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Методы и протоколы / Methods and protocols

Inexpensive protocol for single-cell X-chromosome  
inactivation analysis: Xist expression and H3K27me3 staining
I.E. Pristyazhnyuk1 , N.I. Meshcheryakov2, A.G. Menzorov1, 2  

Abstract: The X-chromosome status is an important marker of mammalian cell embryonic differentiation. Both female X-chromosomes 
are transcriptionally active (Xa) at the blastocyst stage, then one of the X-chromosomes undergoes random inactivation (Xi). Naïve 
pluripotent stem cells have both Xa, while primed pluripotent stem cells and differentiated cells – XaXi. When pluripotent stem 
cells are generated from non-model species, it is important to analyze X-chromosome status, as well as pluripotency marker gene 
expression at the early stages, to minimize time and cost. Thus, the X-chromosome state may point to the pluripotency status of the 
newly derived pluripotent cells, and early analysis of pluripotency markers would facilitate the cell selection. We present two detailed 
protocols of X-chromosome inactivation analysis: a single-cell analysis based on cell lysis with subsequent reverse transcription PCR, 
and immunofluorescent H3K27me3 staining. The H3K27me3 staining marks transcriptionally inactive chromatin. The single-cell lysis 
for RNA isolation is performed in a small volume of PCR-compatible non-ionic detergents, Nonidet P-40 and Tween-20, with BSA. 
Subsequent cDNA synthesis is performed in the same tube. This method could be used for Xist amplification, as an early X-chromosome 
inactivation marker, as well as for other genes, such as Rex1, expressed in mammalian pluripotent cells. We have successfully applied 
those protocols for X-inactivation analysis in the American mink embryonic fibroblasts and three lines of induced pluripotent stem 
cells. Thus, the proposed protocols allow fast and inexpensive testing of pluripotency and X-inactivation markers on a single-cell level.
Key words: single cells; Neovison vison; American mink; Xist; Rex1; HK1; H3K27me3.
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Экономичный протокол для анализа инактивации 
X‑хромосом: экспрессии Xist и иммунофлуоресцентной 
окраски H3K27me3
И.Е. Пристяжнюк1 , Н.И. Мещеряков2, А.Г. Мензоров1, 2  

Аннотация: Статус Х-хромосомы – важный маркер дифференцировки клеток эмбриона млекопитающих. Обе Х-хромосомы 
самок транскрипционно активны (Xa) на стадии бластоцисты, затем одна из них проходит случайную инактивацию (Xi). В «наи-
вных» плюрипотентных клетках обе X-хромосомы активны, в «праймированных» – одна из Х-хромосом инактивирована. Также 
«наивные» плюрипотентные клетки в процессе дифференцировки становятся XaXi. При получении плюрипотентных стволо-
вых клеток из немодельных организмов необходимо проводить анализ статуса Х-хромосомы и определять наличие экспрес-
сии генов-маркеров плюрипотентности на ранних стадиях, чтобы минимизировать время и стоимость. Таким образом, статус 
Х-хромосомы может указать на тип плюрипотентности, а ранний анализ экспрессии генов-маркеров плюрипотентности упро-
щает селекцию клеток. Мы представляем два протокола для анализа инактивации Х-хромосомы на уровне единичных клеток. 
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Первый протокол основан на лизисе единичных клеток с последующей ПЦР с обратной транскрипцией, второй – на имму-
нофлуоресцентном окрашивании H3K27me3. H3K27me3 маркирует транскрипционно неактивный хроматин. Лизис единичных 
клеток для выделения РНК проводят в маленьком объеме совместимых с ПЦР неионных детергентов, Nonidet P-40 и Tween-20, 
и BSA с последующей наработкой кДНК в той же смеси. Этот метод выделения РНК может быть использован для последующей 
амплификации как раннего маркера инактивации Х-хромосомы, Xist, так и других генов, экспрессирующихся в плюрипотентных 
клетках млекопитающих, таких как Rex1. Мы успешно использовали протоколы для анализа инактивации Х-хромосом в эмбри-
ональных фибробластах и трех линиях индуцированных плюрипотентных стволовых клеток американской норки. Таким об-
разом, описанные протоколы позволяют выполнять быстрый и недорогой анализ маркеров плюрипотентности и инактивации 
Х-хромосомы на уровне единичных клеток.
Ключевые слова: single cells; Neovison vison; American mink; Xist; Rex1; HK1; H3K27me3.

Introduction
Random X-chromosome inactivation takes place in the early 
stages of mammalian embryonic development. The cells with 
naïve pluripotency, i.e. mouse embryonic stem (ES) cells iso-
lated from the blastocysts of the 129 mouse strain have both 
X-chromosomes active (Xa) (Barakat et al., 2010). The primed 
pluripotent stem cells, such as human ES cells generated by 
the standard protocols, could have different states of X-chro-
mosome inactivation, including the presence of inactivated 
X-chromosome (Xi) (Fan, Tran, 2011). Recently, mouse ES cell 
single-cell RNA-seq analysis revealed heterogeneity between 
X-chromosome status as well as some asynchronism between 
X-chromosome inactivation and cell differentiation (Chen et 
al., 2016). Thus, the status of X-chromosome inactivation may 
clarify the developmental stage of pluripotent cells, point to the 
beginning of the differentiation process, or in some cell types 
be heterogeneous.

We have previously produced American mink (Neovison 
vison) ES and induced pluripotent stem (iPS) cells (Menzorov 
et al., 2015). The majority of the female ES cell line cells were 
negative for the inactive chromatin marker H3K27me3, thus 
suggesting naïve pluripotency with both X-chromosomes in an 
active state. We produced XX American mink iPS cells to deter-
mine whether the iPS cells have similar X-chromosome status to 
the ES cells (Pristyazhnyuk, Menzorov, 2020).

Here we describe an inexpensive protocol for the express 
analysis of X-chromosome inactivation in single cells. We ap-
plied the protocol for the X-inactivation analysis in the Ameri-
can mink embryonic fibroblasts and iPS cells. The protocol is 
easily adaptable to assessing the expression of the other genes 
in single cells and the analysis of the various chromatin marks.

Applications of the method
The overview of the single-cell gene expression analysis pro-

tocol is presented in fig. 1, a. The overview of the immunofluo-
rescent marker staining – in fig. 1, b.

The proposed protocols of single-cell RT-PCR and immuno-
fluorescent analyzes are suitable for a variety of purposes. Qual-
itative expression of any gene at a single-cell level could be re-
vealed with certain limitations. The protocol could be modified 
to allow quantitative analysis (see Advantages and limitations). 
The immunofluorescent analysis could be used for histone 
modification or other antigen studies. 

In this article, we applied the protocols for X-chromosome 
inactivation study in American mink fibroblasts and iPS cells. 
In addition, the protocols are well suited for the analysis of the 
iPS cell colonies in the early stages of reprogramming. During 
the iPS cell derivation, it is difficult to select the pluripotent cell 

colonies. The expected colony morphology is well known for 
mouse, human, or American mink iPS cells. For the other spe-
cies, such as the pinnipeds or fox there is no data. Gene expres-
sion analysis of such pluripotency markers as Nanog and Rex1 
(Zfp42) from colony pieces could allow selection of iPS-like cells 
without prolonged culture before the “standard” tests for pluri-
potency, such as the embryoid body formation and teratomas 
in immunodeficient mice.

Immunofluorescent analysis has numerous applications. We 
used it to reveal the histone modification of the Xi, H3K27me3 
(Matveeva et al., 2017). The H3K27me3 histone modification 
is scarcely present throughout autosomes and Xa, but Xi pos-
sesses an excess of it. That marker is routinely used to assess X-
chromosome inactivation in different mammalian species. We 
have previously shown that American mink XX ES cells (Menzo-
rov et al., 2015) and XX iPS cells (Pristyazhnyuk, Menzorov, 2020) 
have up to 87 % XaXa cells, in compliance with their pluripotent 
status.

Comparison with other methods
There are numerous technologies for single-cell isolation, i.e. 
fluorescence-activated cell sorting, microfluidics, lab-on-a-chip 
devices, laser microdissection, random seeding and dilution, 
and manual cell picking (Gross et al., 2015). We selected man-
ual cell picking for its affordability and relative simplicity. While 
most sophisticated methods allow the subsequent analysis of 
gene expression and other parameters in thousands of cells, 
manual cell picking is enough for studying the expression of 
several genes in tens of cells.

One of the principal problems is RNA loss during isolation 
from limited material. Single-cell RNA isolation could be per-
formed by spin column-based kits, i.e. GenElute Single Cell RNA 
Purification Kit (Sigma-Aldrich, cat. no. RNB300) or PicoPure 
RNA Isolation Kit (Applied Biosystems, cat. no. KIT0204). Anoth-
er option is a direct lysis method. We decided to choose the lat-
ter option and used modified PBND (PCR buffer with nonionic 
detergents) to lyse cells with the addition of BSA. The PBND is a 
buffer with non-ionic detergents compatible with PCR that was 
originally developed for tissue lysis (Higuchi, 1989). We used 
0.1x concentration of PCR compatible non-ionic detergents 
Nonidet P-40 and Tween-20 from the original formulation and 
BSA (bovine serum albumin). Similar protocols of direct lysis 
with different concentrations of BSA (Svec et al., 2013) and BSA 
and Nonidet P-40 (Le et al., 2015) were previously reported. 
Compared to these protocols we also used random hexamers 
for the total cDNA synthesis, not the gene-specific primers.

The cDNA was synthesized by the standard protocol with a 
couple of modifications: low reaction volume and lack of DNase 
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I treatment. The PCR was also performed under the standard 
conditions; we used Hot Start Taq DNA polymerase to prevent 
non-specific product formation.

There are many methods for Xi visualization in cell culture. 
Mainly, Xist transcript detection by the RNA fluorescent in situ 
hybridization (FISH). The Xist transcript is associated with the Xi 
and/or the nuclear matrix around it (Brown et al., 1992; Clem-
son et al., 1996). In addition, loss of such Xa-associated his-
tone modifications as H3K9 acetylation and H3K4 methylation 
(Heard et al., 2001; Goto et al., 2002; Okamoto et al., 2004), and 
Xi-associated H3K9me2, H4K20me1, and H3K27me3 (Heard 
et al., 2001; Plath et al., 2003; Silva et al., 2003; Kohlmaier et 
al., 2004; Okamoto et al., 2004) are detected by immunofluo-
rescence. The later ones are among the earliest events in the 
X-chromosome inactivation process after Xist transcript accu-
mulation. The most widely studied repressive marks on the Xi 
chromosome are methylation of H3 lysine 9 (H3K9me2) and 
27 (H3K27me3). H3K27me3 tends to be enriched on Xi, while 
H3K9me2 marks “inactive” more widely (Rougeulle et al., 2004; 
Marks et al., 2009). We identified Xi by the H3K27me3 immuno-
fluorescent staining.

Advantages and limitations
The main advantages of the RT-PCR protocol are its affordability 
and simplicity. The direct lysis solution and other reagents are 
inexpensive compared to spin column-based kits. Manual cell 
picking is also affordable, though laborious.

The first limitation of the method is that the number of ana-
lyzed genes is limited to two or three. The cDNA volume is 5 
µl, which is enough for one to three PCR. Further dilution may 
result in false-negative results due to the nonhomogeneous dis-
tribution of the low copy cDNA molecules. The single-cell whole-
genome amplification would allow amplification of numerous 
transcripts, but that approach is beyond the scope of that article.

The second limitation is the qualitative “yes or no” results of 
the gene expression analysis. The quantitative PCR (qPCR) or its 
modification Droplet Digital PCR (ddPCR) would allow (semi)
quantitative gene expression analysis. The “real” quantitative 
analysis of a gene expression is probably not achievable, as the 
RNA reverse transcription process efficiency varies.

The multiplex PCR of the whole cDNA volume should solve 
the problem of cDNA loss after the dilution. In our experience, 
multiplex PCR for two gene transcripts had not produced reli-
able results either due to a different initial number of cDNA cop-
ies or different primer annealing efficiency. To overcome that 
limitation fluorescent probe-based qPCR may be performed.

The third limitation is omitting the DNase I treatment, 
thus genomic DNA remains in the solution. The reason is that  
EDTA-based DNase I inactivation makes undiluted cDNA solu-
tion toxic for the Taq DNA polymerase and the dilution would 
lead to false-negative results. To overcome that drawback we 
propose to design primers for different exons of the gene of in-
terest to prevent genomic DNA amplification or for distinguish-
ing between cDNA and genomic DNA. This primer design ap-
proach does not always work. For instance, it appeared that the 
American mink Hprt1 gene has an expressed pseudogene, and 
thus it is impossible to use it as an RT-PCR control. We used HK1 
housekeeping gene as an RT-PCR control for the XY fibroblasts. 

HK1 does not have pseudogenes in human, mouse, and dog ge-
nomes (McDonell, Drouin, 2012); based on our data the same is 
true for American mink.

We had successfully extracted RNA and performed RT-PCR 
from the cell colonies of about 100 cells. Given the sensitivity of 
the method, it is possible to use DNase I with EDTA inactivation 
with a subsequent 10x dilution to remove EDTA toxicity. Similar 
protocols report successful usage of the direct lysis method for 
up to 512 (Svec et al., 2013) or about 1000 cells (Le et al., 2015). 

The single-cell RNA-seq analysis outperforms RT-PCR in the 
number of genes as it allows to analyze expression of the major-
ity of the highly expressed transcripts. On the other hand, when 
there are just a few genes of interest, RT-PCR is undoubtedly 
more cost-effective.

The immunofluorescent analysis of the cells on the coverslip 
allows the spatial analysis of X-chromosome status depending 
on the location inside or outside of the colony. Cells at the colo-
ny border may be differentiated and, thus, have XiXa status. The 
main limitation is a low permeability of multilayer colonies for 
the antibodies that result in a difference in the cell staining. An-
other protocol could be used to solve that problem. The cyto-
centrifugation spreads cells and facilitates access for antibodies. 
It also allows concentrating the cells approximately twenty-fold 
on the small spot of about 5 mm2 (Jones, Cornbleet, 1997). That 
enables using very little cell amount, however, the centrifuge 
procedure also distorts the cell morphology making most of 
the cells similar to each other. As the iPS cells are cultures on 
feeder cells, after the centrifugation iPS and feeder cell nuclei 
would not be distinguishable. For immunofluorescent staining 
with antibodies against H3K27me3 Xi markers, both methods 
of cell preparation could be used with the fibroblasts cell cul-
ture if permeabilization is performed before the fixation proce-
dure. Such procedure could not be used for the American mink 
iPS cells, as cells were massively detaching from the coverslip. 
Therefore, cytocentrifugation could be used for the American 
mink fibroblasts, but not for the iPS cells.

Experimental design
Primer design
The protocol overview is presented in fig. 1. The general guide-
lines for various application primer design are available (PCR 
Primer Design, 2015). We used Primer-BLAST software (https://
www.ncbi.nlm.nih.gov/tools/primer-blast/; Ye et al., 2012) to 
design primers for the American mink Rex1, Xist, and HK1 genes. 
As the isolated RNA is not treated with DNase I, the primers and 
genes of interest should comply with the following criteria:

a) The primers are located in different exons of the gene of 
interest;

b) There are no pseudogenes with DNA amplification PCR 
product that has the same length as the cDNA product;

c) There are no expressed pseudogenes.
The primer pairs should be tested in advance on species-

specific DNA, cDNA synthesized from DNase I treated RNA, 
and single-cell “cDNA” without reverse transcriptase treatment. 
There should be no PCR products from the DNA with the same 
length as for cDNA (pseudogene DNA amplification). The am-
plification from cDNA synthesized from DNase I treated RNA in-
dicates pseudogene expression, thus contamination of desired 
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gene expression is expected. Finally, PCR of lysed cells that were 
subjected to all steps of the protocol except reverse transcrip-
tase treatment is necessary to demonstrate the absence of con-
tamination.

RNA isolation, cDNA synthesis, and PCR
Primers for cDNA synthesis are included in a 1x cell lysis buffer 
to minimize the number of steps. We used random hexamers 
for the total RNA conversion, as one of the genes of interest, 
Xist, does not have a poly(A) tail. If you need to analyze the ex-
pression of relatively short genes, oligo(dT) primers could be 
used. In the case of a single gene expression analysis, gene-
specific primers are a good option.

Cells without reverse transcriptase treatment should be in-
cluded in an experiment as a negative control.

The single-cell first-strand cDNA synthesis is performed ac-
cording to the manufacturer’s protocol with slight modifica-
tions, such as the decrease of the total reaction volume and the 
usage of the cell lysis buffer instead of RNA solution. The PCR is 
also performed according to the manufacturer’s protocol with 
the decrease of the reaction volume.

Immunofluorescent analysis
The immunofluorescent analysis was performed according 
to the standard procedure (Matveeva et al., 2017). American 
mink fibroblasts were grown on the coverslips. Mink iPS cells 
were seeded on the feeder cells prepared from the mitomycin-
treated embryonic fibroblasts (CD-1 mouse strain) (Menzorov 
et al., 2015). The feeder cells served as an inner control of the 
staining. Since mouse fibroblasts were a mixture of male and 
female cells, we observed the big nuclei with and without inac-
tive histone marks surrounding tightly packed iPS cell colonies 
with smaller nuclei. Thus, both positive and negative control 
was present on the coverslips with fixed iPS cells.

Materials
Biological materials

• American mink embryonic fibroblasts NV4 (XY) and NV5 
(XX) (embryos were provided by O.V. Trapezov, ICG SB RAS, 
Novosibirsk, Russia).

• American mink induced pluripotent stem cells iNV1XX1, iN-
V2XX5, and iNV5XX2 (Pristyazhnyuk, Menzorov, 2020).

The cell lines are available at the Collective Center of ICG SB 
RAS “Collection of Pluripotent Human and Mammalian Cell Cul-
tures for Biological and Biomedical Research” (https://ckp.icgen.
ru/cells/; http://www.biores.cytogen.ru/brc_cells/collections/
ICG_SB_RAS_CELL). 

Reagents
The reagents could be substituted by analogs from different 
producers. 

• 0.2-ml PCR tubes (Axygen, cat. no. PCR-02-C)
• Phosphate Buffered Saline (PBS) Tablets (Amresco,  

Am-E404-100)
• Nonidet P-40 (Amresco, cat. no. Am-E109)
• Tween-20 (PanReac AppliChem, cat. no. A4974)
• Triton X-100 (VWR International, cat. no. Am-0694)
• Bacteriological Petri dishes (100 × 15 mm; not treated, 

aseptic; Falcon, cat. no. 351029)

• Filter pipette tips (10, 200, and 1000 µL; Axygen, cat. nos. 
TXLF-10-L-R-S, TF-200-L-R-S, and TF-1000-R-S)

• Sterile plastic tubes (Axygen, SCT-5ML-S)
• Autoclaved ddH2O (Milli-Q filtered water)
• DEPC-treated ddH2O (Thermo Fisher Scientific, cat. no. 

10813012)
• Agarose (MP Biomedicals, cat. no. AGAF0500)
• Tris-acetate-EDTA buffer for gel electrophoresis
• Ethidium bromide (Sigma-Aldrich, cat. no. E1510)
• M-MuLV–RH First Strand cDNA Synthesis Kit (Biolabmix, 

Russia, cat. no. R01-50)
• BioMaster HS-Taq PCR-Color (2×) (Biolabmix, Russia, cat. no. 

MHC010-1020)
• 22 × 22 mm coverslips (BB022022A1, Menzel-Glaser, Ther-

mo Fisher Scientific, Germany)
• Microscope slides (AGAA000001, MENZEL MICROSCOPE 

SLIDES, MENZEL, Thermo Fisher Scientific, Germany)
• Triton X-100 (VWR International, cat. no. Am-0694)
• Albumin Fraction V (pH 7.0) for Western blotting (BSA for 

immunofluorescence) (PanReac AppliChem, cat. no. A6588)
• Bovine serum albumin, molecular biology grade (BSA for 

RT-PCR) (New England Biolabs, cat. no. B9000S)
• Anti-trimethyl-Histone H3 (Lys27) (anti-H3K27me3) rabbit 

polyclonal antibody (Sigma-Aldrich, cat. no. 07-449)
• DAPI (4’ ,6-Diamidino-2-phenylindole dihydrochloride) 

(Sigma-Aldrich, cat. no. D-9542)
• Goat anti-Rabbit IgG (H+L) Cross-Adsorbed Secondary An-

tibody, Alexa Fluor 546 (Thermo Fisher Scientific, cat. no. 
A11010)

• Goat anti-Mouse IgG/IgM (H+L) Secondary Antibody,  
Alexa Fluor 488 conjugate (Thermo Fisher Scientific, cat. no. 
A-10680)

• ProLong Gold Antifade Mountant (Thermo Fisher Scientific, 
cat. no. P10144)

Primers
• NvXistE1F: 5’ -TCAAAAGATCCGCCCAGCTC-3’  (DNK-Sintez, 

Russia, custom order)
• NvXistE2R: 5’ -TCTTGAGTGGGGCACAGAAC-3’  (DNK-Sintez, 

Russia, custom order)
• NvRex1E1F: 5’ - TGGTTTCAGCTGCTGTAGGG -3’  (DNK-Sintez, 

Russia, custom order)
• NvRex1E3R: 5’ -GCCCTTTTCTTCAGTTGCTGG-3’  (DNK-Sin-

tez, Russia, custom order)
• NvHK1E11F2: 5’ -AACTGGTGCGACTGATCCTG-3’  (DNK-Sin-

tez, Russia, custom order)
• NvHK1E12R2: 5’ -GTACACACGTGCTGGACTGA-3’  (DNK-Sin-

tez, Russia, custom order)

Reagent setup
10x cell lysis buffer
Add and mix 437.25 µl DEPC-treated ddH2O, 5 µl Nonidet P-40, 
5 µl Tween-20, and 2.25 µl 20 mg/ml BSA in a 1.5 ml tube.

1x cell lysis buffer
Mix 2.45 µl DEPC-treated ddH2O, 0.3 µl 10x cell lysis buffer, and 
0.25 µl of 20x random hexamers (from the M-MuLV–RH First 
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Strand cDNA Synthesis Kit) per 0.2 ml tube. Prepare necessary 
amounts of the reagents for all cells in one tube.

N OT E : Oligo(dT) or gene-specific primers could be used in-
stead of random hexamers depending on the experiment design.

PBS
Add 1 tablet of PBS to 100 ml of ddH2O and autoclave.

4% PFA
Dissolve 4 g paraformaldehyde in 100 ml PBS buffer with heat-
ing on the magnetic stirrer. Add drops of 5N NaOH until the so-
lution becomes clear, then cool down and adjust pH to 7.4 with 
1N HCl and 1N NaOH. Freeze the solution in aliquots at –20 °C, 
use it after thawing immediately or within a few days.

Antibody Dilution Buffer
Add 0.2 % Triton X-100 and 2 % BSA to PBS.

PBST
Add 0.2 % Tween-20 to PBS.

DAPI stock solution
Dissolve 2 mg of DAPI (4’,6-Diamidino-2-Phenylindole) in 2 ml 
PBS, keep at +4 °С. To stain the chromatin, dissolve 1 μl of the 
DAPI stock solution in 1 mL of PBS.

Equipment
The producer of the equipment is not specified for some items, 
as there are various analogs.

• Glass capillary (Micropipettes, 50 µl) (Blaubrand intraMark, 
cat. no. 708733)

• Inverted microscope (Olympus, cat. no. CKX53)
• Carl Zeiss Axioplan 2 imaging microscope (Jena) with Cool-

Cube1 CCD-camera with the ISIS (In Situ Imaging System; 
MetaSystems GmbH) software

• T100 Thermal Cycler (Bio-Rad, cat. no. 1861096)
• Mini-centrifuge/vortex Micro–Spin FV-2400 (Biosan, cat. 

no. BS-010201) with R-0.5/0.2M rotor (Biosan, cat. no. BS-
010201-BK)

• Centrifuge/mixer ELMI Fugamix CM-70M-09 with ELMI 
spin/mix rotor 70.02 (ELMI SIA, Latvia)

• Molecular imager (Gel Doc XRS + with Image Lab software 
system; Bio-Rad, cat. no. 170-8265)

• Gel electrophoresis tank and power source (Sub-Cell 
GT Horizontal Electrophoresis System, Bio-Rad, cat. no. 
1704484; Bio-Rad PowerPac basic power supply; Bio-Rad, 
cat. no. 1645050)

• Humidity Chamber Plus (Covance, cat. no. SIG-31031)
• Magnetic stirrer with heater (Biosan, cat. no. MSH 300)
• Thermostat (for incubation at +37 °Autoclave
• Pipettes (0.5–5, 0.5–10, 2–20, 20–200, and 100–1000 µL)
• Freezers and refrigerator for –80 °С, –20 °С, and +4 °С

Procedure 

1. Analysis of Xist and Rex1 expression in single cells
CRITICAL: All steps are performed using filtered tips and RNase- 
and DNase-free tubes. Use gloves to minimize RNase contamina-
tion. All reagents should be thawed, mixed, briefly centrifuged, and 

put on ice. Use metal rack on ice or PCR cooling rack for tubes dur-
ing the protocol.

Cell preparation and reverse transcription
1.1. Prepare single-cell suspension following the routine 

protocol. Cell culture protocol for the mink embryonic 
fibroblasts and iPS cells was described previously 
(Pristyazhnyuk, Menzorov, 2017). Centrifuge and wash 
cells twice in PBS, then perform a serial dilution and put 
50 µl drops on non-adhesive (i.e. bacteriological) Petri 
dishes. There should be 5–50 cells per field of view at 100x 
magnification under an inverted microscope.

1.2. Thaw an aliquot of 10x cell lysis buffer, prepare 1x cell lysis 
buffer, and add 3 µl per 0.2 ml tube on ice.
NOTE: RNase inhibitor could be added to the 1x cell lysis 
buffer to prevent RNA degradation. For example, RiboLock 
RNase Inhibitor (Thermo Fisher Scientific, cat. no. EO0381).

1.3. Put double rows of 50 µl PBS drops on a separate Petri 
dish.

1.4. Make capillary transfer mouth pipette by combining 
glass capillary, silicone tube, and aspirator mouthpiece 
(Nakagata, 2015). The aspirator mouthpiece could be 
substituted by a 200 µl filtered tip. Capillary sterilization is 
not necessary. The inner diameter of a pipette should be 
several times larger than the cell size.

1.5. Collect cells from the suspension by the capillary transfer 
mouth pipette into PBS drop, wash, transfer into the 
second drop, wash, and transfer into 0.2 ml tube with 1x 
cell lysis buffer in a minimal volume.

1.6. Wait at least 5 min after the last cell transfer.
1.7. Heat the solution with cells at 70 °С for 3 min in the 

Thermal Cycler with lid temperature 105 °С. Put on ice.
1.8. Mix 1 µl 5x reaction buffer, 0.5 µl 0.1 М DTT, 0.25 µl 10 mM 

dNTP mix, and 0.25 µl M-MuLV–RH reverse transcriptase 
(100 U/µl) per cell (all reagents from the M-MuLV–RH First 
Strand cDNA Synthesis Kit). Prepare necessary amounts of 
the reagents for all cells in one tube.
NOTE: Add 0.25 µl DEPC-treated ddH2O instead of reverse 
transcriptase for the negative control – cells without reverse 
transcriptase treatment.

1.9. Add 2 µl to each tube with a lysed cell.
1.10. Mix and spin cell lysate using centrifuge/mixer 1F4 

program (1 min of medium intensity mixing and spinning).
1.11. Incubate in the Thermal Cycler with lid temperature 

105 °С: 10 min at 25 °С, 60 min at 42 °С, and 10 min at 70 °С.
NOTE: Incubation at 25 °С is not necessary when oligo(dT) or 
gene-specific primers are used. If the RNA is expected to be CG-
reach, the reaction temperature can be increased up to 50 °C.

1.12. The cDNA could be directly used in PCR, stored at –20 °C 
for less than one week, and at –80 °C for longer storage.

PCR
1.13. Thaw, mix, and briefly centrifuge BioMaster HS-Taq PCR-

Color (2×), ddH2O, primers, and cDNA.
1.14. Mix 5 µl BioMaster HS-Taq PCR-Color (2×), 2.6 µl ddH2O, 

and 0.4 µl template-specific primers (10 pM each) per 
tube, vortex, and briefly centrifuge. Prepare necessary 
amounts of the reagents for all cells in one tube.
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Fig. 2. Examples of RT-PCR and immunofluorescent analyses of the American mink fibroblasts and iPS cells.
a – Xist and HK1 expression in American mink XX and XY fibroblast single cells; b – Xist and Rex1 expression in American mink iNV2XX5 iPS single cells;  
XX and XY fibroblast single cells; c – immunofluorescent staining of H3K27me3 in American mink XX fibroblasts; d – immunofluorescent staining of H3K27me3 
in American mink iPS cells
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1.15. Mix 8 µl PCR mix and 2 µl isolated cDNA, briefly centrifuge.
NOTE: As 0.1x PBND is fully PCR compatible, 4.6 of 5 µl cDNA 
could be used for amplification if only one amplification per 
cell is planned.

1.16. Perform DNA amplification in a T100 thermal cycler using 
the following program: 95 °C for 5 min, 42 cycles consisting 
of 95 °C for 15 sec, 62 °C for 15 sec, 72 °C for 20 sec, and a 
final extension step of 72 °C for 5 min.
NOTE: The optimal number of cycles and annealing 
temperature should be defined in advance for each pair of 
primers.

1.17. Perform gel electrophoresis in TAE buffer in 3 % agarose 
gel and document results.

2. H3K27me3 immunofluorescent staining
2.1. Grow the fibroblasts or iPS cells on the coverslips.
2.2. Fix the cells with 4 % PFA at room temperature for 15 min.
2.3. Rinse with PBS 3 times for 5 min.
2.4. Dissolve the primary antibody (1:100) in the antibody 

dilution buffer, 200 μl per coverslip.
NOTE: The optimal antibody dilution ratio should be 
determined experimentally. Usually, it is between 1:100 and 
1:1000.

2.5. Put antibody solution on the coverslip with the cells. The 
solution should be held on the glass by surface tension. 
Place the coverslip carefully into the humidified chamber. 
Incubate overnight at 4 °C.

2.6. On the next day, rinse the coverslip in PBST 3 times at 
room temperature for 5 min. It is preferred to use an 
orbital shaker.

2.7. Dissolve the secondary antibody in PBS (1:500). Incubate 
in the humidified chamber at 37 °C for 1 h.
NOTE: The optimal antibody dilution ratio should be 
determined experimentally. Usually, it is between 1:100 and 
1:1000.

2.8. Rinse with PBST 3 times at room temperature for 5 min.
2.9. Stain with DAPI at room temperature for 5 min.
2.10. Rinse with PBS.
2.11. Mount the coverslip on the microscope slide in the drop 

of ProLong Gold Antifade Mountant. The coverslip surface 
with the cell should be beneath.

2.12. Photo the nuclei using a confocal laser scanning 
microscope.

Results and discussion
The single-cell gene expression protocol is expected to provide 
“yes or no” information on a gene of interest expression. In the 
case of qPCR, the results could be (semi)quantitative.

We applied the proposed protocol to X-inactivation analysis 
in female-derived (XX) American mink embryonic fibroblasts 
and iPS cells (Pristyazhnyuk, Menzorov, 2020). The expected Xist 
expression was detected in 19 out of 20 XX fibroblasts, but not 
in XY fibroblasts (Fig. 2, a). We used the American mink HK1 as a 
positive control for cDNA quality in XY fibroblasts. We detected 
HK1 expression in 16 single cells out of 20 and no Xist expression. 
For XX fibroblasts, Xist expression was expected and such 
control was not necessary. Then we estimated Xist expression 
in American mink iPS cells with pluripotency marker Rex1 as a 
control (see Fig. 2, b). In this experiment design, the presence 

of the Rex1 expression was considered a sign of pluripotency, 
and its absence in the presence of the Xist transcript – a sign 
of the differentiation. Interestingly, we were able to find two 
Rex1 isoforms, homologous to the California sea lion (Zalophus 
californianus) (NCBI Reference Sequences XM_027599281.1 
and XM_027599282.1). In different cells, we were able to 
see PCR products of either one of the isoforms or both. Thus, 
simultaneous amplification of different gene isoforms in single 
cells is possible with that protocol.

The immunofluorescent staining of the American mink 
fibroblasts is presented in fig. 2, c. The XY fibroblasts had no 
fluorescent signal as expected (data not shown). The diploid XX 
fibroblasts had one signal, and tetraploid – two, representing 
one or two Xi, respectively. The American mink iPS cells formed 
islands of cells with small nuclei surrounded by the bigger 
nuclei of the feeder cells (see Fig. 2, d). It should be noted, that 
the H3K27me3 signal was located mostly on the periphery of 
the colonies. We explain it by the partial differentiation of the 
peripheral cells. 

Interestingly, the percentage of the American mink iPS cells 
with Xist expression exceeded that of the H3K27me3 mark 
(Fig.  3). There could be several possible reasons. First, the iPS 
cells could have changed XaXa status to XaXi without any 
changes in morphology and/or gene expression. It is known 
that cell density, duration of in vitro culture, and other factors 
could promote pluripotent stem cell differentiation. Second, 
though Xist is a well-known X-chromosome inactivation marker, 
its expression is one of the first steps of the X-chromosome 
inactivation process (Pinheiro, Heard, 2017). There may be an 
onset of Xist expression in XaXa cells that is revealed by RT-PCR 
but does not coincide with H3K27me3 chromatin modification, 
as it has not happened yet. Third, there might be a certain 

Fig. 3. X-chromosome inactivation analysis in American mink iPS cells.
a – RT-PCR analysis; b – H3K27me3 immunofluorescent staining analysis
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threshold of expression of Xist and other genes to trigger 
X-chromosome inactivation (Barakat et al., 2010). Fourthly, 
X-chromosome inactivation and loss of pluripotency are not 
always synchronized on a single cell level in mouse ES cells with 
different pluripotency statuses. Xist expression appeared to be 
heterogeneous as well (Chen et al., 2016). That may be the case 
for American mink iPS cells. Due to our protocol constraints, we 
were not able to quantify the level of Xist expression, though 
we presume that it was lower than in fibroblasts. Overall, the 
presence of Xist transcript may not be enough to conclude the 
X-chromosome inactivation.

There is another well-known marker of Xi, ubiquitinated 
histone H2A (uH2A). We had tried to detect it as well. It appeared 
that in the case of the anti uH2A antibody (Ubiquityl-Histone H2A 
(Lys119) (D27C4) XP® Rabbit mAb; Cell Signaling Technology, 
cat. no. 8240) permeabilization should be done before fixation 
since the standard procedure had not provided the appropriate 
staining. Fixation with the subsequent permeabilization had 
worked successfully for the mink fibroblasts, but mink iPS 
cells detached, thus we had not included uH2A staining in the 
protocol.

Conclusion
We described detailed protocols for the analysis of gene 
expression and antigens in single cells. In particular, we have 
shown that those protocols could be successfully applied to 
X-chromosome inactivation in the American mink iPS cells.
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