using a modi-
fied Single-cell Tagged Reverse Transcription (STRT) (Islam et al., 2012)
protocol.

Sample collection and processing
The study was approved by the Research Ethics Committee of the University
of Tartu (Tartu, Estonia) and informed written consent was obtained from
the participants. Two endometrial biopsies were collected using an endo-
metrial suction Pipelle catheter (Laboratoire CCD, France) and analysed
by scRNA-seq. One sample from the mid-secretory phase of menstrual
cycle day 21 (luteinizing hormone (LH) peak +8 days) was obtained from
a 33-year-old healthy volunteer with the following characteristics: Caucasian,
no use of hormonal medications in 3 months before biopsy, regular menstrual
cycle (28+5 days), body mass index of 24.3 kg/m2 and no data about
smoking. Another biopsy from the late-secretory phase of menstrual cycle
day 25 was taken from a 31-year-old patient with a diagnosis of
minimal-to-mild (I-II stage) endometriosis (ASRM, 1997) who was undergo-
ing laparoscopy at the Tartu University Hospital Women’s Clinic (Tartu,
Estonia). The characteristics of the patient were as follows: Caucasian, no
use of hormonal medications in 3 months before biopsy, regular menstrual
cycle, body mass index of 27.1 kg/m2 and non-smoker.

The biopsied tissue samples were placed immediately into the cryopreser-
vation medium containing 1× Dulbecco’s Modified Eagle’s Medium (DMEM,
Life Technologies, USA), 30% fetal bovine serum (FBS, Biowest, USA), and
7.5% Dimethyl Sulfoxide Hybri-Max (Cat No D2650, Sigma-Aldrich, USA).
The cryovial was put into a Nalgenew Cryo 18C ‘Mr. Frosty’ Freezing Con-
tainer (Thermo Scientific, USA) and placed into 2808C freezer overnight.
The usage of proper media and moderate freezing conserves intact cells, pro-
viding living cells for further specific antibody labelling and sorting steps. The
frozen biopsies were stored in liquid nitrogen and further processed as
depicted in Fig. 1A.

Single-cell transcriptome analysis of endometrial tissue 845



Isolation of primary endometrial cells
The tissue sample was thawed and washed twice with DMEM solution. The
biopsy was dissociated in 5 ml DMEM medium containing 0.5% collagenase
(Sigma) in a shaking incubator rotating at 110 rpm at 378C until the biopsy
was digested in ,20 min. The dissociation is also possible at 48C, but
requires considerably longer incubation time (data not shown). 500 ml of
ice-cold FBS and 45 ml of ACK lysing buffer (Life Technologies) were
added and the suspension was centrifuged at 205 × g 48C for 6 min. The
cells were re-suspended in 4 ml ice-cold phosphate buffered saline (PBS)
containing 5% fetal bovine serum (FBS) solution and the suspension was fil-
tered twice through 50 and 35 mm Falcon Tube with Cell Strainer Cap
(BD Falcon, USA) to separate single cells from undigested endometrial
tissue fragments. The filtrate was centrifuged at 210 × g 48C for 6 min to
collect cells and re-suspended in 200 ml of PBS/FBS solution. Endometrial
stromal cells were stained in 100 ml of PBS/FBS solution with fluorescence-
conjugated mouse anti-human CD13 (Imai et al., 1992; Kato et al., 2007)
monoclonal antibody (1:20 dilution, clone TÜK1, R-Phycoerythrin, Invitro-
gen, USA) and incubated on ice for at least 15 min. Endometrial epithelial
cells were stained simultaneously in 100 ml of PBS/FBS solution with
fluorescence-conjugated mouse anti-human CD9 monoclonal antibody

(1:5 dilution, clone MEM-61, FITC, Novus Biologicals, USA) and incubated
on ice for at least 15 min. After incubation, 1.8 ml ice-cold PBS/FBS solution
was added and the mixture was centrifuged at 210 × g 48C for 5 min. The
cells were suspended in 300 ml PBS/FBS solution and filtered using 35 mm
Falcon Tube with Cell Strainer Cap (Fisher Scientific, USA). Filtered cells
were stained with DAPI (1 mg/ml, 1:2000 dilution, Invitrogen, USA) to
exclude dead cells. The cell suspensions were maintained at 48C until flow
cytometric analysis and cell sorting. Endometrial cell culturing is described
in Supplementary Methods.

Further laboratory manipulations
Consecutive steps, including single-cell FACS, cell direct lysis, reverse tran-
scription, quality control (QC), oligo-T comparison, cDNA capture and
amplification, library preparation, library size-selection, cluster generation
and sequencing are described in Supplementary Methods.

Bioinformatics
The STRTprep pipeline version 2.0.0, available at https://github.com/shka/
STRTprep, was developed and used for processing the raw sequenced reads.

Figure 1 Overview of the laboratory and bioinformatic protocol. (A) The first step is tissue sampling and controlled freezing in the clinic. The subsequent
steps (dotted boxes) take place in the wet lab up to Illumina sequencing. (B) Typical STRTprep protocol (https://github.com/shka/STRTprep), which is an
open-source pre-processing and analysis package for STRT RNA-seq. (C) Detailed procedure of the bioinformatic analysis for the present study.
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The main processing steps for the present study are depicted in Fig. 1B and
C. Major steps from raw read pre-processing to final gene ontology analysis
are described in Supplementary Methods.

Results

Cell viability in single-cell suspension
Two endometrial biopsies were analysed by scRNA-seq. Of the
FACS-analysed single-cell population from the mid-secretory phase
biopsy, 66.0% were living cells and 26.3% were dead cells among all
counts (Fig. 2A and Supplementary Table SII). Of the living cells, 61.8%
were stromal and 21.8% were epithelial cells (Fig. 2C), while among
the dead cells, 32.0% were stromal and 26.0% were epithelial cells.
The statistics of the late-secretory biopsy are the following: 70.8%
were living cells and 14.6% were dead cells among all counts (Fig. 2B
and Supplementary Table SII). Of the living cells, 87.7% were stromal
and 3.7% were epithelial cells (Fig. 2D), while among the dead cells,
39.8% were stromal and 33.2% were epithelial cells.

The following optimized steps are required to preserve the limited
amount of cellular mRNA for the analysis. The cells’ mRNA was

converted to cDNA using an improved protocol with an anchored
locked nucleic acid (LNA) oligo-T primer (Supplementary Fig. S1A).
LNA at oligo-T 3′ end increases cDNA yield 1.8× compared with exist-
ing anchored oligo-T variants. Pooled cDNA libraries were subsequently
amplified and visualized on agarose gel to see the cDNA smear (Supple-
mentary Fig. S2A).

The QC qPCR after cell lysis and cDNA synthesis can distinguish a
single-cell probe from a negative one (Supplementary Fig. S1B), giving
an estimate of the FACS accuracy and the suitability of the material for
further library preparation. The stromal single cells’ QC cycle threshold
(CT) values range from 27 to 29, while the true negative sample’s value is
.30 among false negatives, indicating that the FACS accuracy rate usually
remains .90%.

The true negative CT would be even higher (�40) if synthetic spike-in
molecules were not introduced in the mastermix for data normalization
purposes. Thus, for multiple sample handling and FACS sorting to
many plates in parallel, we recommend saving one or two random
wells in each plate for negative control probes. This aids in QC of
FACS accuracy and cDNA efficiency as the key steps in scRNA-seq,
and helps avoid unnecessary expensive library preparation of substand-
ard samples.

Figure 2 Statistics of the single-cell suspensions. (A) Mid-secretory phase biopsy (LH+8) cells were stained with DAPI in order to distinguish live cells
from dead ones. The majority of cells (66.0%) were DAPI-negative (living cells) and 26.3% were DAPI-positive (dead cells). Living cells were further analysed
by way of CD13-PE and CD9-FITC direct antibody staining. (B) Late-secretory phase biopsy living cell percentage was 70.8%, having 14.6% of dead cells
before FACS single-cell sorting. (C) LH+8 biopsy cells positive for either CD9-FITC or CD13-PE and representing epithelial and stromal cells, respectively.
Both studied populations can be clearly distinguished from each other among living cells. The frequencies of stromal and epithelial cells were 61.8 and 21.8%,
respectively. (D) Late-secretory stromal and epithelial cell frequencies were 87.7 and 3.7%, respectively.
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Bioinformatics analysis
We developed an open-source pipeline for pre-processing and differen-
tial expression analysis of the STRT data (https://github.com/shka/
STRTprep). Although the standard protocol consists of four steps
(Fig. 1B; see also https://github.com/shka/STRTprep/wiki and Supple-
mentary Text SI), for the present study we used only the first round of
analysis for classification and QC of the cells and the second round for
investigation of differential gene expression based on the classification
(Fig. 1C). We performed hierarchical clustering through an in-built
step in the pipeline, to enable sample classification and the study
design of the second round. All five sequenced libraries ((i) mid-secretory
epithelium, (ii) mid-secretory stroma, (iii) late-secretory epithelium, (iv)
late-secretory stroma, and (v) in vitro cultured late-secretory stroma)
were sequenced on one lane each, yielding relatively low sequencing
depth in the first round of the STRTprep pipeline for the cell classification
and QC. Based on the lowest PCR redundancy (PCR amplification effect)
and highest amount of mapped reads per cell (Supplementary Fig. S2B),
late-secretory stroma together with its in vitro cells’ library were selected
for more focused sequencing on an additional one lane each. The
achieved median sequencing depth is essential for basic gene expression
and clustering analysis.

Experiment description and QC
We describe two libraries (late-secretory stroma from biopsy and in vitro
culture) in median sequencing depth, as set up in the conf.yaml file

(Supplementary Text SII); containing a description of the raw reads
and the libraries. An additional file, src/samples.csv, is required to de-
scribe samples in the libraries, and for specific studies using the
samples. We therefore use only sample information in the initial src/
samples.csv file (Supplementary Table SIII). STRTprep reports the distri-
bution of the four quality measures (Fig. 3A–D) and outlier samples in
the distributions are excluded from further downstream analysis. In
the present study, after exclusion of outliers, the remaining 40 samples
(cells) in ‘Biopsy’ and 33 samples in ‘In vitro’ qualified for use in further
analysis (Supplementary Table SIV).

Quantification, cell classification and study
design
STRT captures sequences at the 5′-end of poly(A)+ RNAs and the
aligned reads therefore tend to be distributed close to the 5′-end
(start site) of genes. To quantify intact poly(A)+ RNAs as a template
for translation into proteins, STRTprep counts only the aligned reads
at the 5′-untranslated region of protein-coding genes, or within the prox-
imal (500 bp) upstream region.

After quantification, STRTprep extracts significantly fluctuating genes
in the qualifying samples and performs hierarchical clustering of normal-
ized expression levels of the fluctuating genes (Fig. 3E). In the present
study, expression fluctuation of 453 genes was significantly larger than
the estimated technical noises in the qualified samples, but without
any prior classification. According to the unsupervised hierarchical

Figure 3 Quality control and hierarchical clustering. Four relevant quality measurements in STRTprep. These boxplots show the distribution of the four
quality measurements in each library: (A) number of spike-in reads; (B) relative endogenous poly(A)+ transcript amount versus the spike-in amount; (C)
5′-end capture rate in the spike-in, and (D) 5′-end capture rate in the protein-coding genes. These boxplots were automatically generated by the STRTprep
pipeline. (E) Hierarchical clustering of the significantly fluctuating genes and the qualifying samples. Samples (in columns) with the ‘Biopsy cells, STB’ prefix
were the late-secretory biopsy samples, and with ‘Cultured cells, STC’ were the cultured samples, as per the names in the src/samples.csv file (Supple-
mentary Table SIII). For the second round of the analysis, we sought to compare major sub-clusters between the cultured cells (green box labelled
‘CLASS.0¼1’ as control) and the sorted late-secretory biopsy cells (green box labelled ‘CLASS.0¼2’). In addition, we compared the different sub-clusters
within the cultured cells (blue boxes labelled ‘CLASS.1¼’ and class ID). The study design was set out in an updated src/samples.csv file (Supplementary
Table SV).
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clustering, the major difference was found between the two different
types of samples; e.g. between the cells obtained directly from the
biopsy and the cells that were cultured before the scRNA-seq. In add-
ition, three sub-clusters were detected among cultured cells (Fig. 3E
and Supplementary Table SV).

We looked for two stromal markers, CD13 (Imai et al., 1992; Kato
et al., 2007) and vimentin (Kato et al., 2007), in the list of known genes
detected by RNA-seq (Supplementary Table SVI). We did not detect
CD13 (ANPEP) expression in biopsied or cultured cells. Although we
expected CD13 to be expressed in all cells, this finding could merely
mean that the mRNA level of CD13 is low compared with other
detected transcripts (this is also supported by our unpublished data on
deep sequencing of whole endometrial biopsies and sorted stromal
cells). The low expression of CD13 would thus make it undetectable
by single-cell RNA-seq due to the limited sequencing depth and/or a
lack of sensitivity to detect low-expressed transcripts using this
method. Nevertheless, we found vimentin expression (VIM) in 95% of
stromal biopsy cells and in 100% of cultured cells.

Differential expression
During the second round of bioinformatic analysis, STRTprep tests dif-
ferential expression based on the definition of the study design and
reports significant output in a table called ‘out/byGene/diffexp.xls’ (Sup-
plementary Table SVI). This table contains raw read counts and normal-
ized expression levels.

Of the 8622 detected genes, 5603 were commonly expressed
between the in vitro cultured and the biopsy cells, whereas 589 genes
were exclusively found in the late-secretory biopsy stromal cells and
2430 in the in vitro cultured cells (Fig. 4A). These ‘exclusively found’
genes also include genes which were expressed at very low level (e.g.
the coverage or read count was very low), and thus these might be just
noise. Therefore we clearly demonstrated an important expression in-
crease after the in vitro culturing of the stromal cells, which may be due
to the activation of new biological routes for the adaptation to the new
environment.

Further we focused on the transcripts that were found both in biopsy
and cultured cells. Out of 5603 commonly expressed genes, 241 were sig-
nificantly differentially expressed (Fig. 4B), with 231 genes up-regulated
and 10 down-regulated in cultured cells compared with biopsy cells
(Table I). Next we performed a gene ontology analysis in the differentially
expressed genes and found that the most significant annotations were
mainly related to the cell cycle, the translational process and metabolism
(Supplementary Table SVII). Finally, 63 genes were differentially regulated
between the three subclasses of cultured cells (Table I).

The genes showing the highest expression levels in sorted biopsy
cells compared with in vitro cultured cells were FOS (also known as
p-55 and C-FOS), APOD (apolipoprotein D) and DCN (decorin), all
connected to the decidualization process present in late-secretory
endometrium (Brar et al., 2001; Kao et al., 2002; Mazur et al., 2015).
Furthermore, SERPINF1 (also known as PEDF) has also been previously
shown to be highly expressed in the late-secretory endometrium
(Chuderland et al., 2014). Interestingly, another gene showing higher
expression in the sorted biopsy cells is LUM (lumican) that belongs to
the same small leucine-rich proteoglycan family as decorin (DCN).
Finally, both SERPING1 and C1R are involved in regulating the comple-
ment cascade and immune response.

Among the genes showing the most profound down-regulation in the
sorted biopsy cells, and hence a higher expression in the cultured cells,
were two housekeeping genes (GAPDH and UBB) that are often used
as internal controls for normalization in (endometrial) gene expression
studies.

The third section of Table I depicts the most differentially expressed
genes between the three subpopulations detected among the in vitro
cultured cells. These genes are mostly involved in DNA replication and
repair (KIAA0101, RRM2, ORC6, HMGB1, HMGB2) processes and
therefore likely reflect the varying cell-type phenotypes of different
subpopulations.

Discussion
Only a few recent reports describe RNA-seq on single-cells obtained dir-
ectly from native tissues such as mouse spleen (Jaitin et al., 2014), mouse
lung epithelium (Treutlein et al., 2014), human and mouse brain (Darma-
nis et al., 2015; Zeisel et al., 2015), and human embryonic tissue (Pollen
et al., 2014). We describe here a single-cell separation, transcriptome se-
quencing and data analysis pipeline, combining the endometrial tissue (i)
clinical sampling, (ii) biopsy cryopreservation, (iii) single-cell FACS, (iv)
improved library preparation, and (v) an up-to-date analytical pipeline
into one functional protocol. We demonstrate that scRNA-seq can be
performed on single stromal cells from endometrial biopsy samples,
and since the stromal cells cluster separately from epithelial cells
during the FACS procedure, we expect that the FACS protocol will
also work similarly for rest of the cell types in the endometrium. The
computational analysis relies on two relatively novel aspects, 5′ tagging
of transcription start sites, allowing also for promoter recognition for
regulatory studies, and signal normalization based on synthetic spike-in
RNA controls that allows for unambiguous counting of cellular RNA
content (Katayama et al., 2015; Töhönen et al., 2015).

A critical step in any study is data analysis, and we here present the
STRTprep data analysis pipeline as a powerful alternative to previous
tools. It is currently the only available open-source pipeline covering
the whole process from pre-processing of the raw reads up to differential
expression analysis. The operations have been greatly simplified into four
steps, and users need to edit only two files to complete all computing
steps.

A possible concern is related to single epithelial cells in which scRNA-
seq yielded too few mapped sequence reads per cell, probably as a result
of the high dose of RNases that are released by (i) natural processes
(Zasloff, 2009), (ii) the rapid turnaround time of the cells or (iii) apoptotic
conditions in freezing- or single-cell solutions. Our FACS statistics have
shown the consistent tendency that of living cells, 60–90% were
stromal and 2–20% wereepithelial cells, while among dead cells, thepro-
portion is almost equal. This may explain the very few mapped sequence
reads in RNA-seq of epithelial cells. Even if the epithelial cells were DAPI-
negative in FACS, apoptotic processes may have started and affected
mRNA integrity. As seen in our data, the epithelial cDNA smear intensity
is constantly lower than that of stromal cells, supporting the previously
mentioned explanations. To overcome this biological-technical limita-
tion, the single-cell TRIzol protocol is an option. Another alternative is
to apply FACS-based pure population sorting directly into TRIzol
reagent, for example, to preserve RNA and perform bulk-RNA analysis
instead of scRNA-seq. Due to these limitations, we focused on stromal
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cells, providing a scRNA-seq method for comparing the native and cul-
tured endometrial cells.

Another crucial note is related to sample cryopreservation where our
protocol is essential to preserve intact living cells after the biopsy freezing
and thawing cycle. Commonly used TRIzol reagents or analogues, which
stabilize RNA molecules through cell lysis and protein (e.g. RNases) de-
naturation, are not suitable for surface-labelling and sorting of living cells.
The snap-frozen technique ensures high RNA quality through immediate

freezing, but minimizes the negative changes of living cells after sample
thawing.

Nowadays, FACS analysis of cells originating from cell cultures is
common, while studies of tissue sections or biopsy samples are still
rare, but gathering popularity (Jaitin et al., 2014; Zeisel et al., 2015).
Mild conditions employed for cell dissociation result in high viability
levels, while the availability of specific antibodies for surface antigens
makes it possible to select exclusively the specific cells of interest. All

Figure 4 Differential expression analysis between in vitro cultured and biopsy cells. (A) Venn diagram with the number of shared or specific genes of each
group of cells. (B) Heatmap of genes showing differential expression between cultured and directly analysed biopsy cells at a single-cell resolution. In the
heatmap, columns on the left represent in vitro cultured samples (N ¼ 33 cells) and columns on the right represent the biopsy cells (N ¼ 40); blue colour
corresponds to low expression values, while red colour represents high expression.
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this, coupled with high sorting rates and great precision, results in very
efficient sorting of biopsy samples with subsequent cell culturing for
genetic or any other type of analysis, if needed. However, the currently
most widely used fixation procedures, using formaldehyde or alcohol,
may damage nucleic acids and result in RNA-seq bias. Conversely,
recent fixation with zinc ions (Christensen et al., 2011) preserves RNA
integrity, expanding the theoretical opportunities to use intracellular
markers, such as vimentin (Kato et al., 2007) and androgen- or estrogen
receptor 1 (Evans et al., 2014), in FACS cell-sorting. Alternatively, an add-
itional surface marker specific for basal glandular epithelial cells (SSEA-1)
(Valentijn et al., 2013) can be incorporated into the protocol to further
discriminate between various epithelial cell populations.

In this study, the uncultured and cultured stromal single cells originat-
ing from the same endometrial biopsy were comparatively sequenced
and analysed to evaluate the possible impact of the in vitro culturing on

the cells’ transcriptome. The data has confirmed the widely held idea
that the culture changes the gene expression of endometrial cells; but
our scRNA-seq technique should be further employed in studies com-
paring the gene expression between sorted cells (with FACS), cultured
cells and cells isolated from intact tissue via LCM, obtained from different
stages of the menstrual cycle. Only these studies are able to give more
comprehensive understanding about the limitations of each method-
ology and to provide more meaningful data from endometrial studies.

In addition to scRNA-seq, our protocol allows bulk-RNA analysis
(Katayama et al., 2015) from LCM bulk-cell material, and FACS sorted
multiple cells (10–1000, data not shown). As our scRNA-seq protocol
is designed to require only off-the-shelf reagents and widespread instru-
mentation, the technology is clearly cost-effective. Method compilation
and harmonized multiplex RNA-seq solutions keep the whole project
cost down and provide maximum accuracy, throughput and sensitivity.

.............................................................................................................................................................................................

Table I Top differentially expressed genes between cell populations.

Gene name Gene symbol DE score Main biological process

FBJ murine osteosarcoma viral oncogene homolog FOS 197.4 DNA methylation

Apolipoprotein D APOD 197 Aging

Decorin DCN 188.2 Aging

Complement component 1 C1R 185.2 Complement activation

Serpin peptidase inhibitor SERPINF1 183 Aging

Selenoprotein P SEPP1 170.6 Brain development

Prostaglandin D2 synthase PTGDS 157 Arachidonic acid metabolic process

Lumican LUM 142 Carbohydrate metabolic process

Serpin peptidase inhibitor, member 1 SERPING1 115.6 Aging

Stomatin STOM 113 Activation of mitophagy in response to mitochondrial depolarization

Thymosin beta 10 TMSB10 2199.8 Actin filament organization

Myosin light chain 12A MYL12A 2192 Axon guidance

Histidine triad nucleotide binding protein 1 HINT1 2187.1 Intrinsic apoptotic signaling pathway by p53 class mediator

ADP ribosylation factor 4 ARF4 2185.1 Activation of phospholipase D activity

Glyceraldehyde-3-phosphate dehydrogenase GAPDH 2184.1 Canonical glycolysis

SH3 domain binding glutamate-rich protein like 3 SH3BGRL3 2183.3 Cell redox homeostasis

Ubiquitin B UBB 2182.7 DNA damage response, detection of DNA damage

Notch 1 HN1 2182.4 Developmental process

Myosin light chain 6 MYL6 2182.3 Axon guidance

Ferritin, heavy polypeptide 1 FTH1 2181.6 Cellular iron ion homeostasis

Tubulin alpha 1b TUBA1B 18.4 ‘De novo’ posttranslational protein folding

H2A histone family member Z H2AFZ 16.4 Cellular response to estradiol stimulus

Nucleolar and spindle associated protein 1 NUSAP1 15.4 Establishment of mitotic spindle localization

KIAA0101 KIAA0101 15.2 DNA repair

Tubulin beta class I TUBB 14.9 G2/M transition of mitotic cell cycle

Transgelin TAGLN 14.8 Epithelial cell differentiation

High mobility group box 2 HMGB2 14.5 DNA ligation involved in DNA repair

Ribonucleotide reductase M2 RRM2 13.9 DNA replication

Origin recognition complex subunit 6 ORC6 13.9 DNA replication

High mobility group box 1 HMGB1 13.6 DNA ligation involved in DNA repair

The first section includes the top 10 genes most up-regulated in the sorted biopsied cells versus in vitro cultured cells. The second section showsthe most down-regulated genes in the biopsy
cells versus cultured cells. The third section represents the most differentially expressed genes between the three subpopulations detected among the in vitro cultured cells.
DE: differential expression.
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We have described the full laboratory and data statistical analysis pipe-
line for single-cell transcriptomics using human endometrial tissue. The
compiled protocol demonstrates that rapid analysis of frozen and
thawed samples provides cell viability and a meaningful gene repertoire
at a single-cell level. Our method is designed for highly differentiated
cells taken directly from native tissues, which have a lower amount of
mRNA compared with cultured primary cells or cell lines. The applied
library preparation protocol, STRT, provides modern data analysis stan-
dards such as synthetic spike-in RNAs for data normalization and unique
molecular identifiers for absolute mRNA molecule counting from the
studied cells. The combination of advanced molecular engineering tech-
niques and appropriate clinical sampling reinforces the practical connec-
tion between research and clinical needs, providing novel biomarkers for
routine diagnostic needs and basic information to understand the tissue
function.

Supplementary data
Supplementary data areavailable athttp://humrep.oxfordjournals.org/.
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