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Reprogramming of fibroblast
cells to totipotent state by DNA
demethylation

Mohammad H. Ghazimoradi'*, Kouichi Hasegawa?3, Ehsan Zolghadr*,
Samaneh Montazeri® & Shirin Farivar'™*

Many attempts have been made to induce high-quality embryonic stem cells such as pluripotent

stem cells and totipotent stem cells, but challenges remain to be overcome such as appropriate
methods and sources. Demethylation of the genome after fertilization is an important step to initiate
zygote gene activation, which can lead to the development of new embryos. Here, we tried to induce
totipotent stem cells by mimicking DNA demethylation patterns of the embryo. Our data showed,
after induction of DNA demethylation via chemicals or knockdown of Dnmts, cells positive for Nanog,
and Cdx2 emerged. These cells could differentiate into the pluripotent and trophoblast lineage cells
in-vitro. After transferring these cells to the uterus, they can implant and form embryo-like structures.
Our study showed the importance of DNA demethylation roles in totipotent stem cell induction and a
new and easy way to induce this cell type.

Totipotent stem cells have the best potential for clinical and research usage among other stem cells since they can
differentiate into all cell types and provide an outstanding model for studying the development of preimplanta-
tion and postimplantation stages. However, their usage is hindered due to a lack of an appropriate source'. Many
researchers devote their time to dedifferentiating somatic cells into stem cells with high potency, including cells
with toti or pluri potency*®. Approaches for this reprogramming are nucleus transfer, genetic manipulation,
and cell fusion to induce early embryonic phenotypes. Unfortunately, these methods are invasive and have low
efficiency®™. It is shown that the isolation and maintenance of these cells are not promising for ethical prob-
lems and a low number of these cells. In a culture of embryonic stem cells (ES cells), 2C phenotypes have been
observed, but their low-frequency patterns are not repeatable and cannot be used and maintained>®. In the most
recent research, the co-culture of trophoblast and ES cells could form blastocyst-like structures. Although this
study has shown a strong potential for inducing artificial developmental stages, the induced structures could not
develop live offspring and could not offer totipotent stem cells”. Despite all the limitations on the induction and
isolation of totipotent stem cells, there is no consistent model for the mechanism of totipotent state initiation®.
It has been shown that the knockdown of epigenetic and structural-related genes could efficiently increase the
number of 2C cells in ESC cultures such as CTCF’, HDACs!?, LSD1'}, and many more which has been reviewed
comprehensively'2. However, this induction method could be an enhanced opportunity for increasing the num-
ber of 2C cells in ESC culture. Induction of 2C or 4C-like cells has also been done with chemical inhibitors,
which could promote totipotent cells in ESC culture. This method could also be the promotion of 2C cells in
ESC culture®.

Methylation of DNA, which occurs on cytosine, is one of the most important epigenetic modifications
This modification directly regulates gene expression. Over half of the genes in the genome have CpG islands
that show the crucial role of this modification in establishing transcription patterns'®!’. After fertilization, DNA
methyltransferases (Dnmt 1, 3A, and B) will not be effective in the nucleus'®" and will relocate to the cytosol.
This relocation causes demethylation of the zygote by destabilizing and diluting of DNA methylation, which is
called passive demethylation. It has been shown that many embryonic and organogenesis genes, which have been
hypermethylated in postimplantation stages, are controlled and upregulated by demethylation?>*!. It is notewor-
thy that the induction of demethylation can artificially dedifferentiate many cells into a stem cell lineage?*".
In conclusion, global DNA demethylation of zygotes in the early stages of development?®*, overexpression of
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embryogenesis-related genes after DNA demethylation®, and many studies show the administration of dem-
ethylation agents (mostly 5-Azacitidine (Aza)) leads to induction of stem cells, especially ICM and trophoblast
stem cells**-*> might be evidence to show the role of global DNA demethylation in the induction of totipotent
stem cells. In addition, it has been shown that DNMTs could inhibit ZSCAN4?%%7, a co-effector of DUX and
totipotent stem cells*®*. DNMTs also regulate TERT and telomeres*® which show a significant role of Dnmts in
the totipotent state. Based on these notions, we tried to induce totipotent stem cells from fibroblast cells. Our
data showed that we reprogram Nanog and Cdx2 positive cells by genome demethylation. Transferring these
induced totipotent (iTot) cells directly to the uterus of pseudopregnant mice. After investigation, the develop-
ment of these cells into embryo-like structures was detected.

Results

Aza could induce Nanog and Cdx2 positive cells which expressed MERVL.  Fibroblast cells were
chosen due to their transcription network and easy handling. Cells have been treated with different doses of
Aza to identify the best dose (Fig. 1A,B). Administration of one dose of Aza in any concentration cannot lead
to a high number of alkaline phosphatase-positive cells, which is a marker of embryonic stem cell proliferation.
However, after treating cells with one and a half micrograms per milliliter of Aza for three days, results in a high
number of alkaline-positive cells are identified (Fig. 1B). We use the differential affinity of induced cells versus
fibroblast to sort the induced cells as this method is done in the isolation of embryonic stem cells from MEFs.
Briefly, after trypsinization, the cells are transferred to new dishes. Fibroblast cells have a stronger affinity for
culture dishes and attach sooner than induced cells. Therefore, transferring media containing iTot cells after the
attachment of fibroblast can lead to cell sorting. All of the further experiments from here are carried out on sorted
cells. After treating cells with Aza, some structures can be seen in isolated cells. There were small, large, and large
cells with cavities that could be seen in isolated cells (Fig. 1C). Afterward, the presence of ICM marker Nanog
and trophectoderm (TE) marker Cdx2 are examined by immunofluorescence. These markers have an important
role in early embryonic development and embryogenesis and are considered 4C cell markers. We also checked
the MERVL expression in cells. Isolated cells were positive for Cdx2 and Nanog, and expression of MERVL (as a
marker of totipotent stem cells) has increased (Fig. 1D,F). The measurement of DNA methylation of these cells
shows increased demethylation of the genome, which is the main alteration in this study for the induction of
these structures (Fig. 2A). It also has been shown that administration of Aza could result in the down-regulation
of trophoblast and pluripotency genes in treated cells which results in overexpression of these genes®***%. These
data are consistent with the genome demethylation of totipotent stem cells and Aza-treated cells. Interestingly,
after passaging cells, we do not recognize any aging-related signs, despite the differentiation of these cells in the
cell culture dish. Due to this observation, the telomere length of treated cells on different days is measured and

5 80
* E. é .
& B ¥4 Ze
: 3
vy
2 * Hao
3 - g
S 200 oy §
2 2 & .- ?zu:;mg T ' £ 20
¢ 8 150 T Hlimg p 3
/ h = 3 plimg W o - T
£ 100 X i Control AZA
2 ¥
g T ] 2 o
2 s0 1 5 F. u .
() ol 2 .
§ g - s 6
b £ €
A & E y x S
° ¢ ) E 1 2 D3 4 5 % o
ays o 8
i o 100pum g ,
z 00 pm © 2
3
2o

T
Control AzZA

DAPI Nanog Cdx2 Merge

D.
u - - - -
.a

400 pm

Figure 1. Induction of totipotent stem cells. (A) Fibroblast extraction is used as a source due to easy handling.
(B) Aza could induce alkaline phosphatase positive cells (*P <0.05, **P <0.01). (C) Induced cells after sorting
show significant morphologies. (D) Aza administration on fibroblast cells leads to Nanog and Cdx2-positive
cells. (E) Number of Nanog and Cdx2 positive cells are significantly higher in Aza-treated cells in their absence
in the control group (*P <0.05). (F) MERVL induced in AZA-treated cells versus untreated cells (*P <0.05).
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Figure 2. Molecular characterization of iTots shows overexpression of totipotent-related genes. (A) Aza-
treated cells have lower DNA methylation levels in sorted cells versus untreated cells (*P <0.05, **P <0.01). (B)
Telomere of Aza-treated cells increases in comparison with fibroblasts (*P <0.05). (C) Gene expression analysis
of iTots show their potential totipotent state comparing with fibroblasts and ESCs (*P <0.05).

it keeps increasing on the sixth day (Fig. 2B). Demethylation can disrupt imprinting patterns. The upregulation
of imprinting modulators or unchanged expression of imprinting genes can be a demonstration of methyla-
tion pattern status as well as a sign of totipotency which has been reported previously (12). Dnmt3l, Dppa3,
Meg3, and Igf2 genes are selected for this reason. The results of Meg3, Dnmt3l, and Dppa3 genes which also
have higher expression iTot cells versus other groups (Fig. 2C). Upregulation of these genes indicates a specific
effect of genome demethylation. Indeed, expression of the Igf2 gene in imprinting loci is not significantly differ-
ent between groups. We measured Vimentin expression in different groups to investigate the fibroblast-specific
expression genes. In iTot cells, the expression of vimentin is decreased compared to the fibroblast cells. Zscan4
and Dux (totipotent stem cell marker and transcribtion factors) also have been investigated. Our data showed
cells treated with Aza have higher expression of Zscan4 and Dux versus fibroblasts and ESCs (Fig. 2C).

Dnmtl and Dnmt3A could mimic the role of Aza in fibroblast cells.  Aza could induce DNA dem-
ethylation by targeting DNMTs. In this essence, we hypothesized that the knockdown of these genes could be
responsible for induced totipotent stem cells. So, we knock down Dnmt1 and Dnmt3A, which are major Dnmt
proteins with methylation activity, and analyze the methylation level of the genome (Fig. 3A,B). Dnmtl and
Dnmt3A co-inhibition results in genome-efficient hypermethylation, activation of MERVL, and the presence
of Nanog and Cdx2 positive cells (Fig. 3C-E). These cells were also positive for alkaline phosphatase (Fig. 3F).

Induced totipotent stem cells have developmental potential. After obtaining these results from
molecular tests, the functional test is crucial. In this essence, in-vitro differentiation of induced cells into ICM
and Trophoblast lineage cells seems necessary. For these purposes, induced cells are cultured in a medium con-
taining LIF and bFGE The culture of induced cells with LIF results in pluripotent stem cell colonies that are posi-
tive for Sseal and overexpression of pluripotency-related genes as expected. On the other hand, bFGF-treated
cells could lead to trophoblast morphologies that are positive for Elf5 and have upregulated trophoblast-related
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Figure 3. Dnmtl and Dnmt3B could induce a totipotent state in fibroblast. (A) Dnmtl, Dnmt3A, and
Dnmt3B result in efficient reduction of the mRNA level of these genes (*P <0.05 for all groups versus treated
cells with scramble control). (B) Dnmt1 and Dnmt3B knockdown results in significant DNA demethylation

in comparison with control group (*P <0.05). (C) Knockdown of Dnmtl and Dnmt3B results in induction

of Nanog and Cdx2 positive cells. (D) Number of Nanog and Cdx2 positive cells in the Dnmt1 and Dnmt3B
Knockdown group is significantly higher in the control group which is almost complete absence of these cells
(*P<0.05). (E) Overexpression of MERVL detected in absence of Dnmt1 and Dnmt3B versus non treated
fibroblast (*P <0.05). (F) Cells treated with Dnmt1 and Dnmt3B show alkaline phosphatase activity (*P <0.05).
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genes (Fig. 4A,B). In-vivo tests for the evaluation of the full potential of these cells were conducted. At first sight,
often-used chimerism testing is supposed to be a good candidate, but due to the large diameter of induced struc-
tures, whole structures are injected into pseudopregnant mice. In this regard, we inject GFP-positive iTot cells
(Fig. 4C). After injection, ten DPC mothers are dissected (Fig. 4D). The uterus of dissected mice carried sacs
(Fig. 4E) containing eight DPC embryo-like structures that were positive for GFP (Fig. 4F).

Discussion
In brief, we report the reprogramming of fibroblast cells to a totipotent state. These cells demonstrate morphol-

ogy near the normal totipotent stem cells. Most features of these cells have the potential to implant, form, and
grow embryo-like structures. However, its genome-scale investigation remains to be elucidated. This research
shows the role of demethylation in the initiation of ZGA, induction of totipotency, and its possible role in the
initiation of embryo development programming.

In this study, Cdx2 and Nanog are chosen as markers to determine embryonic fate. Cdx2 and Nanog are the
markers of the trophoblast and epiblast cells and are the main difference between 2 and 4C cells. We determine
the expression of related imprinting genes for investigating the reprogramming process. We chose Dppa3 and
Dnmt3L, which have great roles in maintaining and establishing the right imprinting pattern, in agreement with
a natural process; and we observe the same expression pattern. Apart from the expression of these genes, we
investigate the expression of Meg3, which shows its relation to successful chimera engrafting. These data show
that our phenotypes have the potential for chimera engraftment. Based on Meg3 results we performed an embryo
transfer test which was successful. This data showed that DNA demethylation could induce a totipotent state
and validate its role as a determining factor in the development of embryos and zygotes. This reprogramming is
based on using one well-known chemical substrate that is labor free and could be done on finally differentiated
cells such as fibroblast in comparison with the latest advances which use ESC as the source. Finally, iTot cells
could form post-implantation embryos which is an advancement for prior researchers.

Materials and methods

Cell culture. For fibroblast isolation, the ear of the mouse (BALB/c) was minced. The pieces were washed
with 75% methanol for two minutes. Next, ethanol was removed by washing with DMEM (Gibco). The next
step was to chop the pieces with a surgical blade and trypsinize them at 37 C. The solution was centrifuged and
re-suspended in DMEM containing 10% FBS (Invitrogen) and 2% pen-strep (Invitrogen). When the cells reach
70-80% percent confluency, they have been trypsinized and passaged. For treatment, the medium was changed
when the cells reached 75-80% confluency, and after two hours, 1.5 pg per milliliter of 5-AzaC (sigma-A2385-
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Figure 4. Induced totipotent stem cells show developmental potential. (A) ITot cells could be differentiated
into trophoblast cells and have higher expression of trophoblast-related gene expression (*P <0.05). (B) ITot
cells could be differentiated into pluripotent stem cells and have higher expression of pluripotent-related gene
expression (*P <0.05). (C) Induced GFP-positive cells treated with Aza. (D) Transfer of Induced GFP-positive
cells results in the implantation of cells. (E) Transferred cells could develop sacs in the uterus. (F) Transferred
cells could develop embryo-like structures.
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100MG) was added. 5-AzaC was dissolved in the culture medium and freshly used every day up to the third day.
For the extraction of ES cells, the mice were mated overnight. We let sufficient time pass and then dissected the
mice, and 3 DPC embryos were transferred into a plate with a full medium consisting of high glucose DMEM,
103 units per milliliter of LIF (Invitrogen), and 10% of FCS (Invitrogen). Regarding the lineage tracing test,
GFP-positive transgenic mice (BALB/c) were provided by the Royan Institute. 103 U/ml and 25 ng/ml of LIF and
bFGF (Sigma) were added to iTot cells to differentiate them into pluripotent stem cells and trophoblast lineages.

Alkaline phosphatase assay. To stain cells for alkaline phosphatase, the medium of cells has been aspi-
rated and cells have been washed with PBS. Furthermore, cells were fixed with ice methanol and washed with
PBS again. Afterward, cells have been stained with a Sigma Alkaline phosphatase kit. The A and B solutions have
been mixed and added to cells. Cells have been washed with PBS and counted.

GC mass for evaluation of methylation level of cells. Gas chromatography was done as Rossella
describes. In brief, 2.5 micro-gram of DNA was hydrolyzed in 88% of formic acid at 140 °C for 90 min. The
samples were evaporated with nitrogen gas. Then 20 macro liters of IS spoliation were added. For Derivatization,
we added 50 mL MTBSTFA + 1% TMCS plus 40 mL of acetonitrile and let them react for 30 min at 40 °C. The
analysis was performed on Thermo GCMS-QP2000 (Thermo Finnigan). The separation was performed on DB5
(30 mx 0.25 mm x 0.25 pm) with 0.25 um thickness (Phenomenex). The setups were started at 120 °C for 2 min
and then increased by 15 °C per min ratio. The injector temperature was 250°C in splitless mode. The helium
99.99% was selected as a gas with 1 ml per min velocity. 70 eV was selected for ionization and a 50-400 m/z
scan was performed. The 250, 280, and 250 C were chosen for the injection duct, ion source, and transfer line.
Monitoring the SIM for quantitative analysis of cytosine and 5 mC was used. 254 and 240 m/z were mass indices
for cytosine. 269, 254, and 240 were used for 5 mC. Xcaliber was used for analysis*"*.

RT-PCR, PCR, and telomere length tests. The extraction of RNA was performed by TRI reagent
(Sigma). The RT-PCR was performed with SYBR green by ABI 7500. For validation of RNA quality, agarose
gel electrophoresis was performed, and SDS gel electrophoresis was done for PCR and real-time PCR products.
Real-time analysis and normalization were performed by QGENE software as mentioned in the MIQE. The
Telomere length test was performed as it was reported by RM Cawthon in 2002. In sum, DNA was extracted by
TRI reagent according to the manufacturer’s protocol. Serial dilution of DNA has been readied and RT-PCR of
the samples has been performed by named primer in RM Cawthon*>*,

Immunofluorescence microscopy. The cells were fixed with methanol (Millipore), permeabilized with
0.5% triton x 100 (Sigma), and washed with PBS. The primary antibody was added and then washed with PBS.
The secondary antibody was used in 1:200 dilutions. The primary antibodies, including Elf5 (AVIVA System
Biology Cat# OAAN02164), Cdx2 (Abcam Cat# ab76541, RRID: AB_1523334), Sseal (scbt, Cat# sc-21702) were
used. The secondary antibodies were anti-mouse IGg (Sigma-Aldrich, Cat# 62197, RRID: AB_1137649), goat
anti-rabbit FITC (Santa Cruz Biotechnology, Cat# sc-2010, RRID: AB_631735), donkey anti-goat Rhodamine
(Santa Cruz Biotechnology, Cat# sc-2092, RRID: AB_649000) and for Nanog, the Anti-Nanog-PE, mice (Milte-
nyi Biotec Cat# 130-104-479, RRID: AB_2652985) were provided. DAPI has been used for staining the nucleus
(D9542 SIGMA).

Embryo transfer. At eight days, cells were trypsinized and relocated to 3.5 cm Petri dishes. After 40 min,
the non-attached cells were harvested and relocated to a transfer solution consisting of 10% FBS, 89% DMEM,
and 1% antibiotic. Mice were anesthetized with Ketamine. The cells were injected into pseudopregnant NMR
mice.

Ethics and animal rights. All experimental protocols were approved by a Shahid Beheshti University
institutional licensing committee. All methods were carried out in accordance with Shahid Beheshti University
regulations, and ARRIVE guidelines.

Statistical analysis. Statistical analysis has been performed with GraphPad Prism 8. T-test and ANOVA
tests have been performed as it fitted and P value under 0.05 has been considered as significant.

Data availability
All the data generated/analyzed during the study are included in this published article.
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