March 31, 2014

To: Ryoji Noyori, RIKEN President

Report on STAP Cell Research Paper Investigation

Research Paper Investigative Committee
Shunsuke Ishii, Chair

Atsushi lwama

Haruhiko Koseki

Yoichi Shinkai

Tetsuya Taga

Jun Watanabe

1. Circumstances

On Thursday, February 13, 2014, a RIKEN researcher who had been notified of doubts
concerning research papers published by RIKEN scientists contacted the RIKEN
Auditing and Compliance Office through one of RIKEN’s executive officers. The director
of the Auditing and Compliance Office decided that this matter should be handled in
compliance with the provisions for reports on research misconduct stipulated in Article
10, paragraph 3 of RIKEN’s Regulations on the Prevention of Research Misconduct
(September 13, 2012, Reg. 61, hereafter “Regulations”), and from that same day
through February 17, the Office conducted a preliminary inquiry, in accordance with the
provisions of Article 11 of the Regulations. This preliminary inquiry was carried out by
the following five people: Shunsuke Ishii, Atsushi Iwama, Haruhiko Koseki, Yoichi
Shinkai, and Tetsuya Taga. In response to the results of this preliminary inquiry, RIKEN
decided to carry out a full investigation as stipulated in Article 12 of the Regulations, and
an Investigative Committee was established on February 17, with Shunsuke Ishii
serving as Chair.

2. Methods and contents of the investigation

2-1. Purpose of the investigation and items investigated
The investigation sought to clarify whether or not the following items constituted
“research misconduct” as defined in Article 12, paragraph 2 of the Regulations.

(1) Obokata, et al, Nature 505:641-647 (2014) (Paper 1)

(1-1) Unnatural appearance of colored cell parts shown by arrows in d2 and d3
images of Figure 1f.

(1-2) In Figure 1i, lane 3 appears to have been inserted later.

(2-3) A part of the Methods section on karyotyping appears to have been copied
from another paper.

(1-4) A part of the procedures described in the Methods section on karyotyping
appears to be different from the actual procedures used in the experiment.

(1-5) The images for Figures 2d and 2e appear to be incorrect, and closely



resemble images in Dr. Obokata’s PhD dissertation.

Haruko Obokata (lead author, corresponding author), Yoshiki Sasai (co-author),
Teruhiko Wakayama (co-author), and Hitoshi Niwa (co-author)

(2) Obokata, et al, Nature 505: 676-680 (2014) (Paper 2)
(2-1) There is a strong resemblance between the rightmost panel in Figure 1b and
the lower panel in 2g, both showing fluorescence in mice placenta.

Haruko Obokata (lead author, corresponding author), Yoshiki Sasai (corresponding
author), Teruhiko Wakayama (corresponding author), Hitoshi Niwa (co-author)

2-2. Individuals investigated
The individuals investigated held the following positions at the time that papers 1
and 2 were submitted and when they were published.

Haruko Obokata

At the time of submission: Research Unit Leader of the Laboratory for Cellular
Reprogramming, RIKEN Center for Developmental Biology

At the time of publication: Same as above

Yoshiki Sasai

At the time of submission: Group Director of the Laboratory for Organogenesis and
Neurogenesis, RIKEN Center for Developmental Biology

At the time of publication: CDB Deputy Director

Teruhiko Wakayama

At the time of submission: Team Leader of the Laboratory for Genomic Reprogramming,
RIKEN Center for Developmental Biology

At the time of publication: Professor at the Faculty of Life and Environmental Sciences,
University of Yamanashi, and Senior visiting Scientist at RIKEN

Hitoshi Niwa

At the time of submission: Project Leader of the Laboratory for Pluripotent Stem Cell
Studies, RIKEN Center for Developmental Biology

At the time of publication: Same as above

2-3. Investigation methods

From February 20 through March 31, 2014, the Investigative Committee collected and
examined the relevant materials and conducted interviews with the individuals
concerned.

The materials included the original data of the experiments described in the papers,
lab notes, files showing the process of creation of the papers, documents provided by
the individuals investigated, emails exchanged among the individuals concerned, and
equipment that was used in the experiments.

In addition, opinions regarding the reconstruction of the imaging data were solicited
from Professor Akihiko Nakano, Laboratory of Developmental Cell Biology, Department
of Biological Sciences, Graduate School of Science, University of Tokyo, who is also
Team Leader of the Live Cell Molecular Imaging Research Team, Extreme Photonics
Research Group, RIKEN Center for Advanced Photonics, and an authority on imaging.

The Investigative Committee based its inquiry on examinations of these materials



and interviews.

2-4. Results of the investigation and opinions

(1-1) Paper 1: Unnatural appearance of colored cell parts shown by arrows in d2
and d3 images of Figure 1f. (Investigation results already covered in
interim report)

Results of investigation

Dr. Obokata stated that she performed the live imaging, from which the still images
published in the paper were made, that she submitted these as compressed images,
that the original images in the submitted manuscript contained no distortion, that she did
not notice the presence of distortion in the published images, and that she does not
know why such distortions were generated.

The submitted original live imaging data were examined. Upon reproducing the
images on several computers, it was confirmed that the images submitted with the
manuscript contained no distortion, while the images in the published papers contained
some distortion.

Dr. Akihiko Nakano explained the possible causes of the distortion as follows.
Although it was not possible to reproduce from the submitted live imaging still images
identical to those in the paper, very similar images were created. Distortions result when
the resolution is decreased and the images are compressed using JPEG or some other
method. Reproducing the same distortion is difficult, because it depends on the degree
of the compression. Therefore, if the distortions were generated in the process of figure
preparation at the Nature editorial office, it is difficult to accurately reproduce those
distortions. It is possible, along with compression, for block noises to be generated that
could cause the appearance of colors that are not in the original image. Given these
reasons, it can be concluded that the published images constitute single frames
captured from the live imaging.

Opinions

It is reasonable to conclude that the still images published in the papers were generated
from the submitted live imaging. The images in the submitted manuscript contained no
distortions, but distortions are evident in the published images. It is plausible these
distortions were produced during figure processing at the Nature editorial office. Block
noise, which can be generated during compression, is a widely known phenomenon.
Therefore, it is judged that there was no falsification in the process of generating the
images in question from the live imaging.

(1-2) In Figure 1i, lane 3 appears to have been inserted later.

Results of investigation

Drs. Obokata and Sasai submitted an electronic file of the photos of the gels on which
Figure 1li is based, lab notes, and a written explanation of the process and methods
used to create the figure. The two were also interviewed separately.

After careful review of all of the information acquired, it was confirmed that Figure 1i
is a processed image of 2 photos taken of 2 pulse-field electrophoresed gels. There
were a total of 29 samples, with samples 1 through 14 electrophoresed on gel 1 and
samples 15 through 29 on gel 2. It was confirmed from the photos of the two gels that
lanes 1, 2, 4, and 5 of Figure 1i correspond to lanes 1, 2, 4, and 5 of gel 1, counting from




the left (standard DNA size marker is lane 0 on the left), and lane 3 corresponds to lane
1 of gel 2 (standard DNA size marker is lane 0 on the left). Lane 3 of gel 1 and lane 1 of
gel 2 were both positive controls indicating the rearrangement of T-cell receptor genes,
and were, respectively, electrophoresed PCR products of CD45" hematopoietic cell
and CD45"/CD3" T lymphocyte DNA.

Regarding the image processing, it was confirmed that in the gel 1 photo of lanes 1,
2, 3,4, and 5, lane 1 of gel 2 was not simply inserted in the location of gel 1's lane 3.
The separation distance of the standard DNA size marker lane in gel 1 is approximately
0.63 times that in the latter gel 2. In preparing Figure 1i, the image of gel 1 was vertically
elongated approximately 1.6 times before inserting the image of gel 2's lane 1. This was
confirmed by the vertical warping seen in the images of dust in gel 1. A light smear in the
photo of gel 2's lane 1 appears to have been erased, suggesting that contrast
adjustments were also made.

When Dr. Obokata was queried on this, she explained that lane 1 of gel 2 was the
most suitable for clearly showing the rearrangement of T-cell receptor genes as a
positive control. She stated that after visually confirming that the log-scale values of
molecular weight and separation distances for the standard DNA size markers had
satisfactory linearity in their respective gels, she vertically elongated the photo of gel 1
and decided on the location for the insertion of lane 3 based on the location data for the
standard DNA size marker. Upon verification, it was found that there was no linearity
between the log-scale values of molecular weight and separation distances of the
standard DNA size markers for gel 1 and gel 2, and that it would have been impossible
to position lane 3 on the basis of the standard DNA size marker location data, as had
been explained. In addition, her explanation was not supported by the fact that even if
the image of lane 3 was positioned in conjunction with the standard DNA size markers
located near the T-cell receptor gene rearrangement band group of lane 3 in Figure 1i,
the T-cell receptor gene rearrangement band group would be placed differently from the
T-cell receptor gene rearrangement band shown in lane 3 of Figure 1i. Contrary to her
explanation, if the image in lane 3 is positioned in reference to the position of the T-cell
receptor gene rearrangement band group in lane 3 of Figure 1i, a discrepancy appears
between the positions of the standard DNA size marker bands in gels 1 and 2. As a
result, this suggests that when Figure 1i was processed, it was not the standard DNA
size marker bands that were taken as the standard, but rather the lane was inserted to
fit with the shape of the T-cell receptor gene rearrangement band group in the adjacent
lane 4.

With regard to the electrophoresed samples, the information provided by Dr.
Obokata, including sample tube labels and the lab notes, indicated that lanes 1, 2, 4,
and 5 in Figure 1i are consistent with the paper, and that the “Lymphocytes” label for
lane 3 refers to CD45"/CD3" T lymphocytes.

Opinions

It is clear from the detailed analysis of the figure in question that it is a composite image
created from two separate images of the electrophoresed gels. The composite was
created by deliberately manipulating—in what can hardly be called a minor way—
images of multiple lanes including the two corresponding to FACS-Sorted Oct4-GFP
positive cell group samples which play an important role in this paper. An image of these
lanes had been vertically elongated approximately 1.6 times, in which a positive control
lane from the other gel was placed after contrast adjustment. Furthermore, in placing
the positive control lane, no scientific considerations were made nor scientifically
reasonable procedures were followed; instead, the lane for the T-cell receptor gene
rearrangement band group was positioned on the basis of visual confirmation. This not



only created the illusion that the data of two different gels belonged to only one gel, but
may also lead to the danger of misinterpretation of the data.

It would appear that Dr. Obokata did not, at that time, sufficiently understand the
prohibitions against the action that she had taken, nor did she appear to know Nature’s
criteria for presenting such data in a way that would not call its authenticity into question.
Even though her direct intent may not have been to deliberately mislead other
researchers or lead them to incorrect interpretations of the data, our conclusion is that
she was aware of the danger. It is evident that her purpose in creating the composite
image was to articulate the T-cell receptor gene rearrangement band and that she did
so without applying scientific consideration or procedures. We therefore conclude that
this was an act of research misconduct corresponding to falsification.

The falsified image was created by Dr. Obokata using her own experimental data.
Drs. Sasai, Wakayama, and Niwa had no involvement in the experiments or in creating
the image data. The three were shown the already altered image prior to the submission
of the paper to Nature without being told that it was a false image. Given that this
alteration could not be easily detected, it must be concluded that there was no research
misconduct on the part of these three researchers.

(1-3) A part of the Methods section on karyotyping in Paper 1 was found to
have been copied from
Guo J., et al.; Multicolor Karyotype Analyses of Mouse Embryonic Stem
Cells. in In Vitro Cell Dev Biol Anim 41(8-9), 278-283 (2005), and this also
was investigated.

(1-4) A part of the procedures described in the Methods section on karyotyping
appears to be different from the actual procedures used in the
experiment.

Results of investigation

Regarding (1-3)

Dr. Obokata explained that in the Genomic Reprogramming Research Team under Dr.
Wakayama, karyotyping was carried out on a day-to-day basis, but that the protocol
used was a very simple one, and deciding that a more detailed explanation was needed,
she referred to a paper that explained the protocol in detail, but forgot to include a note.
She confirmed that she wrote the Methods section, and while she seemed to vaguely
remember copying some part of it, she did not have a copy of the paper from which it
was copied, and did not remember the source. The similarity of the text, the fact that Dr.
Obotaka was not familiar with the protocol, and that the description in the paper does
not correspond exactly to the procedures followed in the actual experiment, lead to the
conclusion that the text was somehow copied from the Guo paper.

Regarding (1-4)

Drs. Wakayama and Obokata, and the staff who carried out the experiment, all
explained that the karyotyping was carried out by Dr. Wakayama'’s staff, and that he
gave the data to Dr. Obokata. The preparation of the cell sample was carried out in line
with the explanation in the Methods section, but Dr. Wakayama explained that his staff
carried out the hybridization and imaging using Applied Spectral Imaging’s SKY FISH
system, which was different from what was written in the Methods section. The image



files, including creation date information, were submitted. Dr. Wakayama explained that
this section under Methods had been written by Dr. Obokata, and that she did not know
the details of the experiment with hybridization and imaging.

Opinions
Regarding (1-3)
The Paper 1 Methods section in question consisted of 17 lines copied from the paper by
Guo J., et al., without citing the source. This is absolutely not allowed, and this is
something that is strictly taught at research institutions and universities. Appropriate
guotation and citing of all sources is a matter of course for all researchers. Dr. Obokata’s
explanation that she did not possess a copy of the Guo paper, did not remember where
she had copied the text from, and that it was simply oversight, is highly questionable.
Still, given the content of the text and the volume that was copied, the failure to cite
the source cannot automatically be judged to have been done deliberately. Dr. Obokata
correctly cites her sources in 40 places in the main text of the paper and in one other
place in the Methods section. The Methods section in question is the only place where
she fails to do so. Karyotyping is commonly carried out in many laboratories, and the
same procedures are generally used. If Dr. Obokata was unfamiliar with the procedures,
her explanation that Dr. Wakayama’s protocol was a very simple one, and that she
therefore searched for a more detailed explanation, is understandable. Given that the
text she found provided an explanation of generally carried out procedures, it is not so
irrational that she has no memory of where she got the text from. Likewise, the fact that
she did not possess a copy of the Guo paper does not contradict her explanation that
she merely forgot to cite the source. Her lack of memory on this point makes it
impossible to conclude that her failure to cite the source constitutes misconduct.

Regarding (1-4)

Dr. Obokata failed to check the accuracy of her description with those who actually
carried out the procedures or with Dr. Wakayama or the other co-authors. The
co-authors also failed to check this section carefully before the paper was published. It
is evident that some of the procedures in the description are different from what was
actually carried out, but this cannot be judged as research misconduct.

The inaccuracies of (1-3) and (1-4) can be judged as the result of oversight, but a
scientist has an obvious obligation to accurately record experimental procedures, and
proper citation of quoted text is fundamental. Plagarism is unacceptable.

This experiment was carried out by Dr. Wakayama's staff, and the inaccuracy of the
text could have been easily corrected if Dr. Wakayama had carefully checked this
portion of the paper, and in this respect he bears responsibility. Still, his failure to detect
Dr. Obokata's error was simple oversight, not research misconduct. There is no
judgement of misconduct for Drs. Sasai and Niwa as they were not involved in this
experiment.

(1-5) The images for Figures 2d and 2e appear to be incorrect, and closely
resemble images in Dr. Obokata’s PhD dissertation.

Results of investigation

On February 20, the committee was presented by Drs. Sasai and Obokata with a
request for correction and with supporting documentation. They brought up two points:
One was that some of the immunofluorescence images of in vitro differentiated cells and
teratoma (the central image in the bottom row of Figure 2d and the three images in the




bottom row of Figure 2e), actually were derived from STAP cells created out of bone
marrow hematopoietic cells but not spleen hematopoietic cells; and the second point
was that they were thinking of replacing the incorrect images. The supporting
documentation they provided consisted of these image files. Dr. Obokata explained that
she mistook the images because both the spleen and bone marrow hematopoietic cell
samples had the same “hemato” (hematopoietic) label.

Later, it was discovered that the images in Paper 1 very closely resembled images
she had used in her doctoral dissertation for Waseda University. At the time the request
was made for a correction, however, it was not explained that the images had come
from Dr. Obokata’'s doctoral thesis. Both Dr. Sasai and Dr. Obokata said that they had
thought it was allowable to use images from a doctoral thesis for a paper to be
submitted to an academic journal and that there was therefore no need to explain that
this is what had been done.

Paper 1 presents STAP cells created by subjecting the spleen cells of a 1-week old
mouse to an acid bath, while in Dr. Obokata’s doctoral thesis she describes acquiring
“sphere” cells (sphere-shaped cell clusters) by forcing the bone marrow cells of a 3 to
4-week old mouse through a narrow pipette in a process of applying mechanical stress
to the cells. The two experimental conditions are quite different. Dr. Obokata claims not
to have sufficiently recognized the difference between the two experiments and to have
made a simple mistake in using the wrong images. An analysis of the images in Paper 1
confirmed that they were copied from a similarly positioned figure in her doctoral thesis.
It was also found that the images in Paper 1 were the same as those in the paper that
was submitted to Nature in April 2012 and which had been rejected. It was confirmed
that in this rejected paper, there were 3 immunofluorescence images of differentiated
cells from the “sphere” cells acquired through the mechanical stress procedure outlined
in Dr. Obokata’s doctoral thesis, 3 hematoxylin and eosin stained images of teratoma
generated by the “sphere” cells, as well as 3 more immunofluorescence images of
teratoma, all closely resembling images in her doctoral thesis. When she later
resubmitted her paper to Nature, Dr. Obokata replaced some of these images with
those of STAP cells acquired through the acid treatment, but she explained that even
then she did not notice the other incorrect images. We attempted to trace the source of
the image data by looking through her lab notes, but there were only two notebooks
covering a span of three years, and these contained so little detail that it was impossible
to scientifically trace the source of the image data.

Dr. Sasai was informed of the incorrect images by Dr. Obokata only a few days
before the February 20 interviews with the investigative committee. He explained that
he immediately instructed Dr. Obokata to prepare accurate image data so that the
submitted paper could be corrected. The immunofluorescence images of teratoma
that were submitted to replace the incorrect images were created on February 19. Both
Dr. Sasai and Dr. Obokata expressed deep regret for not telling the investigative
committee that material had been used from a doctoral thesis, explaining that they had
assumed it was permissible to do so, and that they did not think an explanation was
necessary because they had been able to produce the correct images for replacement.

Opinions

It was determined that Dr. Obokata had used images in Paper 1 that very closely
resembled images in her doctoral thesis. Yet the experimental criteria for the two papers
were different. The core message of Paper 1 was that a very easy method using an acid
bath had been discovered. It is hard to believe that Dr. Obokata was unaware of the
different experiment conditions when she prepared the images. Also, there are traces
around the images in Paper 1 that suggest they were cut out of an identical



arrangement of images in the doctoral thesis. This makes it very difficult to accept Dr.
Obokata’s assertion that she cut and pasted the images from the thesis to Paper 1
without realizing that they represented completely different experimental procedures.
Still, it was found that data was handled extremely carelessly, so it is possible that data
of unknown origin that could not be verified or traced scientifically was used in the
submitted paper. Regardless, this data was extremely important in showing the
pluripotency of the STAP cells, and the actions taken by Dr. Obokata completely
undermine the credibility of the data. There is no doubt that she was fully aware of this
danger, and we therefore conclude that this was an act of research misconduct
involving fabrication.

Dr. Obokata carried out experiments to produce teratomas when she was working
in Dr. Wakayama'’s laboratory as a visiting researcher, and later as the head of her own
laboratory. As a laboratory head and the supervisor of these kinds of experiments, Dr.
Wakayama had a responsibility to check the validity and accuracy of the data and to
ensure that all data were handled properly. Dr. Sasai, also, was substantially involved in
overseeing the writing of the paper, and was therefore equally responsible for
confirming the validity and accuracy of the data. They were negligent in allowing this
kind of fabrication, but though this does not extend to confirmation of their direct
involvement in the fabrication, they still bear heavy responsibility given their standing. Dr.
Niwa, on the other hand, did not become involved until at a very late stage in the paper
preparation, and is therefore not considered to have been involved in research
misconduct.

It is to be noted that the original explanations about the mistaken images by Dr.
Sasai and others were insufficient. This failure endangered the accuracy of the
investigation and an honest response was called for.

(2-1) Paper 2: Regarding the images of fluorescence in mice placenta, the
rightmost panel in Figure 1b is very similar to the lower panel in Figure 2g.

Results of investigation

Dr. Wakayama explained that these were two photos of the same chimera mouse
generated from STAP cells, taken from different angles by Dr. Wakayama himself. He
explained that he handed them to Dr. Obokata as electronic files after labeling them and
including them with other chimeric embryo images.

Dr. Obokata explained that she obtained the two images from Dr. Wakayama, and
with Dr. Sasai used them in preparing the figures for the paper. During the preliminary
production of the paper, Dr. Obokata inserted the image under Fig. 2g as a control for
comparison between STAP cells and the Fl stem cells. Then, in the process of writing by
Dr. Sasai, the structure of the paper changed, the order of the figures changed, and the
image became unnecessary, so a decision was made not to include it. However, Dr.
Obokata explained that they forgot to remove the image when they were editing the
figures for the paper. Dr. Sasai further explained that the paper was submitted without
him realizing the image had not been deleted, and that he failed to notice this during the
editing and proofreading processes. He also explained that he neglected to instruct Dr.
Obokata to delete the figure.

The bottom image of Figure 2g shows placenta GFP expression, but both the text
and caption refer to embryo GFP expression, which only explains the top image of
Figure 2g. The investigative committee was presented with date-stamped files showing
the original structure of the figures with the location of the images and copies of the
corresponding lab notes.




Opinions

The fluorescence placenta in Figure 1b (right panel) and that in Fig. 2g (bottom panel)
are images that originated from the same chimera. There are, however, other images in
the paper that are not referred to, either in the text or the figure legends, and it is
possible to surmise that the bottom panel of Fig. 2g was included to show the existience
of GFP-positive cells. Still, considering the fact that not all versions of the paper’s editing
were preserved so that the investigative committee could reconstruct the exact process
as had been explained, it is plausible, given the date-stamped file data described above,
that there was a previous version with the figures in a different position. As has already
been pointed out, there are other images in the paper that are not referred to, either in
the text or figure legends. Further investigation suggests that while there may be other
reasons for these omissions besides forgetfullness, there are no materials that directly
indicate anything exceeding negligence . Although this could be considered “falsification”
as defined in RIKEN'’s Regulations on the Prevention of Research Misconduct, there is
no evidence suggesting anything exceeding negligence, and this, therefore, is not
judged to constitute research misconduct.

3. Summary

We concluded that there was research misconduct by Dr. Obokata on two points.
Research misconduct warps the essence of science and significantly undermines
credibility, not only within the science community, but also with the general public.
Research misconduct is prohibited precisely because of the need to ensure robust,
healthy exchange of information among scientists in their search for truth, and to
promote the advancement of science. In manipulating the image data of two different
gels and using data from two different experiments, Dr. Obokata acted in a manner that
can by no means be permitted. This cannot be explained solely by her immaturity as a
researcher. Given the poor quality of her laboratory notes it has become clearly evident
that it will be extremely difficult for anyone else to accurately trace or understand her
experiments, and this, too, is considered a serious obstacle to healthy information
exchange. Dr. Obokata’s actions and sloppy data management lead us to the
conclusion that she sorely lacks, not only a sense of research ethics, but also integrity
and humility as a scientific researcher. We were also forced to conclude that the normal
system by which senior researchers should have been carefully checking all raw data
did not work in this case. None of the other persons investigated were found to have
actively participated in any kind of research misconduct, but as has already been noted,
Drs. Wakayama and Sasai allowed the papers to be submitted to Nature without
verifying the accuracy of the data, and they bear heavy responsibility for the research
misconduct that resulted from this failure on their part.

Among the possible reasons for the failure of the normal system of checking on
research results, is the change in research environment and the involvement of several
senior researchers. Dr. Obokata continued research she had started at another
institution at CDB, first while working in the Wakayama laboratory as a visiting
researcher, and then later as the head of her own laboratory. As she neared the point of
attaining results, Drs. Sasai and Niwa, two senior researchers other than Dr. Wakayama,
became involved in reinforcing the data and writing the papers.

RIKEN must examine why the normal checking mechanisms did not function as
they should have, and reconsider such issues as how responsibility should be allocated
among different groups working together on joint research and among paper co-authors.
RIKEN should also reexamine the whole process of data management, including the



management of laboratory notebooks, as well as the process from research proposal to
collating results and presenting them in papers. RIKEN must promptly institute specific
measures to ensure that this kind of research misconduct will never happen again.
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Stimulus-triggered fate conversion of
somatic cells into pluripotency

Haruko Obokatab?3, Teruhiko Wakayama®t, Yoshiki Sasai®, Koji Kojima', Martin P. Vacanti*®, Hitoshi Niwa®, Masayuki Yamato’

& Charles A. Vacanti'

Here we report a unique cellular reprogramming phenomenon, called stimulus-triggered acquisition of pluripotency
(STAP), which requires neither nuclear transfer nor the introduction of transcription factors. In STAP, strong external
stimuli such as a transient low-pH stressor reprogrammed mammalian somatic cells, resulting in the generation of plu-
ripotent cells. Through real-time imaging of STAP cells derived from purified lymphocytes, as well as gene rearrange-
ment analysis, we found that committed somatic cells give rise to STAP cells by reprogramming rather than selection.
STAP cells showed a substantial decrease in DNA methylation in the regulatory regions of pluripotency marker genes.
Blastocyst injection showed that STAP cells efficiently contribute to chimaeric embryos and to offspring via germline
transmission. We also demonstrate the derivation of robustly expandable pluripotent cell lines from STAP cells. Thus, our
findings indicate that epigenetic fate determination of mammalian cells can be markedly converted in a context-dependent

manner by strong environmental cues.

In the canalization view of Waddington’s epigenetic landscape, fates
of somatic cells are progressively determined as cellular differentiation
proceeds, like going downhill. It is generally believed that reversal of
differentiated status requires artificial physical or genetic manipulation
of nuclear function such as nuclear transfer* or the introduction of
multiple transcription factors®. Here we investigated the question of
whether somatic cells can undergo nuclear reprogramming simply in
response to external triggers without direct nuclear manipulation. This
type of situation is known to occur in plants—drastic environmental
changes can convert mature somatic cells (for example, dissociated carrot
cells) into immature blastema cells, from which a whole plant structure,
including stalks and roots, develops in the presence of auxins®. A chal-
lenging question is whether animal somatic cells have a similar potential
that emerges under special conditions. Over the past decade, the pres-
ence of pluripotent cells (or closely relevant cell types) in adult tissues
has been a matter of debate, for which conflicting conclusions have
been reported by various groups®'. However, no study so far has proven
that such pluripotent cells can arise from differentiated somatic cells.

Haematopoietic cells positive for CD45 (leukocyte common antigen) are
typical lineage-committed somatic cells that never express pluripotency-
related markers such as Oct4 unless they are reprogrammed'>'*. We
therefore addressed the question of whether splenic CD45 ™" cells could
acquire pluripotency by drastic changes in their external environment
such as those caused by simple chemical perturbations.

Low pH triggers fate conversion in somatic cells

CD45™ cells were sorted by fluorescence-activated cell sorting (FACS)
from the lymphocyte fraction of postnatal spleens (1-week old) of
C57BL/6 mice carrying an Oct4-gfp transgene', and were exposed
to various types of strong, transient, physical and chemical stimuli
(described below). We examined these cells for activation of the Oct4
promoter after culture for several days in suspension using DMEM/F12
medium supplemented with leukaemia inhibitory factor (LIF) and B27

(hereafter called LIF+B27 medium). Among the various perturbations,
we were particularly interested in low-pH perturbations for two reasons.
First, as shown below, low-pH treatment turned out to be most effective
for the induction of Oct4. Second, classical experimental embryology
has shown that a transient low-pH treatment under ‘sublethal’ conditions
can alter the differentiation status of tissues. Spontaneous neural conver-
sion from salamander animal caps by soaking the tissues in citrate-based
acidic medium below pH 6.0 has been demonstrated previously*>™".

Without exposure to the stimuli, none of the cells sorted with CD45
expressed Oct4-GFP regardless of the culture period in LIF+B27 medium.
In contrast, a 30-min treatment with low-pH medium (25-min incuba-
tion followed by 5-min centrifugation; Fig. 1a; the most effective range
was pH 5.4-5.8; Extended Data Fig. 1a) caused the emergence of sub-
stantial numbers of spherical clusters that expressed Oct4-GFP in day-7
culture (Fig. 1b). Substantial numbers of GFP* cells appeared in all cases
performed with neonatal splenic cells (n = 30 experiments). The emer-
gence of Oct4-GFP™ cells at the expense of CD45 * cells was also observed
by flow cytometry (Fig. 1c, top, and Extended Data Fig. 1b, ¢). We next
fractionated CD45™" cells into populations positive and negative for
CD90 (T cells), CD19 (B cells) and CD34 (haematopoietic progenitors'®),
and subjected them to low-pH treatment. Cells of these fractions,
including T and B cells, generated Oct4-GFP ™ cells at an efficacy com-
parable to unfractionated CD45™" cells (25-50% of surviving cells on
day 7), except for CD34 " haematopoietic progenitors'?, which rarely
produced Oct4-GFP™ cells (<2%; Extended Data Fig. 1d).

Among maintenance media for pluripotent cells*’, the appearance
of Oct4-GFP™ cells was most efficient in LIF+B27 medium, and did
not occur in mouse epiblast-derived stem-cell (EpiSC) medium*"**
(Extended Data Fig. 1e). The presence or absence of LIF during days
0-2 did not substantially affect the frequency of Oct4-GFP™ cell gen-
eration on day 7 (Extended Data Fig. 1f), whereas the addition of LIF
during days 4-7 was not sufficient, indicating that LIF dependency
started during days 2-4.

!Laboratory for Tissue Engineering and Regenerative Medicine, Brigham and Women's Hospital, Harvard Medical School, Boston, Massachusetts 02115, USA. 2Laboratory for Cellular Reprogramming,
RIKEN Center for Developmental biology, Kobe 650-0047, Japan. 3Laboratory for Genomic Reprogramming, RIKEN Center for Developmental biology, Kobe 650-0047, Japan. “Laboratory for
Organogenesis and Neurogenesis, RIKEN Center for Developmental biology, Kobe 650-0047, Japan. ®Department of Pathology, Irwin Army Community Hospital, Fort Riley, Kansas 66442, USA.

S aboratory for Pluripotent Stem Cell Studies, RIKEN Center for Developmental biology, Kobe 650-0047, Japan. Institute of Advanced Biomedical Engineering and Science, Tokyo Women'’s Medical
University, Tokyo 162-8666, Japan. tPresent address: Faculty of Life and Environmental Sciences, University of Yamanashi, Yamanashi 400-8510, Japan.
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Figure 1 | Stimulus-triggered conversion of lymphocytes into Oct4-GFP*
cells. a, Schematic of low-pH treatment. b, Oct4-GFP™ cell clusters appeared in
culture of low-pH-treated CD45™" cells (middle; high magnification, right) on
day 7 (d7) but not in culture of control CD45" cells (left). Top: bright-field
view; bottom, GFP signals. Scale bar, 100 pm. ¢, FACS analysis. The x axis
shows CD45 epifluorescence level; y axis shows Oct4-GFP level. Non-treated,
cultured in the same medium but not treated with low pH. d, GFP™ (green) and
GFP™ (yellow) cell populations (average cell numbers per visual field; X10
objective lens). n = 25; error bars show average = s.d. e, Snapshots of live
imaging of culture of low-pH-treated CD45 ™" cells (Oct4-gfp). Arrows indicate
cells that started expressing Oct4-GFP. Scale bar, 50 pm. f, Cell size reduction in

Most of the surviving cells on day 1 were still CD45 " and Oct4-GFP .
On day 3, the total cell numbers were reduced to between one-third to
one-half of the day 0 population (Fig. 1d; see Extended Data Fig. 1g, h
for apoptosis analysis), and a substantial number of total surviving cells
became Oct4-GFP ™ (Fig. 1d), albeit with relatively weak signal inten-
sity. On day 7, a significant number of Oct4-GFP " CD45 ™ cells (one-half
to two-thirds of total surviving cells) constituted a distinct population
from the Oct4-GFP~ CD45 "~ cells (Fig. 1c, top, day 7, and Fig. 1d). No
obvious generation of Oct4-GFP " CD45 ™ populations was seen in non-
treated CD45 " cells cultured similarly but without low-pH treatment
(Fig. 1c, bottom).

Low-pH-treated CD45 ™ cells, but not untreated cells, gradually turned
on GFP signals over the first few days (Fig. 1e, Supplementary Videos 1
and 2 and Extended Data Fig. 2a), whereas CD45 immunoreactivity
became gradually reduced in the cells that demonstrated Oct4-GFP
expression (Fig. 1fand Extended Data Fig. 2b). By day 5, the Oct4-GFP™
cells attached together and formed clusters by accretion. These GFP™
clusters (but not GFP ™~ cells) were quite mobile and often showed cell
processes on moving (Supplementary Video 1).

The Oct4-GFP* cells demonstrated a characteristic small cell size
with little cytoplasm and also showed a distinct fine structure of the
nucleus compared with that of parental CD45* lymphocytes (Fig. 1g).
The Oct4-GFP™ cells on day 7 were smaller than non-treated CD45™*
cells (Fig. 1g, h and Extended Data Fig. 2c) and embryonic stem (ES)
cells (Fig. 1h), both of which are generally considered to be small in
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low-pH-treated CD45 ™ cells on day 1 before turning on Oct4-GFP without cell
division on day 2. In this live imaging, cells were plated at a half density for
easier viewing of individual cells. Scale bar, 10 pm. g, Electron microscope
analysis. Scale bar, 1 pum. h, Forward scattering analysis of Oct4-GFP~CD45™"
cells (red) and Oct4-GFP*CD45 ™ cells (green) on day 7. Blue line, ES cells.

i, Genomic PCR analysis of (D)] recombination at the Tcrb gene. GL is the size
of the non-rearranged germline type, whereas the smaller ladders correspond
to the alternative rearrangements of ] exons. Negative controls, lanes 1, 2;
positive controls, lane 3; FACS-sorted Oct4-GFP™ cells (two independent
preparations on day 7), lanes 4, 5.

size. The diameter of low-pH-treated CD45™" cells became reduced
during the first 2 days, even before they started Oct4-GFP expression
(Fig. 1f), whereas the onset of GFP expression was not accompanied
by cell divisions. Consistent with this, no substantial 5-ethynyl-2'-
deoxyuridine (EdU) uptake was observed in the Oct4-GFP™ cells after
the stressor (Extended Data Fig. 2d).

The lack of substantial proliferation argues against the possibility
that CD45 " cells, contaminating as a very minor population in the
FACS-sorted CD45 " cells, quickly grew and formed a substantial Oct4-
GFP™ population over the first few days after the low-pH treatment.
In addition, genomic rearrangements of Tcrb (T-cell receptor gene)
were observed in Oct4-GFP™ cells derived from FACS-purified CD45 ™"
cells and CD90"CD45™" T cells (Fig. 1, lanes 4, 5, and Extended Data
Fig. 2e-g), indicating at least some contribution from lineage-committed
T cells. Thus, Oct4-GFP ™ cells were generated de novo from low-pH-
treated CD45 " haematopoietic cells by reprogramming, rather than
by simple selection of stress-enduring cells®.

Low-pH-induced Oct4™ cells have pluripotency

On day 7, the Oct4-GFP™ spheres expressed pluripotency-related marker
proteins®® (Oct4, SSEA1, Nanog and E-cadherin; Fig. 2a) and marker
genes (Oct4, Nanog, Sox2, Ecatl (also called Khdc3), Esgl (Dppa5a),
Dax1 (Nrobl) and Rex1 (Zfp42); Fig. 2b and Extended Data Fig. 3a) in
a manner comparable to those seen in ES cells*. Moderate levels of
expression of these pluripotency marker genes were observed on day 3
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(Fig. 2b and Extended Data Fig. 3b). Notably, the Oct4-GFP™ cells on
day 3, but not on day 7, expressed early haematopoietic marker genes
such as FlkI (also called Kdr) and Tall (Extended Data Fig. 3¢), indicating
that Oct4-GFP " cells on day 3, as judged by their expression pattern at
the population level, were still in a dynamic process of conversion.
Onday7, unlike CD45* cells and like ES cells, low-pH-induced Oct4-
GFP" cells displayed extensive demethylation at the Oct4 and Nanog
promoter areas (Fig. 2¢), indicating that these cells underwent a substantial
reprogramming of epigenetic status in these key genes for pluripotency.
Invitro differentiation assays>>>” demonstrated that low-pH-induced
Oct4-GFP™ cells gave rise to three-germ-layer derivatives (Fig. 2d) as
well as visceral endoderm-like epithelium (Extended Data Fig. 3d).
When grafted into mice, low-pH-induced Oct4-GFP™ cell clusters formed
teratomas (40%, n = 20) (Fig. 2e and Extended Data Fig. 4a—c) but no
teratocarcinomas that persistently contained Oct4-GFP™ cells (n = 50).
Because some cellular variation was observed in the signal levels of
Oct4-GFP within the clusters, we sorted GFP-strong cells (a major popu-
lation) and GFP-dim cells (a minor population) by FACS on day 7 and
separately injected them into mice. In this case, only GFP-strong cells
formed teratomas (Extended Data Fig. 4d). In quantitative polymerase
chain reaction (QPCR) analysis, the GFP-strong population expressed

Mesoderm
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Figure 2 | Low-pH-induced Oct4-GFP" cells
represent pluripotent cells. a, Immunostaining
for pluripotent cell markers (red) in day 7 Oct4-
GFP" (green) clusters. DAPI, white. Scale bar,

50 um. b, qPCR analysis of pluripotency marker
genes. From left to right, mouse ES cells; parental
CD45™ cells; low-pH-induced Oct4-GFP™ cells on
day 3; low-pH-induced Oct4-GFP* cells on day 7.
n = 3; error bars show average * s.d. ¢, DNA
methylation study by bisulphite sequencing. Filled
and open circles indicate methylated and non-
methlylated CpG, respectively. d, Inmunostaining
analysis of in vitro differentiation capacity of day 7
Oct4-GFP" cells. Ectoderm: the neural markers
Sox1/Tuj1 (100%, n = 8) and N-cadherin (100%,
n = 5). Mesoderm: smooth muscle actin (50%,

n = 6) and brachyury (40%, n = 5). Endoderm:
Sox17/E-cadherin (67%, n = 6) and Foxa2/Pdgfro
(67%, n = 6). Scale bar, 50 um. e, Teratoma
formation assay of day 7 clusters of Oct4-GFP™
cells. Haematoxylin and eosin staining showed
keratinized epidermis (ectoderm), skeletal muscle
(mesoderm) and intestinal villi (endoderm),
whereas immunostaining showed expression of
Tujl (neurons), smooth muscle actin and
a-fetoprotein. Scale bar, 100 pm. f-i, Dissociation
culture of ES cells and STAP cells (additional 7 days
from day 7; f, g) on gelatin-coated dishes. Top,
bright-field; bottom, alkaline phosphatase (AP)
staining. Partially dissociated STAP cells slowly
generated small colonies (i), whereas dissociated
STAP cells did not, even in the presence of the
ROCK inhibitor (g, h), which allows dissociation
culture of EpiSCs™.
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Oct4 promoter ~ Oct4 promoter
O 0 0
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pluripotency marker genes but not early lineage-specific marker genes,
whereas the GFP-dim cells showed substantial expression of some early
lineage-specific marker genes (FlkI, Gata2, Gata4, Pax6 and Sox17;
Extended Data Fig. 4e) but not Nanog and RexI. These observations
indicate that three-germ-layer derivatives were generated from the GFP-
strong cells expressing pluripotency marker genes, rather than from
GFP-dim cells that seem to contain partially reprogrammed cells.

Collectively, these findings show that the differentiation state of a
committed somatic cell lineage can be converted into a state of pluri-
potency by strong stimuli given externally. Hereafter, we refer to the
fate conversion from somatic cells into pluripotent cells by strong
external stimuli such as low pH as ‘stimulus-triggered acquisition of
pluripotency’ (STAP) and the resultant cells as STAP cells. Under their
establishment conditions, these STAP cells were rarely proliferative
(Extended Data Figs 2d and 5a, b). Comparative genomic hybridiza-
tion array analysis of STAP cells indicated no major global changes in
chromosome number (Extended Data Fig. 5¢).

STAP cells compared to ES cells

STAP cells, unlike mouse ES cells, showed a limited capacity for self-
renewal in the LIF-containing medium and did not efficiently form
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colonies in dissociation culture (Fig. 2f, g), even in the presence of
the ROCK inhibitor Y-27632, which suppresses dissociation-induced
apoptosis®®*® (Fig. 2h). Also, even under high-density culture condi-
tions after partial dissociation (Fig. 2i), STAP cell numbers started to
decline substantially after two passages. Furthermore, expression of
the ES cell marker protein Esrrf3 was low in STAP cells (Extended Data
Fig. 5d, e). In general, female ES cells do not show X-chromosomal
inactivation® and contain no H3K27me3-dense foci (indicative of inac-
tivated X chromosomes), unlike female CD45* cells and EpiSCs. In
contrast, H3K27me3-dense foci were found in ~40% of female STAP
cells strongly positive for Oct4-GFP (Extended Data Fig. 5f, g).

STAP cells were also dissimilar to mouse EpiSCs, another category
of pluripotent stem cell*******!, and were positive for KIf4 and negative
for the epithelial tight junction markers claudin 7 and ZO-1 (Extended
Data Fig. 5d, e).

STAP cells from other tissue sources

We next performed similar conversion experiments with somatic cells
collected from brain, skin, muscle, fat, bone marrow, lung and liver tissues
of 1-week-old Oct4-gfp mice. Although conversion efficacy varied, the
low-pH-triggered generation of Oct4-GFP ™ cells was observed in day
7 culture of all tissues examined (Fig. 3a and Extended Data Fig. 6a—c),
including mesenchymal cells of adipose tissues (Fig. 3a—c) and neonatal
cardiac cells that were negatively sorted for CD45 by FACS (Fig. 3d-g;
see Extended Data Fig. 6d for suppression of cardiac genes such as Nkx2-5
and cardiac actin).

Chimaera formation and germline transmission in mice

We next performed a blastocyst injection assay with STAP cells that
were generated from CD45 ™" cells of neonatal mice constitutively express-
ing GFP (this C57BL/6 line with cag-gfp transgenes is referred to here-
after as B6GFP). We injected STAP cell clusters en bloc that were manually
cut into small pieces using a microknife (Fig. 4a). A high-to-moderate
contribution of GFP-expressing cells was seen in the chimaeric embryos
(Fig. 4b and Extended Data Fig. 7a). These chimaeric mice were born

RETRACTED

at a substantial rate and all developed normally (Fig. 4c and Extended
Data Fig. 7b).

CD45™ cell-derived STAP cells contributed to all tissues examined
(Fig. 4d). Furthermore, offspring derived from STAP cells were born
to the chimaeric mice (Fig. 4e and Extended Data Fig. 7c), demon-
strating their germline transmission, which is a strict criterion for pluri-
potency as well as genetic and epigenetic normality®>*. Furthermore,
in a tetraploid (4N) complementation assay, which is considered to be
the most rigorous test for developmental potency®*** (Fig. 4a, bottom),
CD457 cell-derived STAP cells (from F, mice of BGGFP X 129/Sv
or DBA/2) generated all-GFP™* embryos on embryonic day (E)10.5
(Fig. 4f, Extended Data Fig. 7d and Supplementary Video 3), demon-
strating that STAP cells alone are sufficient to construct an entire embry-
onic structure. Thus, STAP cells have the developmental capacity to
differentiate into all somatic-cell lineages as well as germ-cell lineages
in vivo.

Expandable pluripotent cell lines from STAP cells

STAP cells have a limited self-renewal capacity under the conditions
used for establishment (Fig. 2g and Extended Data Figs 2e and 5a).
However, in the context of the embryonic environment, a small frag-
ment ofa STAP cell cluster could grow even into a whole embryo (Fig. 4f).
With this in mind, we next examined whether STAP cells have the
potential to generate expandable pluripotent cell lines in vitro under
certain conditions.

STAP cells could not be efficiently maintained for additional pas-
sages in conventional LIF+FBS-containing medium or 2i medium?
(most STAP cells died in 2i medium within 7 days; Extended Data
Fig. 8a). Notably, an adrenocorticotropic hormone (ACTH)+LIF-
containing medium (hereafter called ACTH medium) known to facil-
itate clonal expansion of ES cells*® supported outgrowth of STAP cell
colonies. When cultured in this medium on a MEF feeder or gelatin, a
portion of STAP cell clusters started to grow (Fig. 5a, bottom; such
outgrowth was typically found in 10-20% of wells in single cluster
culture using 96-well plates and in >75% when 12 clusters were plated
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Figure 3 | STAP cell conversion from a variety of cells by low-pH treatment.
a, Percentage of Oct4-GFP™ cells in day 7 culture of low-pH-treated cells from
different origins (1 X 10° cells per ml X 3 ml). The number of surviving cells
on day 7 compared to the plating cell number was 20-30%, except for lung,
muscle and adipose cells, for which surviving cells were ~10% (n=3,

average * s.d.). b, Oct4-GFP™ cell clusters were induced by low-pH treatment
from adipose-tissue-derived mesenchymal cells on day 7. Scale bar, 100 pm.
¢, Expression of pluripotent cell markers in day 7 clusters of low-pH-treated
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adipose-tissue-derived mesenchymal cells. Scale bar, 50 um. d, Expression of
pluripotency marker genes in STAP cells derived from various tissues. Gene
expressions were normalized by Gapdh (n = 3, average * s.d.). Asterisk
indicates adipose tissue-derived mesenchymal cells. e, Quantification of
Oct4-GFP™ cells in culture of low-pH-treated neonatal cardiac muscle cells.
**kP < 0.001; Tukey’s test (n = 3). f, Generation of Oct4-GFP™ cell clusters
(d7) from CD45 ™ cardiac muscle cells. g, qPCR analysis of pluripotency marker
genes in STAP cells from CD45™ cardiac muscle cells.
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Figure 4 | Chimaeric mouse generation from STAP cells. a, Schematic of
chimaeric mouse generation. b, E13.5 chimaera fetuses from 2N blastocytes
injected with STAP cells (derived from B6GFP CD45™ cells carrying cag-gfp).
¢, Adult chimaeric mice generated by STAP-cell (B6GFP X 129/Sv; agouti)
injection into blastocysts (ICR strain; albino). Asterisk indicates a highly
contributed chimaeric mouse. d, Chimaera contribution analysis. Tissues from
nine pups were analysed by FACS. e, Offspring of chimaeric mice derived
from STAP cells. Asterisk indicates the same chimaeric mouse shown in

c. f, E10.5 embryo generated in the tetraploid complementation assay with
STAP cells (B6GFP X 129/Sv).

per well). These growing colonies looked similar to those of mouse ES
cells and expressed a high level of Oct4-GFP.

After culturing in ACTH medium for 7 days, this growing popu-
lation of cells, unlike parental STAP cells, could be passaged as single
cells (Fig. 5a, bottom, and Fig. 5b), grow in 2i medium (Extended Data
Fig. 8a) and expand exponentially, up to at least 120 days of culture
(Fig. 5¢; no substantial chromosomal abnormality was seen; Extended
Data Fig. 8b, c). Hereafter, we refer to the proliferative cells derived
from STAP cells as STAP stem cells.
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STAP stem cells expressed protein and RNA markers for pluripo-
tent cells (Fig. 5d, e), showed low DNA methylation levels at the Oct4
and Nanog loci (Extended Data Fig. 8d), and had a nuclear fine struc-
ture similar to that of ES cells (Extended Data Fig. 8e; few electron-
dense areas corresponding to heterochromatin). In differentiation
culture®®?, STAP stem cells generated ectodermal, mesodermal and
endodermal derivatives in vitro (Fig. 5f-h and Extended Data Fig. 8f, g),
including beating cardiac muscles (Supplementary Video 4), and formed
teratomas in vivo (Fig.5i and Extended Data Fig. 8h; no teratocarci-
nomas, n = 40). After blastocyst injection, STAP stem cells efficiently
contributed to chimaeric mice (Fig. 5j), in which germline transmis-
sion was seen (Extended Data Fig. 8i). Even in tetraploid complemen-
tation assays, injected STAP stem cells could generate mice capable of
growing to adults and producing offspring (Fig. 5k, I; in all eight inde-
pendent lines, Extended Data Fig. 8;j).

In addition to their expandability, we noticed at least two other
differences between STAP stem cells and parental STAP cells. First,
the expression of the ES cell marker protein Esrrf3, which was unde-
tectable in STAP cells (Extended Data Fig. 5d, e), was clearly seen in
STAP stem cells (Fig. 5e). Second, the presence of H3K27me3 foci,
which was found in a substantial proportion of female STAP cells, was
no longer observed in STAP stem cells (Extended Data Figs 5f and 8k).
Thus, STAP cells have the potential to give rise to expandable cell lines
that exhibit features similar to those of ES cells.

Discussion

This study has revealed that somatic cells latently possess a surprising
plasticity. This dynamic plasticity—the ability to become pluripotent
cells—emerges when cells are transiently exposed to strong stimuli that
they would not normally experience in their living environments.

Low-pH treatment was also used in the ‘autoneuralization’ experi-
ment"*"” by Holtfreter in 1947, in which exposure to acidic medium
caused tissue-autonomous neural conversion of salamander animal
caps in vitro in the absence of Spemann’s organizer signals. Although
the mechanism has remained elusive, Holtfreter hypothesized that the
strong stimulus releases the animal cap cells from some intrinsic inhib-
itory mechanisms that suppress fate conversion or, in his words, they
pass through ‘sublethal cytolysis’ (meaning stimulus-evoked lysis of
the cell’s inhibitory state)'>. Although Holtfreter’s study and ours differ
in the direction of fate conversion—orthograde differentiation and nuc-
lear reprogramming, respectively—these phenomena may share some
common aspects, particularly with regard to sublethal stimulus-evoked
release from a static (conversion-resisting) state in the cell.

A remaining question is whether cellular reprogramming is initiated
specifically by the low-pH treatment or also by some other types of sub-
lethal stress such as physical damage, plasma membrane perforation,
osmotic pressure shock, growth-factor deprivation, heat shock or high
Ca®" exposure. At least some of these stressors, particularly physical
damage by rigorous trituration and membrane perforation by strepto-
lysin O, induced the generation of Oct4-GFP ™ cells from CD45 " cells
(Extended Data Fig. 9a; see Methods). These findings raise the possi-
bility that certain common regulatory modules, lying downstream of
these distantly related sublethal stresses, act as a key for releasing somatic
cells from the tightly locked epigenetic state of differentiation, leading
to a global change in epigenetic regulation. In other words, unknown
cellular functions, activated by sublethal stimuli, may set somatic cells
free from their current commitment to recover the naive cell state.

Our present finding of an unexpectedly large capacity for radical
reprogramming in committed somatic cells raises various important
questions. For instance, why, and for what purpose, do somatic cells
latently possess this self-driven ability for nuclear reprogramming, which
emerges only after sublethal stimulation, and how, then, is this repro-
gramming mechanism normally suppressed? Furthermore, why isn’t
teratoma (or pluripotent cell mass) formation normally seen in in vivo
tissues that may receive strong environmental stress? In our prelim-
inary study, experimental reflux oesophagitis locally induced moderate
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Figure 5 \ ES-cell-like stem cells can be derived from STAP cells. a, Growth
of STAP stem cells carrying Oct4-gfp. Scale bar, 50 um. b, Dissociation culture
of STAP stem cells to form colonies. Scale bar, 100 um. ¢, Robust growth of
STAP stem cells in maintenance culture. Similar results were obtained with
eight independent lines. In contrast, parental STAP cells decreased in number
quickly. d, Immunostaining of STAP stem cells for pluripotency markers (red).
Scale bar, 50 um. e, qPCR analysis of pluripotency marker gene expression.
f-h, In vitro differentiation assays into three-germ-layer derivatives.

f, Ectoderm: Rx"/Pax6™ (retinal epithelium; 83%, n = 6). g, Mesoderm:

expression of Oct4-GFP but not endogenous Nanog in the mouse
oesophageal mucosa (Extended Data Fig. 9b). Therefore, an intriguing
hypothesis for future research is that the progression from initial Oct4
activation to further reprogramming is suppressed by certain inhib-
itory mechanisms in vivo.

The question of why and how this self-driven reprogramming is
directed towards the pluripotent state is fundamentally important, given
that STAP reprogramming takes a remarkably short period, only a few
days for substantial expression of pluripotency marker genes, unlike
transgene- or chemical-induced iPS cell conversion®. Thus, our results
cast new light on the biological meaning of diverse cellular states in
multicellular organisms.

METHODS SUMMARY

Tissue collection and low-pH exposure. To isolate haematopoietic cells, spleens
were excised from 1-week-old Oct4-gfp C57BL/6 mice, minced by scissors and
mechanically dissociated with pasture pipettes. Dissociated cells were collected,
re-suspended in DMEM medium and added to the same volume of lympholyte
(Cedarlane), then centrifuged at 1,000g for 20 min. CD45-positive cells were sorted
by FACS Aria (BD Biosciences), and treated with low-pH HBSS solution (pH 5.7 for
25 min at 37 °C), centrifuged for 5 min to remove supernatant, and plated to non-
adhesive culture plates in DMEM/F12 medium supplemented with 1,000 U LIF
(Sigma) and B27 (Invitrogen). Although Oct4-GFP™ cells (expressing pluripotency-
related protein and gene markers and capable of differentiating into three germ-
layer derivatives) were also generated from lymphocytes of young adult mice (for
example, 6-week-old) under the same culture conditions, their proportion in
culture was reduced by several to ten folds as compared to neonatal lymphocytes
when lymphocytes were isolated from 1-month-old mice or older. Live imaging
was performed using specially assembled confocal microscope systems with a CO,
incubator®’, and CD45 immunoreactivity in live cells was examined as described*.
In vivo and in vitro differentiation assay. STAP cells were seeded onto a sheet
3 X 3 X 1 mm, composed of a non-woven mesh of polyglycolic acid fibres and
implanted subcutaneously into the dorsal flanks of 4-week-old NOD/SCID mice.
To examine in vitro differentiation, STAP cells and STAP stem cells were collected
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at 7 days and subjected to SDIA or SFEBq culture***® for neural differentiation and
to embryoid body culture for mesodermal and endodermal®” differentiation.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Animal studies. Research involving animals complied with protocols approved
by the Harvard Medical School/Brigham and Women’s Hospital Committee on
Animal Care, and the Institutional Committee of Laboratory Animal Experimen-
tation of the RIKEN Center for Developmental Biology.

Tissue collection and low-pH treatment. To isolate CD45 " haematopoietic cells,
spleens were excised from 1-week-old Oct4-gfp mice (unless specified otherwise),
minced by scissors and mechanically dissociated with pasture pipettes. Dissociated
spleen cells were suspended with PBS and strained through a cell strainer (BD
Biosciences). After centrifuge at 1,000 r.p.m. for 5 min, collected cells were re-suspended
in DMEM medium and added to the same volume of lympholyte (Cedarlane),
then centrifuged at 1,000¢ for 20 min. The lymphocyte layer was taken out and
stained with CD45 antibody (ab25603, Abcam). CD45-positive cells were sorted
by FACS Aria (BD Biosciences). After cell sorting, 1 X 10° CD45-positive cells
were treated with 500 pl of low-pH HBSS solution (titrated to pH5.7 by HCI) for
25min at 37 °C, and then centrifuged at 1,000 r.p.m. at room temperature for
5min. After the supernatant (low-pH solution) was removed, precipitated cells
were re-suspended and plated onto non-adhesive culture plates (typically, 1 X 10
cellsml™") in DMEM/F12 medium supplemented with 1,000 U LIF (Sigma) and
2% B27 (Invitrogen). Cell cluster formation was more sensitive to the plating cell
density than the percentage of Oct4-GFP™ cells. The number of surviving cells was
sensitive to the age of donor mice and was low under the treatment conditions above
when adult spleens were used. The addition of LIF during days 2-7 was essential
for generating Oct4-GFP* STAP cell clusters on day 7, as shown in Extended Data
Fig. 1f. Even in the absence of LIF, Oct4-GFP™ cells (most of them were dim in
signal) appeared transiently during days 2-5 in culture of low-pH-treated CD45 ™"
cells, but subsequently disappeared, indicating that there is a LIF-independent
early phase, whereas the subsequent phase is LIF-dependent.

Chimaeric mouse generation and analyses. For production of diploid and tetra-
ploid chimaeras with STAP cells, diploid embryos were obtained from ICR strain
females. Tetraploid embryos were produced by electrofusion of 2-cell embryos.
Because trypsin treatment of donor samples turned out to cause low chimaerism,
STAP spherical colonies were cut into small pieces using a microknife under the
microscope, and small clusters of STAP cells were then injected into day-4.5 blas-
tocysts by a large pipette. The next day, the chimaeric blastocysts were transferred
into day-2.5 pseudopregnant females. For experiments using STAP cells from
CD45" cells without the Oct4-gfp reporter, STAP cell clusters were identified by
their characteristic cluster morphology (they are made of very small cells with no
strong compaction in the aggregate). When the STAP conversion conditions (low
pH) were applied to CD45™ lymphocytes, most day-7 clusters that were large and
contained more than a few dozen small cells were positive for Oct4 (although the
expression level varied). Therefore, we used only well-formed characteristic clus-
ters (large ones) for this type of study and cut them by microknife to prepare
donor cell clusters in a proper size for glass needle injection. For an estimate of the
contribution of these injected cells, we used STAP cells that were generated from
CD45™" cells of mice constitutively expressing GFP (C57BL/6 line with cag-gfp
transgenes; F; of C57BL/6 and 129/Sv or DBA/2 was used from the viewpoint of
heterosis).

Because the number of CD45™ cells from a neonatal spleen was small, we mixed
spleen cells from male and female mice for STAP cell conversion. To make germ-
line transmission more efficient, we intercrossed chimaeras in some experiments.

For the production of diploid and tetraploid chimaeras with STAP stem cells,
diploid embryos were obtained from ICR strain females. Tetraploid embryos were
produced by electrofusion of 2-cell embryos. STAP stem cells were dissociated
into single cells and injected into day-4.5 blastocysts. In the chimaera studies with
both STAP cells and STAP stem cells, we did not find tumorigenetic tendencies in
their chimaeras or their offspring (up to 18 months).

In vivo differentiation assay. 1 X 107 STAP cells were seeded onto a sheet com-
posed of a non-woven mesh of polyglycolic acid fibres (3 X 3 X 1 mm; 200 pm in
pore diameter), cultured for 24h in DMEM + 10% FBS, and implanted subcu-
taneously into the dorsal flanks of 4-week-old mice. In this experiment, to better
support tumour formation from slow growing STAP cells by keeping cells in a
locally dense manner, we implanted STAP cells with artificial scaffold made of
polyglycolic acid fibres. Given the artificial nature of the material, we used NOD/
SCID mice as hosts, to avoid possible enhancement of post-graft inflammation
caused by this scaffold even in syngenic mice. STAP stem cells were dissociated
into single cells and cell suspension containing 1 X 107 cells was injected into the
testis. Six weeks later, the implants were analysed using histochemical techniques.
The implants were fixed with 10% formaldehyde, embedded in paraffin, and
routinely processed into 4-pm-thick sections. Sections were stained with haema-
toxylin and eosin. Endoderm tissues were identified with expression of anti-o-
fetoprotein (mouse monoclonal antibody; MAB1368, R&D Systems). Ectodermal
tissues were identified with expression of anti-BIII tubulin (mouse monoclonal
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antibody; G7121, Promega). Mesodermal tissues were identified with expression
of anti-o-smooth muscle actin (rabbit polyclonal; DAKO). In negative controls,
the primary antibody was replaced with IgG-negative controls of the same isotype
to ensure specificity.

STAP by exposure to other external stimuli. To give a mechanical stress to mature
cells, a pasture pipette was heated and then stretched to create thin capillaries with
the lumens approximately 50 pm in diameter, and then broken into appropriate
lengths. Mature somatic cells were then repeatedly triturated through these pipettes
for 20 min, and then cultured for 7 days. To provide a heat shock, cells were heated
at42 °Cfor 20 min and cultured for 7 days. A nutrition-deprivation stress was pro-
vided to mature cells, by culturing the cells in basal culture medium for 3 weeks.
High Ca®" concentration stress was provided to mature cells by culturing cells in
medium containing 2mM CaCl, for 7 days. To give a strong stress by creating
pores in cell membranes, cells were treated with 230 ng ml ™' streptolysine O (SLO)
(85265, Sigma) for 2 h, then cultured for 7 days. After each treatment, the ratio of
Oct4-GFP-positive cells was analysed by FACS.

Bisulphite sequencing. GFP-positive cells in STAP clusters were collected by FACS
Aria. Genomic DNA was extracted from STAP cells and analysed. Bisulphite treat-
ment of DNA was performed using the CpGenome DNA modification kit (Chemicon,
http://www.chemicon.com), following the manufacturer’s instructions. The result-
ing modified DNA was amplified by nested PCR using two forward (F) primers
and one reverse (R) primer: Oct4 (F1, 5'-GTTGTTTTGTTTTGGTTTTGGATA
T-3'; F2, 5'-ATGGGTTGAAATATTGGGTTTATTTA-3"; R, 5'-CCACCCTCT
AACCTTAACCTCTAAC-3"). And Nanog (F1, 5'-GAGGATGTTTTTTAAGT
TTTTTTT-3'; F2, 5'-AATGTTTATGGTGGATTTTGTAGGT-3'; R, 5'-CCCA
CACTCATATCAATATAATAAC-3"). PCR was done using TaKaKa Ex Taq Hot
Start Version (RR0O30A). DNA sequencing was performed using a M13 primer at
the Genome Resource and Analysis Unit, RIKEN CDB.
Immunohistochemistry. Cultured cells were fixed with 4% paraformaldehyde
and permeabilized with 0.1% Triton X-100/PBS before blocking with 1% BSA
solution. Cells were incubated with the following primary antibodies: anti-Oct4
(Santa Cruz Biotechnology; C-10), anti-Nanog (eBioscience; MLC-51), anti-SSEA-1
(Millipore; MC480), anti-E-cadherin (Abcam), anti-ZO-1 (Santa Cruz Biotech-
nology; c1607), anti-claudin7 (Abcam), anti-Klf4 (R&D Systems), anti-Esrrf} (R&D
Systems), anti-H3K27me3 (Millipore), anti-BrdU (BD Bioscience) and anti-Ki67
(BD Pharmingen). After overnight incubation, cells were incubated with secondary
antibodies: goat anti-mouse or -rabbit coupled to Alexa-488 or -594 (Invitrogen).
Cell nuclei were visualized with DAPI (Sigma). Slides were mounted with a SlowFade
Gold antifade reagent (Invitrogen).

Fluorescence-activated cell sorting and flow cytometry. Cells were prepared
according to standard protocols and suspended in 0.1% BSA/PBS on ice before
FACS. Propidium iodide (BD Biosciences) was used to exclude dead cells. In nega-
tive controls, the primary antibody was replaced with IgG-negative controls of the
same isotype to ensure specificity. Cells were sorted on a BD FACSAria SORP and
analysed on a BD LSRII with BD FACS Diva Software (BD Biosciences). For hae-
matopoietic fraction sorting, antibodies against T-cell marker (anti-CD90; eBioscience),
B-cell marker (anti-CD19; Abcam) and haematopoietic progenitor marker (anti-
CD34; Abcam) were used.

RNA preparation and RT-PCR analysis. RNA was isolated with the RNeasy
Micro kit (Qiagen). Reverse transcription was performed with the SuperScript I1I
first strand synthesis kit (Invitrogen). Power SYBR Green Mix (Roche Diagnostics)
was used for amplification, and samples were run on a Lightcycler-II Instrument
(Roche Diagnostics). The primer sets for each gene are listed in Supplementary
Table 1.

In vitro differentiation assays. For mesodermal differentiation assay, STAP cells
were collected at 7 days, and Oct4-GFP-positive cells were collected by cell sorter
and subjected to culture in DMEM supplemented with 20% FBS. Medium was
exchanged every 3 days. After 7-14 days, muscle cells were stained with an anti-o-
smooth muscle actin antibody (DAKO).

For neural lineage differentiation assay, STAP cells were collected at 7 days and
subjected to SDIA or SFEBq culture. For SDIA culture, collected STAP cell clusters
were plated on PAG6 cell feeder as described previously*®. For SFEBq culture, STAP
cell clusters (one per well; non-cell-adhesive 96-well plate, PrimeSurface V-bottom,
Sumitomo Bakelite) were plated and cultured in suspension as described previously*.

For endodermal differentiation, STAP cells were collected at 7 days and sub-
jected to suspension culture with inducers in 96-well plates®.

TCR-p chain gene rearrangement analysis. Genomic DNA was extracted from
STAP cells and tail tips from chimaeric mice generated with STAP cells derived
from CD45™ cells. PCR was performed with 50 ng DNA using the following primers
(DP2:5'-GCACCTGTGGGGAAGAAACT-3" and JB2.6: 5'-TGAGAGCTGTCT
CCTACTATCGATT-3") that amplify the regions of the (D)] recombination. The
PCR products were subjected to gel electrophoresis in Tris-acetate-EDTA buffer
with 1.6% agarose and visualized by staining with ethidium bromide. PCR bands
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from STAP cells were subjected to sequencing analysis and identified as rear-
ranged genomic fragments of the (D)J recombination.

EdU uptake assay and apoptosis analysis. At various phases in STAP cell culture
(days 0-2,2-7,7-14), EdU was added to the culture medium (final concentration:
10 uM) and EdU uptake was analysed by FACS. This assay was performed
according to the manufacturer’s protocol with the Click-iT EdU Flow cytometry
assay kit (Invitrogen).

Apoptosis analysis was performed with flow cytometry using Annexin-V (Bio-
vision) and propidium iodide. Annexin-V analysis by FACS on day 14 showed
that most Oct4-GFP™ cells were positive for this apoptotic marker; indeed, the
number of surviving cells declined thereafter.

Soft agar assay. Sorted STAP cells (Oct4-GFP-strong or -dim) and control mouse
ES cells (1,000 cells per well of 96-well plate) were plated into soft ager medium
(0.4% agarose) in LIF-B27 medium. After 7 days of culture, cells were dissociated
and their anchorage-independent growth was quantified by fluorescent measure-
ment with the cytoselect 96-well cell transformation assay kit (Cell Biolabs) accord-
ing to the manufacturer’s protocol.

Comparative genomic hybridization (CGH) array analysis. Genomic DNA was
extracted from STAP (male) and CD45-positive cells (male) by the Gene JET
Genomic DNA purification kit (Thermo Scientific). Using CGH array (Agilent),
the normality of chromosomes derived from STAP was compared with that of
CD45-positive cells whose chromosomal normality was confirmed by a separate
experiment. CGH array and data analysis were performed at TAKARA Bio.
Electron microscopy. For electron microscopic analysis, dissociated cells were
fixed in 2.5% glutaraldehyde and 2% formaldehyde in 0.1 M cacodylate buffer
(pH 7.2) and then processed for thin sectioning and transmission electron microscopy.
Live cell imaging. All live-cell imaging was performed with LCV110-CSUW1
(Olympus). For live-cell imaging of ‘in culture CD45 antibody staining’, CD45 ™"
cells treated with low pH were plated in culture medium containing 20 ng ml ™" of
fluorescent-labelled CD45 antibody (eBioscience)*.

RNA-sequencing and ChIP sequencing analyses. For RNA sequencing of cell
lines, total RN A was extracted from cells by the RNasy mini kit (Qiagen). RNA-seq
libraries were prepared from 1 pg total RN As following the protocol of the TruSeq
RNA Sample Prep kit (Illumina) and subjected to the deep sequencing analysis
with Illumina Hi-Seq1500. Cluster tree diagram of various cell types was obtained
from hierarchical clustering of global expression profiles (log, FPKM of all tran-
scripts; FPKM, fragments per kilobase of transcript per million mapped reads).
Complete linkage method applied to 1 — r (r = Pearson’s correlation between profiles)
was used for generating the tree and 1,000 cycles of bootstrap resampling were carried
out to obtain statistical confidence score in per cent units (also called AU P values).

ChIP-seq libraries were prepared from 20 ng input DNAs, 1 ng H3K4me3 ChIP
DNAs, or 5ng H3K27me3 ChIP DNAs using the KAPA Library Preparation kit
(KAPA Biosystems). TruSeq adaptors were prepared in-house by annealing a TruSeq
universal oligonucleotide and each of index oligonucleotides (5'-AATGATACG
GCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T-3',and 5'-GATCGGAAGAGCACACGTCTGAACTCCAGTCACXXXXXXA
TCTCGTATGCCGTCTTCTGCTTG-3'; where X represents index sequences).

Chromatin immunoprecipitation was performed as follows. Cells were fixed in
PBS(-) containing 1% formaldehyde for 10 min at room temperature. Glycine was
added to a final concentration of 0.25M to stop the fixation. After washing the
cells twice in ice-cold PBS(-), cells were further washed in LB1 (50 mM HEPES-
KOH pH7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25%
Triton X-100) and LB2 (10 mM Tris-HCI pH 8.0, 200 mM NaCl, 1 mM EDTA,
0.5mM EGTA). Cells were then re-suspended in lysis buffer (50 mM Tris-HCl
pH 8.0, 10 mM EDTA, 1% SDS). Lysates were prepared by sonication using Covaris
$220 in a mini tube at duty cycle = 5%, PIP = 70, cycles per burst = 200, and the
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treatment time of 20 min. Lysates from 2 X 10° cells were diluted in ChIP dilution
buffer (16.7 mM Tris-HCl pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100,
0.01% SDS). ChIP was performed using sheep anti-mouse IgG beads (Invitrogen)
or protein A beads (Invitrogen) coupled with anti-histone H3K4me3 antibody
(Wako, catalogue no. 307-34813) or anti-histone H3K27me3 antibody (CST, cata-
logue no. 9733), respectively. After 4-6 h of incubation in a rotator at 4 °C, beads
were washed five times in low-salt wash buffer (20 mM Tris HCI pH 8.0, 150 mM
NaCl,2 mM EDTA, 1% Triton X-100, 0.1% SDS), and three times in high-salt wash
buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 2mM EDTA, 1% Triton X-100,
0.1% SDS). Target chromatin was eluted off the beads in elution buffer (10 mM
Tris-HCI pH 8.0, 300 mM NaCl, 5mM EDTA, 1% SDS) at room temperature for
20 min. Crosslink was reversed at 65 °C, and then samples were treated with RNaseA
and proteinase K. The prepared DNA samples were purified by phenol-chloroform
extraction followed by ethanol precipitation and dissolved in TE buffer.

STAP stem-cell conversion culture. For establishment of STAP stem-cell lines,
STAP cell clusters were transferred to ACTH-containing medium* on MEF feeder
cells (several clusters, up to a dozen clusters, per well of 96-well plates). Four to
seven days later, the cells were subjected to the first passage using a conventional
trypsin method, and suspended cells were plated in ES maintain medium contain-
ing 20% FBS. Subsequent passaging was performed at a split ratio of 1:10 every
second day before they reached subconfluency. We tested the following three dif-
ferent genetic backgrounds of mice for STAP stem-cell establishment from STAP
cell clusters, and observed reproducible data of establishment: C57BL/6 carrying
Oct4-gfp (29 of 29), 129/Sv carrying Rosa26-gfp (2 of 2) and 129/Sv X C57BL/6
carrying cag-gfp (12 of 16). STAP stem cells with all these genetic backgrounds
showed chimaera-forming activity.

For clonal analysis of STAP stem cells, single STAP stem cells were manually

picked by a thin-glass pipette, and plated into 96-well plates at one cell per well.
The clonal colonies were cultured in ES medium containing 20% FBS, and expanded
for subsequent experiments.
Karyotype analysis. Karyotype analysis was performed by Multicolor FISH ana-
lysis (M-FISH). Subconfluent STAP stem cells were arrested in metaphase by col-
cemid (final concentration 0.270 pug ml ™) to the culture medium for 2.5h at
37°Cin 5% CO,. Cells were washed with PBS, treated with trypsin and EDTA
(EDTA), re-suspended into cell medium and centrifuged for 5 min at 1,200 r.p.m.
To the cell pellet in 3 ml of PBS, 7 ml of a pre-warmed hypotonic 0.0375 M KC1
solution was added. Cells were incubated for 20 min at 37 °C. Cells were centrifuged
for 5min at 1,200 r.p.m. and the pellet was re-suspended in 3-5ml of 0.0375 M
KC1 solution. The cells were fixed with methanol/acetic acid (3:1; vol/vol) by
gently pipetting. Fixation was performed four times before spreading the cells
on glass slides. For the FISH procedure, mouse chromosome-specific painting
probes were combinatorially labelled using seven different fluorochromes and
hybridized as previously described*'. For each cell line, 9-15 metaphase spreads
were acquired by using a Leica DM RXA RF8 epifluorescence microscope (Leica
Mikrosysteme GmbH) equipped with a Sensys CCD camera (Photometrics). Camera
and microscope were controlled by the Leica Q-FISH software (Leica Microsystems).
Metaphase spreads were processed on the basis of the Leica MCK software and
presented as multicolour karyograms.

Q-band analysis was performed at Chromocentre (Japan). After quinacrin
staining, 20 cells from each sample were randomly selected and the normality
of chromosomes was analysed. Five different independent lines of STAP stem
cells showed no chromosomal abnormalities in Q-band analysis after >10 passages.

41. Jentsch, |, Geigl, J., Klein, C. A. & Speicher, M. R. Seven-fluorochrome mouse
M-FISH for high-resolution analysis of interchromosomal rearrangements.
Cytogenet. Genome Res. 103, 84-88 (2003).
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Extended Data Figure 1 | Conversion of haematopoietic cells into
Oct4-GFP™ cells by a low-pH exposure. a, Optimization of pH conditions for
Oct4-GFP induction. Five days after CD45-positive cells were exposed to acidic
solution treatment at different pH, Oct4-GFP expression was analysed by
FACS (1 = 3, average * s.d.). b, Gating strategy for Oct4-GFP™ cell sorting.
Top: representative results 7 days after the stress treatment. Bottom: non-
treated control. P3 populations were sorted and counted as Oct4-GFP™ cells for
all experiments. ¢, Controls for FACS analysis. In Oct4-GFP™ cell analysis, the
grey and white histograms indicate the negative control (non-stress-treated
Oct4-gfp haematopoietic cells) and the positive control (Oct4-gfp ES cells),
respectively. Also, the green histograms indicate non-treated cells (left) and
stress-treated cells at day 7 (right). In CD45" cell analysis, the grey and white
histograms indicate the negative (isotype) and positive controls, respectively.
The red histograms indicate non-stress-treated cells (left) and stress-treated
cells at day 7 (right). d, Oct4-GFP™ cell generation from various subpopulations
of CD45™ cells. Seven days after the stress treatment, Oct4-GFP expression was
analysed by FACS (1 = 3, average * s.d.). Among total CD45" fraction and
its subfractions of CD19%, CD90", CD34" and CD34 ™ cells, the efficacy of
CD34" cells was significantly lower than the others. P < 0.05 by the
Newman-Keuls test and P < 0.01 by one-way ANOVA. e, Comparison of

®Pl+/Annexin+

w PI-/Annexin+ PI-/Annexin- ®Pl+/Annexin+  ®PIl-/Annexin+ PI-/Annexin-

culture conditions for low-pH-induced conversion. Stress-treated cells were
cultured in various media. The number of Oct4-GFP-expressing clusters was
counted at day 14 (n = 3, average * s.d.). ***P < 0.001 (B27+LIF versus all
other groups); Tukey’s test. In the case of 3i medium, although the clusters
appeared at a moderate efficiency, they appeared late and grew slowly. ACTH,
ACTH-containing ES medium; ES+LIF+FBS, 20% FBS+LIF-containing ES
culture medium; B27, DMEM/F12 medium containing 2% B27; B27+LIF,
DMEM/F12 medium containing 2% B27+LIF; EpiSC, EpiSC culture medium
containing Fgf2+activin. f, Signalling factor dependency of STAP cell
generation. Growth factors that are conventionally used for pluripotent cell
culture such as LIF, activin, Bmp4 and Fgf2 were added to basal culture medium
(B27-supplemented DMEM/F12) in different culture phases (days 0-7, 2-7
and 4-7), and Oct4-GFP expression was analysed by FACS at day 7 (n = 3,
average * s.d.). g, h, Time course of apoptosis after the low-pH exposure.
Stress-treated cells and non-stress-treated control cells were stained with CD45,
annexin-V and propidium iodide at day 0 (immediately after stress treatment),
day 3 and day 7. g, Blue bars, GFP"CD45; orange bars, GFP~CD45™.
Percentages in total cells included propidium-iodide-positive cells.

h, Annexin-V-positive cells in these cell populations were analysed by FACS.
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Extended Data Figure 2 | Phenotypic change during STAP cell conversion.
a, Oct4 protein expression in STAP cells was detected by immunostaining at
day 2 (left) and day 7 (right). b, Live cell imaging of STAP conversion

(grey, CD45 antibody; green, Oct4-GFP). See Methods for experimental details
to monitor live CD45 immunostaining. ¢, Inmunostaining of a parental
CD45™ cell (left) and an Oct4-GFP™ cell (right). Scale bar, 10 um. d, EdU
uptake assay (n = 3, average * s.d.). e, Schematic of Tcrb gene rearrangement.

f, T-cell-derived STAP cells. Scale bar, 100 pm. g, Genomic PCR analysis of (D)]
recombination at the Tcrb gene of T-cell-derived STAP cells. G.L. is the size
of the non-rearranged germline type, whereas the smaller ladders correspond to
the alternative rearrangements of ] exons (confirmed by sequencing). Negative
controls (ES cells), positive controls (lymphocytes) and T-cell-derived STAP
(two independent preparations on d7) are indicated.
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conversion and endoderm differentiation assay. a, Expression of average * s.d.). ¢, Haematopoietic marker expression during STAP conversion
pluripotency marker genes in STAP cells derived from T cells (n = 3, from CD45™ cells (n = 3, average * s.d.). d, Formation of visceral
average = s.d.). b, Expression of pluripotency marker genes in STAP cells. endoderm-like surface epithelium in differentiating STAP cluster on day 2 (left)

In this experiment, Oct4-GFP™ cells seen in live cell imaging (Extended Data  and day 8 (right). Scale bars, 50 pm.
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Extended Data Figure 4 | Teratoma formation assay and characterization ~ Oct4-GFP-dim cells, efficiently formed teratomas (table at the bottom).

of Oct4-GFP-dim cells. a-c, Teratomas formed from STAP cell clusters However, because STAP cells were dissociation-intolerant, the teratoma-
included neuroepithelium (a), striated muscle (b) and pancreas (c; right, forming efficiency of dissociated Oct4-GFP™ cells was lower than that of
high-magnification view showing a typical acinar morphology and ductal non-dissociated STAP cell clusters. e, Gene expression of Oct4-GFP" and
structures). Scale bars, 100 um. d, Teratoma-forming ability of Oct4-GFP™ and ~ Oct4-GFP-dim cells (1 = 3, the average = s.d.). Haematopoietic marker gene
Oct4-GFP-dim cells (isolated by FACS, top). Oct4-GFP* cells, but not expression (left) and early lineage marker gene expression (right) are shown.
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Extended Data Figure 5 | In vitro characterization of STAP cells.

a, Immunostaining for Ki67 and BrdU. STAP cell clusters (top) and ES cell
colonies (bottom) are shown. For BrdU uptake, BrdU was added into each
culture medium (10 pM) for 12 h until fixation. Scale bar, 100 um.

b, Transformation assay by soft agar culture. Neither Oct4-GFP™ nor
Oct4-GFP-dim cells showed colony formation in soft agar, whereas ES cells and
STAP stem cells showed anchorage-independent growth in the same LIF-B27
medium. Scale bar, 100 pm. Proliferated cells were lysed and the amount of
DNA in each well was estimated by chemical luminescence (graph). n =3,
average * s.d. ¢, No substantial change in chromosome number was seen with
STAP cells in the CGH array. Genomic DNA derived from CD45" cells (male)
was used as reference DNA. The spikes (for example, those seen in the X
chromosome) were nonspecific and also found in the data of these parental

4

CD45" cells when the manufacturer’s control DNA was used as a reference.
d, qPCR analysis for pluripotency markers that highly express in ES cells, but
not in EpiSCs. Average = s.d. e, Immunostaining of markers for mouse EpiSC
and ES cells. Scale bar, 100 pm. f, g, H3K27me3* foci in female cells, which are
indicative of X-chromosomal inactivation. These foci were not observed in
male cells. Scale bar, 10 um. In the case of female STAP cells, ~40% of cells
retained H3K27me3™" foci (g). **P < 0.001; Tukey’s test. n = 3, average * s.d.
Although nuclear staining looked to be higher in STAP cells with H3K27me3*
foci (f), this appeared to be caused by some optical artefacts scattering from the
strong focal signal. h, qPCR analysis for the tight junction markers Zo-1 and
claudin 7, which were highly expressed in EpiSCs, but not in ES cells or STAP
cells. **P < 0.01; ns, not significant; Tukey’s test; n = 3, average * s.d.
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Extended Data Figure 6 | Conversion of somatic tissue cells into STAP cells.
a, Alkaline phosphatase expression of STAP cells derived from adipose-derived
mesenchymal cells. Scale bar, 100 pm. b, E-cadherin expression of STAP

cells derived from adipose-derived mesenchymal cells. Scale bar, 50 pm. ¢, FACS
sorting of dissociated neonatal cardiac muscle cells by removing CD45™ cells.
d, Cardiomyocyte marker gene expression during STAP conversion from
cardiomyocytes (1 = 3, average = s.d.).
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No. of chimaeric mice obtained

Culture  No. of fertilized Total High

period of embryos contribution

Mouse strain STAP injected No. offspring -

B6GFP*** X DBA/2 7 days 58 48+ 16 4

129/Sv X B6GFP 7 days 08 64 20 6

R . BL6 (oct4-gfp) 7 days 73 35 24 2

2N chimaeric mice generated with N 4
Oct4-gf/B6 STAP cells 129F1STAP cells BL6 (oct4-gfp) 10 days 35 20 0

Cc
STAP  contribution  in
chimaeras body
No. total pups  No. of offspring with

Pair ID. Male Female (No. deliver) GFP or black eyes (%)
No. 1 High Medium 9(1) 5 (56)
No. 2 High Wide type 25 (2) 8 (32)
No. 3 Medium Low 32(3) 0
No. 4 Medium ~ Medium 25 (3) 15 (60)
No. 5 Medium Medium 14 (2) 7 (50)

Extended Data Figure 7 | Generation chimaeras with STAP cells. a, 2N
chimaeras generated with STAP cells derived from Oct4-gfp C57BL/6 mice
(left) and 129/Sv X C57BL/6 F; mice (right). b, Generation of chimaeric mice
from STAP cells by cluster injection. STAP cells used in the experiments above
were generated from CD45" lymphocytes of multiple neonatal spleens

(male and female tissues were mixed). *All fetuses were collected at 13.5d.p.c.
to 15.5d.p.c. and the contribution rate of STAP cells into each organ was
examined by FACS. **The contribution of STAP cells into each chimaera

4N chimaeric mouse generated

cag-GFP
with BEGFP x DBA/2 STAP .

4N chimaeric mouse generated
with 129/Sv xB6GFP STAP

was scored as high (>50% of the coat colour of GFP expression). ***B6GFP:
C57BL/6 mouse carrying cag-gfp. ¢, Production of offspring from STAP cells via
germline transmission. Chimaeras generated with 129/Sv X B6GFP STAP
cells (obtained from the experiments shown in b) were used for germline
transmission study. d, 4N embryos at E9.5 generated with STAP cells derived
from F; GFP mice (B6GFP and DBA/2 or 129/Sv). B6GFP, C57BL/6 mouse

carrying cag-gfp.
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. b c
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[s}
@ 10
2i+LIF medium Passaged cells _g .
cultured in 2i for 2 days 2 .
Outgrowth of -
STAP cells m a:n%rﬁke cglls 37 38 39 40 41 42
Number of chromosomes
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No. of No. of No. of chimeras Germ-line
Clonal expanS|on Cell line chimera offspring Total Very low transmission
name* embryos high High
STAP-SC #1 16 7 6 2 3 1 Yes
STAP-SC #2 17 13 9 2 5 5 Yes
STAP-SC #3 32 16 12 6 4 2 Yes
STAP-SC #4 20 5 4 1 1 2 Yes
Frequency
Clonability (teratoma weight of STAP-SC #5 21 5 3 0 ! Yes
(clones/ single cells) formation/colony teratoma (mg) STAP-SC #6 PY 13 7 3 a 1 Yes
[EEEE) STAP-SC #7 32 14 " 5 5 1 Yes
40/300 1114 503+297 STAP-SC #8 32 12 8 3 > 3 Yes
Ectoderm Mesoderm Endoderm Subtotal 191 84 62 (73.8)
A i ki 3 B8 Sy Control ES #1 16 9 9 6 2 1 Yes
Control ES #2 18 12 8 3 5 3 Yes
Control ES #3 18 " 4 0 1 3 Yes
Subtotal 52 32 21 (65.6)
i
STAP-SC CD45+
No. of chimera No. No. adulthood ~ Germ-line »
i * . transmission 2
Cell line name embryos born No. survived E
STAP-SC #1 31 7 7 4 Yes ﬁ
STAP-SC #2 29 3 2 2 Yes *
STAP-SC #3 46 8 8 4 Yes
STAP-SC #4 46 9 8 2 Yes
STAP-SC #5 21 10 9 5 Yes
STAP-SC #6 12 4 4 4 Yes
STAP-SC #7 21 6 3 3 Yes
STAP-SC #8 22 5 2 2 Yes
Subtotal 228 52 (22.8) 43 (82.7) 26 (60.5)
Control ES #1 8 5 5 4 Yes
Control ES #2 21 5 5 4 Yes
Control ES #3 21 3 1 0 -
Subtotal 50 13 (26.0) 11 (84.6) 8(72.7)

Extended Data Figure 8 | Molecular and cellular characterization of STAP
stem cells. a, Compatibility of 2i conditions with STAP stem-cell derivation
from STAP cells and STAP stem-cell maintenance. STAP stem cells could not
be established directly from STAP cells in 2i + LIF medium (top). However,
once established in ACTH medium, STAP stem cells were able to survive
and expand in 2i + LIF medium. Scale bar, 100 pm. b, Q-band analysis (n = 4
all cell lines showed the normal karyotype). ¢, Multicolour FISH analysis (n = 8;
all cell lines showed the normal karyotype) of STAP stem cells. d, Methylation
status of the Oct4 and Nanog promoters. e, Electron microscope analysis of
STAP stem cells. Scale bar, 1 pm. £, g, Beating cardiac muscle (mesoderm; 38%,
n = 8). Red line indicates an analysed region for kymograph (g). h, Clonability

of STAP stem cells. Clonal expansion from single STAP stem cells was
performed. Pluripotency of clonal cell lines was confirmed by teratoma
formation assay, showing the formation of neuroectoderm (left), muscle tissue
(middle) and bronchial-like epithelium (right). Scale bar, 100 um. i, Production
of chimaeric mice from STAP stem-cell lines using diploid embryos. *These
STAP stem-cell lines were generated from independent STAP cell clusters.

j, Production of mouse chimaeras from STAP stem-cell lines by the tetraploid
complementation method. *These STAP stem-cell lines were generated

from independent STAP cell clusters. k, No H3K27me3-dense foci are seen
in female STAP stem cells (n = 50; the CD45" cell is a positive control).
Scale bar, 10 pm.
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Extended Data Figure 9 | Effects of various stressors on STAP conversion.
a, Percentages of Oct4-GFP-expressing cells 7 days after stress treatment.
Somatic cells were isolated from various tissues and exposed to different
stressors. Oct4-GFP expression was analysed by FACS. b, Oct4 and Oct4-GFP

expression induced in the reflux oesophagitis mouse model as an in vivo acid
exposure model (top, experimental procedure). Oct4, but not Nanog,
expression was observed in the oesophageal epithelium exposed to gastric acid
(75% of 12 operated mice).
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CORRECTIONS & AMEND

ENTS

RETRACTION
doi:10.1038/nature13598

Retraction: Stimulus-triggered fate
conversion of somatic cells into

pluripotency

Haruko Obokata, Teruhiko Wakayama, Yoshiki Sasai,
Koji Kojima, Martin P. Vacanti, Hitoshi Niwa, Masayuki Yamato
& Charles A. Vacanti

Nature 505, 641-647 (2014); doi:10.1038/nature12968

Several critical errors have been found in our Article and Letter (http://
dx.doi.org/10.1038/nature12969), which led to an in-depth investiga-
tion by the RIKEN Institute. The RIKEN investigation committee has
categorized some of the errors as misconduct (see Supplementary Data 1
and Supplementary Data 2). Additional errors identified by the authors
that are not discussed in RIKEN’s report are listed below.

(1) Figure 1a and b in the Letter both show embryos generated from STAP
cells, not a comparison of ES- and STAP-derived chimaeric embryos,
as indicated in the legend.

(2) Extended Data Fig. 7d in the Article and Extended Data Fig. 1ain the
Letter are different images of the same embryo and not, as indicated in
the legends, a diploid chimaera embryo and tetraploid chimaera embryo.
(3) There is an erroneous description in Fig. 1a in the Letter. The right
panel of Fig. 1a is not a ‘long exposure’ image at the camera level but a
digitally enhanced one.

(4) In Fig. 4b of the Letter, STAP cell and ES cell are wrongly labelled
in a reverse manner.

(5) In the Article, one group of STAP stem cells (STAP-SCs) was reported
as being derived from STAP cells induced from spleens of F; hybrids
from the cross of mouse lines carrying identical cag-gfp insertions in chro-
mosome 18 in the background of 129/Sv and B6, respectively, and that
they were maintained in the Wakayama laboratory. However, further
analysis of the eight STAP-SClines indicates that, while sharing the same
129XB6 F; genetic background, they have a different GFP insertion site.
Furthermore, while the mice used for STAP cell induction are homo-
zygous for the GFP transgene, the STAP-SCs are heterozygous. The GFP
transgene insertion site matches that of the mice and ES cells kept in the
Wakayama laboratory. Thus, there are inexplicable discrepancies in gen-
etic background and transgene insertion sites between the donor mice and
the reported STAP-SCs.

We apologize for the mistakes included in the Article and Letter. These
multiple errors impair the credibility of the study as a whole and we are
unable to say without doubt whether the STAP-SC phenomenon is real.
Ongoing studies are investigating this phenomenon afresh, but given
the extensive nature of the errors currently found, we consider it appro-
priate to retract both papers.

Supplementary Information is available in the online version of this Retraction.

112 | NATURE | VOL 511 | 3 JULY 2014
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LETTER

doi:10.1038/nature12969

Bidirectional developmental potential in
reprogrammed cells with acquired pluripotency

Haruko Obokata"?3, Yoshiki Sasai®, Hitoshi Niwa®, Mitsutaka Kadota®, Munazah Andrabi®, Nozomu Takata*, Mikiko Tokoro?,
Yukari Terashita2, Shigenobu Yonemura’, Charles A. Vacanti® & Teruhiko Wakayama®?®

We recently discovered an unexpected phenomenon of somatic cell
reprogramming into pluripotent cells by exposure to sublethal stim-
uli, which we call stimulus-triggered acquisition of pluripotency
(STAP)'. This reprogramming does not require nuclear transfer*’
or genetic manipulation®. Here we report that reprogrammed STAP
cells, unlike embryonic stem (ES) cells, can contribute to both embry-
onic and placental tissues, as seen in a blastocyst injection assay.
Mouse STAP cells lose the ability to contribute to the placenta as
well as trophoblast marker expression on converting into ES-like
stem cells by treatment with adrenocorticotropic hormone (ACTH)
and leukaemia inhibitory factor (LIF). In contrast, when cultured
with Fgf4, STAP cells give rise to proliferative stem cells with enhanced
trophoblastic characteristics. Notably, unlike conventional tropho-
blast stem cells, the Fgf4-induced stem cells from STAP cells con-
tribute to both embryonic and placental tissues in vivoand transform
into ES-like cells when cultured with LIF-containing medium. Taken

ES chimaera Long exposure

STAP chimaera

cag-GFP

Long exposeife

é

Figure 1 | STAP cells contribute to both embryonic and placental tissues
in vivo. a, b, E12.5 embryos from blastocysts injected with ES cells (a) and
STAP cells (b). Both cells are genetically labelled with GFP driven by a
constitutive promoter. Progeny of STAP cells also contributed to placental
tissues and fetal membranes (b), whereas ES-cell-derived cells were not found
in these tissues (a). Scale bar, 5.0 mm. ¢, Percentages of fetuses in which injected
cells contributed only to the embryonic portion (red) or also to placental

and yolk sac tissues (blue). ***P < 0.001 with Fisher’s exact test. d, gPCR

together, the developmental potential of STAP cells, shown by chi-
maera formation and in vitro cell conversion, indicates that they
represent a unique state of pluripotency.

We recently discovered an intriguing phenomenon of cellular fate
conversion: somatic cells regain pluripotency after experiencing sub-
lethal stimuli such as a low-pH exposure'. When splenic CD45" lym-
phocytes are exposed to pH 5.7 for 30 min and subsequently cultured
in the presence of LIF, a substantial portion of surviving cells start to
express the pluripotent cell marker Oct4 (also called Pou5£1) at day 2.
By day 7, pluripotent cell clusters form with a bona fide pluripotency
marker profile and acquire the competence for three-germ-layer differ-
entiation as shown by teratoma formation. These STAP cells can also
efficiently contribute to chimaeric mice and undergo germline trans-
mission using a blastocyst injection assay'. Although these charac-
teristics resemble those of ES cells, STAP cells seem to differ from ES
cells in their limited capacity for self-renewal (typically, for only a few
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analysis of FACS-sorted Oct4-GFP-strong STAP cells for pluripotent marker
genes (left) and trophoblast marker genes (right). Values are shown as ratio to
the expression level in ES cells. Error bars represent s.d. e, Contribution to
placental tissues. Unlike parental STAP cells and trophoblast stem (TS) cells,
STAP stem cells (STAP-SCs) did not retain the ability for placental
contributions. Three independent lines were tested and all showed substantial
contributions to the embryonic portions. f, qQPCR analysis of trophoblast
marker gene expression in STAP stem cells. Error bars represent s.d.
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passages) and in their vulnerability to dissociation'. However, when
cultured in the presence of ACTH and LIF for 7 days, STAP cells, at a
moderate frequency, further convert into pluripotent ‘stem’ cells that
robustly proliferate (STAP stem cells).

Here we have investigated the unique nature of STAP cells, focusing
on their differentiation potential into the two major categories (embry-
onic and placental lineages) of cells in the blastocyst®®. We became
particularly interested in this question after a blastocyst injection assay
revealed an unexpected finding. In general, progeny of injected ES cells
are found in the embryonic portion of the chimaera, but rarely in the
placental portion®” (Fig. 1a; shown with Rosa26-GFP). Surprisingly,
injected STAP cells contributed not only to the embryo but also to the
placenta and fetal membranes (Fig. 1b and Extended Data Fig. 1a—c) in
60% of the chimaeric embryos (Fig. 1c).

In quantitative polymerase chain reaction (QPCR) analysis, STAP cells
(sorted for strong Oct4-GFP signals) expressed not only pluripotency
marker genes but also trophoblast marker genes such as Cdx2 (Fig. 1d
and Supplementary Table 1 for primers), unlike ES cells. Therefore,
the blastocyst injection result is not easily explained by the idea that
STAP cells are composed of a simple mixture of pluripotent cells
(Oct4™Cdx27) and trophoblast-stem-like cells (Oct4™Cdx2™).

In contrast to STAP cells, STAP stem cells did not show the ability to
contribute to placental tissues (Fig. le, lanes 2-4), indicating that the
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derivation of STAP stem cells from STAP cells involves the loss of
competence to differentiate into placental lineages. Consistent with
this idea, STAP stem cells show little expression of trophoblast marker
genes (Fig. 1f).

We next examined whether an alteration in culture conditions could
induce in vitro conversion of STAP cells into cells similar to tropho-
blast stem cells®?, which can be derived from blastocysts during pro-
longed adhesion culture in the presence of Fgf4. When we cultured
STAP cell clusters under similar conditions (Fig. 2a; one cluster per well
in a 96-well plate), flat cell colonies grew out by days 7-10 (Fig. 2b, left;
typically in ~30% of wells). The Fgf4-induced cells strongly expressed
the trophoblast marker proteins®™'? integrin o7 (Itga7) and eomesoder-
min (Eomes) (Fig. 2¢, d) and marker genes (for example, Cdx2; Fig. 2e).

These Fgf4-induced cells with trophoblast marker expression could
be expanded efficiently in the presence of Fgf4 by passaging for more
than 30 passages with trypsin digestion every third day. Hereafter,
these proliferative cells induced from STAP cells by Fgf4 treatment
are referred to as Fgf4-induced stem cells. This type of derivation into
trophoblast-stem-like cells is not common with ES cells (unless genet-
ically manipulated)™ or STAP stem cells.

In the blastocyst injection assay, unlike STAP stem cells, the pla-
cental contribution of Fgf4-induced stem cells (cag-GFP-labelled) was
observed with 53% of embryos (Fig. 2f, g; n = 60). In the chimaeric

Figure 2 | Fgf4 treatment induces some
trophoblast-lineage character in STAP cells.

a, Schematic of Fgf4 treatment to induce
Fgf4-induced stem cells from STAP cells. b, Fgf4
treatment promoted the generation of flat cell
clusters that expressed Oct4-GFP at moderate
levels (right). Top and middle: days 1 and 7 of
culture with Fgf4, respectively. Bottom: culture
after the first passage. Scale bar, 50 pm.

¢, d, Immunostaining of Fgf4-induced cells with
the trophoblast stem cell markers integrin o7

(c) and eomesodermin (d). Scale bar, 50 pm.

e, qPCR analysis of marker expression.

f, g, Placental contribution of Fgf4-induced stem
cells (FI-SCs) (genetically labelled with constitutive
GFP expression). Scale bars: 5.0 mm (f (left panel)
and g); 50 pm (£, right panel). In addition to
placental contribution, Fgf4-induced stem cells
contributed to the embryonic portion at a
moderate level (g). h, Quantification of placental
contribution by FACS analysis. Unlike Fgf4-
induced cells, ES cells did not contribute to
placental tissues at a detectable level. i, Cluster tree
diagram from hierarchical clustering of global
expression profiles. Red, approximately unbiased
P values. j, qPCR analysis of Fgf4-induced cells
(cultured under feeder-free conditions) with or
without JAK inhibitor (JAKi) treatment for
pluripotent marker genes. k, QPCR analysis of
FI-SCs with or without JAK inhibitor (JAKi)
treatment for trophoblast marker genes. Values are
shown as ratio to the expression level in ES cells
(j) or trophoblast stem cells (k). ***P < 0.001;
NS, not significant; t-test for each gene between
groups with and without JAK inhibitor treatment.
n = 3. Statistical significance was all the same with
three pluripotency markers. None of the
trophoblast marker genes showed statistical
significance. Error bars represent s.d.
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placentae, Fgf4-induced stem cells typically contributed to ~10% of
total placental cells (Fig. 2h and Extended Data Fig. 2a, b).

Despite their similarities, we noted that Fgf4-induced stem cells also
possessed some critical differences compared with blastocyst-derived
trophoblast stem cells. First, Fgf4-induced stem cells exhibited mod-
erate GFP signals and expressed a moderate level of Oct4 (Fig. 2b; mod-
erate and low levels of immunostaining signals were also seen for Oct4
and Nanog proteins, respectively; Extended Data Fig. 2¢), unlike con-
ventional trophoblast stem cells’ that havelittle Oct4 expression (Fig. 2e).
Second, unlike trophoblast stem cells, blastocyst-injected Fgf4-induced
stem cells also contributed to embryonic tissues (in all cases that involved
chimaeric placentae; n = 32), although the extent of contribution was
generally modest (Fig. 2g). Third, immunostaining revealed that the
level of Cdx2 protein accumulation in the nuclei of Fgf4-induced stem
cells was marginal as compared to the cytoplasmic level, although the
transcript expression level was substantial (Fig. 2e). This may suggest
complex and dynamic post-transcriptional regulations for this key
transcription factor in Fgf4-induced stem cells (a similar situation was
seen for STAP cells, in which clear nuclear localization was not observed
for either Cdx2 or Eomes, despite substantial expression of their tran-
scripts). Fourth, in the absence of Fgf4, Fgf4-induced stem cells gradually
died in 7-10 days and did not differentiate into large and multi-nuclear
cells, unlike trophoblast stem cells (Extended Data Fig. 2d).

To investigate the relationship among STAP cells, STAP stem cells,
Fgf4-induced stem cells, ES cells and trophoblast stem cells, we per-
formed genome-wide RNA-sequencing analysis (Fig. 2i for dendrogram;
Extended Data Figs 3 and 4 for expression analyses of representative
genes'*"; Supplementary Tables 2 and 3 for analysis conditions). Whereas
STAP cells formed a cluster with STAP stem cells, Fgf4-induced stem
cells, ES cells and trophoblast stem cells and not with the parental CD45 ™"
cells, STAP cells were an outlier to the rest of the cell types in the cluster.
In contrast, STAP stem cells were closely clustered with ES cells. Fgf4-
induced stem cells formed a cluster with a sub-cluster of ES cells and
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Figure 3 | Fgf4 treatment induces some trophoblast-lineage character in
STAP cells. a, Culture of Oct4-GFP Fgf4-induced cells in LIF + 20% FBS
medium. b, qPCR analysis of ES-like cells derived from Fgf4-induced cells for
pluripotent marker genes (left) and trophoblast marker genes (right). Values
are shown as ratio to the expression level in ES cells (left) or trophoblast stem
(TS) cells (right). ¢, d, Culture of Oct4-GFP Fgf4-induced cells sorted by FACS
for strong integrin o7 (Itga7) expression in LIF + 20% FBS medium.

d, Formation frequency (shown by percentage) of Oct4-GFP™ colonies from
cells plated on gelatin-coated dishes at a clonal density. **P < 0.01; t-test;

n = 3. ¢, f, Culture of Oct4-GFP Fgf4-induced cells (dissociated) in LIF + 20%
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STAP stem cells, whereas trophoblast stem cells comprised an outlier
to this cluster, indicating a close relationship of Fgf4-induced stem cells
with these pluripotent cells.

However, as Fgf4-induced stem cells lay between STAP stem cells
and trophoblast stem cells in the dendrogram, the possibility of con-
tamination of STAP stem cells in the Fgf4-induced stem-cell popu-
lation cannot be ruled out. Previous studies have indicated that inner
cell mass (ICM)-type pluripotent cells can be removed from culture by
treating the culture with a JAK inhibitor'® (Extended Data Fig. 5a, b).
In contrast, the JAK inhibitor treatment had no substantial effect on
Oct4-GFP expression in Fgf4-induced stem-cell culture (Extended Data
Fig. 5¢, d; see Extended Data Fig. 5e, f for control). Expression of neither
pluripotency markers (Fig. 2j) nor trophoblast markers (Fig. 2k) was
substantially affected, indicating that pluripotency marker expression
is unlikely to reflect contaminating STAP stem cells (ICM-type). Con-
sistent with this idea, Fgf4-induced stem cells that were strongly posi-
tive for the trophoblast marker Itga7 (a surface marker for trophoblasts
but not ES cells) also expressed high levels of Oct4-GFP (Extended Data
Fig. 5g).

Notably, when cultured in LIF+FBS-containing medium for 4 days,
Fgf4-induced stem cells underwent substantial changes in morphology
and started to form ES-cell-like compact colonies with strong GFP signals
(Fig. 3a). These cells showed expression of pluripotency makers, but not
trophoblast markers (Fig. 3b and Extended Data Fig. 6a), and formed
teratomas in mice (Extended Data Fig. 6b). These ES-like cells were gen-
erated from Fgf4-induced stem cells sorted for strong expression of the
trophoblast marker Itga7, but rarely from Itga7-dim cells (Fig. 3¢, d).

To confirm further that Fgf4-induced stem cells with a trophoblast-
like nature were converted into ES-like cells, rather than just selecting
ES-like cells pre-existing in the Fgf4-induced stem cell culture, we
examined the effect of the MEK inhibitor PD0325901 on the ES-like
cell generation from Fgf4-induced stem cells. Like trophoblast stem cells,
Fgf4-induced stem-cell survival is dependent on FGF-MEK signals, and
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FBS medium with MEK inhibitor. **P < 0.01; NS, not significant; Tukey’s test;
n = 3. e, No substantial formation of Oct4-GFP™ colonies was seen from
Fgf4-induced cells in the presence of MEK inhibitor (left), whereas colonies
frequently formed when cells were co-plated with Oct4-GFP ES cells (right;
plated cells were 1/20 of Fgf4-induced cells). f, Quantification of colony
formation per plated cells (1 X 10> Fgf4-induced cells and/or 1 X 10> ES cells).
Unlike Fgf4-induced cells, ES cells formed colonies (regardless of co-plating
with FI-SCs) in the presence of MEK inhibitor. Bars and error bars represent
mean values and s.d., respectively (b, d, ). Scale bars: 100 pm (a, ¢, e).
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Figure 4 | Differentiation potential and epigenetic state of STAP and
STAP-derived stem cells. a, Schematic diagram of stem-cell conversion
cultures from STAP cells under different conditions. b, ChIP-sequencing
results of histone H3K4 (green) and H3K27 (red) trimethylation at the loci

the inhibition of MEK activity caused massive cell death (Extended Data
Fig. 6¢). However, PD0325901 is also known to be a main effector in 2i
medium'” and to promote ES cell maintenance. Addition of PD0325901
to LIF+FBS-containing medium strongly inhibited the formation of
ES-like colonies from Fgf4-induced stem cells (Fig. 3e, left, and Fig. 3f).
This inhibition was unlikely to be due to secondary toxic effects from
massive cell death of Fgf4-induced stem cells, as colonies formed in the
presence of PD0325901 when ES cells were co-plated in the same cul-
ture with Fgf4-induced stem cells (Fig. 3e, right, and Fig. 3f).

Collectively, these findings demonstrate that STAP-derived Fgf4-
induced stem cells not only express both pluripotency markers and tro-
phoblast genes but also have the potential to convert into ES-like cells
when cultured in LIF+FBS-containing medium (Fig. 4a).

Here we demonstrate that STAP cells, which have a limited self-renewal
ability, can be induced to generate two distinct types of robustly self-
renewing stem cells—STAP stem cells and Fgf4-induced stem cells—
under different culture conditions. Chromatin immunoprecipitation
(ChIP) sequencing analysis showed distinct accumulation patterns of
modified histone H3 in the two types of STAP-cell-derived stem cells
(Fig. 4b). STAP stem cells (as well as STAP cells) had accumulation
patterns of H3K4 and H3K27 trimethylation that resembled those of
ES cells at the loci of pluripotency marker genes (Oct4, Nanog, Sox2),
bivalent pattern genes'® (Gata2, brachyury, Nkx6-2) and trophoblast
marker genes (Cdx2, Eomes, Itga7). In contrast, the accumulation pat-
terns in Fgf4-induced stem cells at these loci matched more closely
those of trophoblast stem cells, except that low levels of accumulation
of H3K4 trimethylation in Oct4 and Nanog and of H3K27 trimethyla-
tion in the trophoblast marker genes were observed in Fgf4-induced
stem cells but not trophoblast stem cells.

Recent studies have also begun to reveal dynamic regulations in mul-
tiple cellular states related to pluripotency. These include reports of co-
expression of Oct4 and Cdx2 in rat ES cells maintained in the presence
ofa GSK-3p inhibitor'*** and of Oct4 expression in rat extra-embryonic
precursors®'. Another recent study has indicated that conventional ES
cell culture also contains a very minor population of Oct4 ™ cells with
features resembling those of very early-stage embryos™, including bidi-
rectional potential. However, these cells are dissimilar to STAP cells
as they are Oct4, unlike STAP cells and Fgf4-induced stem cells. Our
preliminary genome-wide RN A-sequencing analysis indicated that both
morulae and blastocysts are outliers to the cluster of STAP and ES cells
(Extended Data Fig. 6d-f and Supplementary Tables 4 and 5).

A key conclusion drawn from this study is that the reprogramming
in STAP conversion goes beyond the pluripotent state of ES cells and

©2014 Macmillan Publishers L

of pluripotent marker genes (left), bivalent pattern genes (middle) and
trophoblast marker genes (right). Scale bars indicate 10 kb for pluripotency
marker genes and trophoblast marker genes, and 20 kb for bivalent

pattern genes.

involves the acquisition of a wider developmental potential related to
both ICM- and trophoectoderm-like states. Because of the inability to
clone STAP cells from single cells, we must await future technical advance-
ment to examine whether their dual-directional differentiation potential
at the population level may reflect one totipotent state at the single-cell
level or two different states of STAP cells coexisting (or fluctuating between
them) in culture. As for STAP-cell-derived Fgf4-induced stem cells,
which can also contribute to both embryonic and placental tissues, our
in vitro conversion study combined with inhibitor treatments clearly
indicate that the bidirectional potential of Fgf4-induced stem cells is
unlikely to reflect the co-presence of separate subpopulations of ES-
like and trophoblast-stem-like cells in the culture. Collectively, our
study indicates that STAP-based conversion can reprogram somatic
cells to acquire not only pluripotency but also the ability of trophoblast
differentiation.

METHODS SUMMARY

Cell culture. STAP cells were generated from mouse splenic CD45 * cells by a tran-
sient exposure to low-pH solution, followed by culture in B27+LIF medium'. For
establishment of the Fgf4-induced stem-cell line, STAP cell clusters were trans-
ferred to Fgf4 (25 ng pl)-containing trophoblast stem-cell medium® on MEF feeder
cells in 96-well plates. The cells were subjected to the first passage during days 7-10
using a conventional trypsin method. For inducing conversion from Fgf4-induced
stem cells into ES-like cells, Fgf4-induced stem cells were trypsinized, and suspended
cells were plated in ES maintenance medium containing LIF and 20% FBS. For the
establishment of STAP stem-cell lines, STAP spheres were transferred to ACTH-
containing medium'® on a MEF feeder or gelatin-coated dish. Four to seven days
later, the cells were subjected to the first passage using a conventional trypsin
method, and suspended cells were plated in ES maintain medium containing 5%
FBS and 1% KSR.

Chimaeric mice generation and analyses. For injection of STAP stem cells, Fgf4-
induced stem cells and ES cells, a conventional blastocyst injection method was
used. For STAP cell injection, STAP cell clusters were injected en bloc, because
trypsin treatment caused low chimaerism. STAP spherical colonies were cut into
small pieces using a microknife under microscopy, then small clusters of STAP
colony were injected into day-4.5 blastocysts by large pipette. The next day, the chi-
maeric blastocysts were transferred into day-2.5 pseudopregnant females.

Online Content Any additional Methods, Extended Data display items and Source
Data are available in the online version of the paper; references unique to these
sections appear only in the online paper.
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METHODS

Animal studies. Research involving animals complied with protocols approved by
the Harvard Medical School/Brigham and Women’s Hospital Committee on Animal
Care, and the Institutional Committee of Laboratory Animal Experimentation of
the RIKEN Center for Developmental Biology.
Cell culture. STAP cells were generated from low-pH-treated CD45™" cells, fol-
lowed by culture in B27 + LIF medium for 7 days, as described'. For Fgf4-induced
stem-cell line establishment, STAP cell clusters were transferred to Fgf4-containing
trophoblast stem-cell medium® on MEF feeder cells in 96-well plates. In most cases
(40 out of 50 experiments), colonies grew in 10-50% of wells in 96-well plates. In
minor cases (10 out of 50 experiments), no colony growth was observed and/or only
fibroblast-like cells appeared. The cells were subjected to the first passage during
days 7-10 using a conventional trypsin method. Subsequent passages were per-
formed at a split ratio of 1:4 every third day before they reached subconfluency.
STAP stem-cell lines were established as described'. STAP spheres were trans-
ferred to ACTH-containing medium' on MEF feeder cells (several spheres, up to a
dozen spheres, per well of 96-well plates). Four to seven days later, the cells were
subjected to the first passage using a conventional trypsin method, and suspended
cells were plated in ES maintain medium containing 20% FBS. Subsequent pas-
saging was performed at a split ratio of 1:10 every second day before they reached
subconfluency.
Chimaera mouse generation and analyses. For production of diploid and tet-
raploid chimaeras with STAP cells, STAP stem cells and Fgf4-induced stem cells,
diploid embryos were obtained from ICR strain females. Tetraploid embryos were
produced by electrofusion of 2-cell embryos. Because trypsin treatment of donor
samples turned out to cause low chimaerism, STAP spherical colonies were cut
into small pieces using a microknife under microscopy, and small clusters of STAP
cells were then injected into day-4.5 blastocysts by a large pipette. Next day, the
chimaeric blastocysts were transferred into day-2.5 pseudopregnant females.
In vivo differentiation assay. 1 X 10° cells of Fgf4-induced stem-cell-derived ES-
like cells were injected subcutaneously into the dorsal flanks of 4-week-old NOD/
SCID mice. Six weeks later, the implants were collected and histologically ana-
lysed. The implants were fixed with 10% formaldehyde, embedded in paraffin, and
routinely processed into 4-pm-thick sections. Sections were stained with haema-
toxylin and eosin. So far, we have not investigated whether Fgf4-induced stem cells
form tumours such as teratomas and yolk sac tumours in vivo.
Immunostaining. Cells were fixed with 4% PFA for 15 min and, after permeabi-
lization, with 0.5% Triton X-100 and then incubated with primary antibodies: anti-
H3K27me3 (Millipore; 1:300), anti-Oct3/4 (Santa Cruz Biotechnology; 1:300),
anti-Nanog (eBioscience; 1:300), anti-KLF4 (R&D System; 1:300), anti-Esrrf} (R&D
System; 1:300) and integrin o7 antibody (R&D system; 1:200). After overnight incu-
bation, bound antibodies were visualized with a secondary antibody conjugated to
Alexa546 (Molecular Probes). Nuclei were stained with DAPI (Molecular Probes).
RNA preparation and RT-PCR analysis. RNA was isolated with the RNeasy Mini
kit (Qiagen). Reverse transcription was performed with the SuperScript III First
Strand Synthesis kit (Invitrogen). Power SYBR Green Mix (Roche Diagnostics)
was used for PCR amplification, and samples were run on a Lightcycler-II Instrument
(Roche Diagnostics). The primer sets for each gene are listed in Supplementary
Table 1.
Inhibitor assay. For JAK inhibitor assay, Fgf4-induced stem cells were cultured
without feeders for 48 h in trophoblast stem-cell culture medium supplemented
with 0.6 uM JAK inhibitor (CalBiochem, 420097). As a control, ES cells were also
cultured for 48 h in ES medium supplemented with 0.6 pM JAK inhibitor. After
the JAK inhibitor treatment, cells were collected and their gene expression was
analysed by RT-PCR. For MEK inhibitor assay, dissociated Fgf4-induced stem
cells were plated in either LIF containing ES medium supplemented with 1 uM MEK
inhibitor (PD025901) or FGF4 containing trophoblast stem cell medium supple-
mented with 1 pM MEK inhibitor for 48 h. As controls, dissociated Fgf4-induced
stem cells were co-plated with 5% or 50% of ES cells into the same culture conditions.
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After the MEK inhibitor treatment, colonies that formed in each culture condition
were counted.

FACS sorting. Fgf4-induced stem cells were dissociated into single cells and were
suspended in 0.5% BSA PBS. Suspended cells were Fc-blocked by treatment with
1 pg of mouse IgG per 10 cells for 15 min at room temperature. PE-conjugated
integrin o7 antibody (R&D system, FAB3518P, dilution at 1:10) was added into
cell suspension, and cells were incubated for 30 min on ice. Finally, cells were
rinsed with PBS three times and propidium iodide was added for dead cell elim-
ination. As a control, Fgf4-induced stem cells in a separate tube were treated with
PE-labelled rat IgG,p antibody. Integrin o7-positive and -dim cells were sorted by
FACS aria II (BD).

RNA sequencing and ChIP sequencing analyses. RNA-sequencing of cell lines
was performed with biological duplicate samples. Total RNA was extracted from T
cells by the RNasy mini kit (Qiagen). RNA-seq libraries were prepared from 1 pg
total RNAs following the protocol of the TruSeq RNA Sample Prep kit (Illumina)
and subjected to the deep sequencing analysis with Illumina Hi-Seq1000. A cluster
tree diagram of various cell types was obtained from hierarchical clustering of
global expression profiles (log, FPKM of all transcripts; FPKM, fragments per
kilobase of transcript per million mapped reads). Complete linkage method applied
to 1 — r (r = Pearson’s correlation between profiles) was used for generating the
tree and 1,000 cycles of bootstrap resampling were carried out to obtain statistical
confidence score in % units (also called AU P values). For the analysis that included
morula and blastocyst embryos (only small amounts of RNA can be obtained from
them), we used pre-amplification with the SMARTer Ultra Low RNA kit for Illumina
Sequencing (Clontech Laboratories). Differentially expressed genes were identified
by the DESeq package®.

ChIP-seq libraries were prepared from 20 ng input DNAs, 1 ng H3K4me3 ChIP
DNAs, or 5ng H3K27me3 ChIP DNAs using the KAPA Library Preparation kit
(KAPA Biosystems). TruSeq adaptors were prepared in-house by annealing a TruSeq
universal oligonucleotide and each of index oligonucleotides (5'-AATGATACG
GCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATC
T-3',and 5'-GATCGGAAGAGCACACGTCTGAACTCCAGTCACXXXXXXA
TCTCGTATGCCGTCTTCTGCTTG-3'; where X represents index sequences).

Chromatin immunoprecipitation was performed as follows. Cells were fixed in
PBS(-) containing 1% formaldehyde for 10 min at room temperature. Glycine was
added to a final concentration of 0.25 M to stop the fixation. After washing the cells
twice in ice-cold PBS(-), cells were further washed in LB1 (50 mM HEPES-KOH
pH7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton
X-100) and LB2 (10 mM Tris-HCl pH 8.0, 200 mM NaCl, 1 mM EDTA, 0.5 mM
EGTA). Cells were then re-suspended in lysis buffer (50 mM Tris-HCl pH 8.0, 10 mM
EDTA, 1% SDS). Lysates were prepared by sonication using COVARIS $220 in a
mini tube at duty cycle = 5%, PIP = 70, cycles per burst = 200, and the treatment
time of 20 min. Lysates from 2 X 10° cells were diluted in ChIP dilution buffer
(16.7mM Tris-HCI pH 8.0, 167 mM NaCl, 1.2 mM EDTA, 1.1% Triton X-100,
0.01% SDS). ChIP was performed using sheep anti-mouse IgG beads (Invitrogen)
or protein A beads (Invitrogen) coupled with anti-histone H3K4me3 antibody
(Wako, catalogue no. 307-34813) or anti-histone H3K27me3 antibody (CST, cata-
logue no. 9733), respectively. After 4-6 h of incubation in a rotator at 4 °C, beads
were washed five times in low-salt wash buffer (20 mM Tris HCI pH 8.0, 150 mM
NaCl,2 mM EDTA, 1% Triton X-100, 0.1% SDS), and three times in high-salt wash
buffer (20 mM Tris-HCI pH 8.0, 500 mM NaCl, 2mM EDTA, 1% Triton X-100,
0.1% SDS). Target chromatin was eluted off the beads in elution buffer (10 mM
Tris-HCl pH 8.0, 300 mM NaCl, 5 mM EDTA, 1% SDS) at room temperature for
20 min. Crosslink was reversed at 65 °C, and then samples were treated with RNaseA
and proteinase K. The prepared DNA samples were purified by phenol-chloroform
extraction followed by ethanol precipitation and dissolved in TE buffer.

23.  Anders, S. & Huber, W. Differential expression analysis for sequence count data.
Genome Biol. 11, R106 (2010).
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Extended Data Figure 1 | Placental contribution of STAP cells. a, Chimaeric  cell chimaera. Scale bars, 50 um. ¢, Co-immunostaining showed that

mouse with STAP cells derived from CD45™ cells of B6GFP X 129/Sv mice these GFP-positive cells (right) were found in the extra-embryonic

(B6GFP, C57BL/6 line with cag-gfp transgene). Arrows indicate a placenta endoderm-derived epithelial cells (pan-cytokeratin™ and overlying laminin™
and a yolk sac. b, Cross-sections of yolk sac (top) and placenta (bottom). basement membrane; left) of the yolk sac. Scale bar, 10 pm.

GFP-positive cells (arrows) were seen only in yolk sac and placenta of the STAP
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Extended Data Figure 2 | Trophoblast differentiation potential of Fgf4- Fgf4-induced stem cell culture. Unlike trophoblast stem cells (d, left), which
induced stem cells. a, b, Immunostaining (cross-section) of placentae obtained ~ generated multi-nucleated large cells (arrow) in the absence of Fgf4,
in the blastocyst injection assay with GFP (constitutive)-labelled ES cells Fgf4-induced stem cells (d, right) simply stopped proliferation and gradually

(upper) or Fgf4-induced stem cells (bottom). Brown shows pan-cytokeratin died on Fgf4 withdrawal. Scale bars, 50 pm. This finding suggests that placental
and red shows GFP (ES cell or Fgf4-induced stem cell contribution). Regions  differentiation of Fgf4-induced stem cells in vivo may involve more than just

indicated in a are shown in b. Fgf4-induced stem cells contributed to all Fgf4 signal suppression. e, The number of 4N and 8N cells increased within
layers of placentae, whereas no contribution was observed with ES cells. a, Scale 6 days of Fgf4 withdrawal in trophoblast stem cells but not in Fgf4-induced
bars, 5mm. b, Scale bars, 50 pm. ¢, Pluripotent marker expression of stem cells.

Fgt4-induced stem cells. Scale bars, 50 um. d, e, Effects of Fgf4 withdrawal from

©2014 Macmillan Publishers Limited. All rights reserved



LETTER

013L23Rik

8& il
éi"e:%% 15Rik
i
Asy
ﬁg'%&'ugzngib
:*“3:3‘ -

E??NOZR"(

i?ozowsosnuk

am19ad

-mess

Ag D?SG‘SHlk

SL

Al ]| l

Extended Data Figure 3 | Transcriptome analyses of STAP cells shown by
heat maps. a, Heat maps of expression profiles of top-ranked up- and
downregulated genes in STAP cells (Oct4-GFP™ clusters converted from
CD45" cells) compared to ES cells. Their respective expression levels in STAP
stem cells, trophoblast stem cells and Fgf4-induced stem cells are shown.
Absolute expression values are scaled by log,. The genes expressed differentially
between ES cells and STAP cells tended to show more similar expression
profiles to ES cells in STAP stem cells and Fgf4-induced stem cells than in
trophoblast stem cells. Expression of some early endodermal lineage genes such
as Gata4 and Sox17 was moderately elevated in STAP cells as compared to ES
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cells, whereas its biological significance remains elusive (these genes are shown
to be strongly expressed in Oct4-GFP-dim cells'). b, Heat maps of expression
profiles of top-ranked up- and downregulated genes in ES cells compared to
CD45" cells and their respective expression levels in STAP cells. The genes
expressed differentially between CD45 " and ES cells tended to show similar
expression profiles in ES cells and STAP cells. ¢, Heat maps of expression
profiles of representative genes implicated in haematopoietic lineage
development in CD45", ES and STAP cells. No strong correlation was seen
between CD45™ cells and STAP cells in their expression profiles (a similar
tendency of no correlation was seen for the data in b).
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Extended Data Figure 4 | Transcriptome analyses for genes implicated in
cell-cycle control and induced pluripotent stem-cell conversion.

a, Comparison of expression values of genes involved in cell-cycle control in ES
and STAP cells; the G to M cell cycle phases (upper), the cell cycle checkpoint
and cell cycle arrest (middle), and the cell cycle regulation (bottom) are
shown. Expression level was measured by log, of mean normalized counts.
b, Heat map for upregulated genes in cells undergoing reprogramming by
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‘Yamanaka factors™*. ¢, Heat maps for upregulated genes in pre-iPS cells' (top)
and in partially reprogrammed cells by Yamanaka factors (bottom).
Expression level was measured by log, of mean normalized counts.
Differentially expressed genes were identified by the DESeq package® and
only genes with a false discovery rate of 1% were selected for comparison,
unless mentioned otherwise.
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Extended Data Figure 5 | Responses of Fgf4-induced stem cells to signal
modifications. a—f, JAK inhibitor treatment assay for Fgf4-induced stem cells.
Fgf4-induced stem cells were cultured under feeder-free conditions and
treated with 0.6 pM JAK inhibitor for 48 h. JAK inhibitor treatment assay
eliminated ES cells (Oct4-GFP™) from the culture (a, b). The level of Oct4-GFP
expression in Fgf4-induced stem cells, which was moderate, was maintained
even after JAK inhibitor treatment (¢, d; three independent experiments).
Scale bar, 100 um. e, f, For an additional control, Fgf4-induced stem cells were
plated in trophoblast stem-cell medium containing Fgf4 together with
Oct4-GFP ES cells that constitutively expressed BFP (the number of plated cells
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was one-tenth of that of plated Fgf4-induced stem cells). Whereas
BFP-expressing colonies (ES-cell-derived) still expressed Oct4-GFP in
trophoblast stem-cell culture medium after 2 days (e), no Oct4-GFP™ colonies
from BFP-expressing ES cells were observed in the JAK-inhibitor-treated
culture (f). g, FACS analysis of integrin a7 expression in Fgf4-induced stem
cells. Over 40% of Fgf4-induced stem cells strongly expressed both the
pluripotency marker Oct4-GFP and the trophoblast marker integrin 7. The
bottom panel shows an isotype control for integrin a7 antibody. In ES cells,
integrin-o7-expressing cells were less than 0.1% (data not shown; three
independent ES cell lines were examined).
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Extended Data Figure 6 | Characterization of ES-like cells converted from
Fgf4-induced stem cells and comparison of STAP cells with early embryos.
a, Immunohistochemistry of ES-like cells for trophoblast and pluripotency
markers. ES-like cells converted from Fgf4-induced stem cells no longer
expressed the trophoblast marker (integrin alpha 7), but they did express the
pluripotency markers (Oct4, Nanog and SSEA-1). Scale bar, 100 pm.

b, Pluripotency of ES-like cells converted from Fgf4-induced stem cells as
shown by teratoma formation. Those cells successfully formed teratomas
containing tissues from all three germ layers: neuroepithelium (left, arrow
indicates), muscle tissue (middle, arrow indicates) and bronchial-like
epithelium (right). Scale bar, 100 um. ¢, MEK inhibitor treatment assay for

LETTER

ES STAP

Oct4-gfp Fgf4-induced stem cells in trophoblast stem-cell medium containing
Fgf4. No substantial formation of Oct4-GFP™ colonies was observed from
dissociated Fgf4-induced stem cells in MEK-inhibitor-containing medium.
Scale bar, 100 um. d, Cluster tree diagram from hierarchical clustering of global
expression profiles. Red, AU P values. As this analysis included morula and
blastocyst embryos from which only small amounts of RNA could be obtained,
we used pre-amplification with the SMARTer Ultra Low RNA kit for Illumina
Sequencing (Clontech Laboratories). e, f, Volcano plot of the expression
profile of STAP cells compared to the morula (e) and blastocyst (f). Genes
showing greater than 10-fold change and P value 1.0 X 10™ ¢ are highlighted in
red and are considered up- (or down-) regulated in the STAP cells.
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RETRACTION
doi:10.1038/nature13599

Retraction: Bidirectional
developmental potential in
reprogrammed cells with acquired

pluripotency

Haruko Obokata, Yoshiki Sasai, Hitoshi Niwa,
Mitsutaka Kadota, Munazah Andrabi, Nozomu Takata,
Mikiko Tokoro, Yukari Terashita, Shigenobu Yonemura,
Charles A. Vacanti & Teruhiko Wakayama

Nature 505, 676-680 (2014); doi:10.1038/nature12969

Several critical errors have been found in our Article (http://dx.doi.org/
10.1038/nature12968) and Letter, which led to an in-depth investiga-
tion by the RIKEN Institute. The RIKEN investigation committee has
categorized some of the errors as misconduct (see Supplementary Data 1
and Supplementary Data 2). Additional errors identified by the authors
that are not discussed in RIKEN’s report are listed below.

(1) Figure 1a and b in the Letter both show embryos generated from STAP
cells, not a comparison of ES- and STAP-derived chimaeric embryos, as
indicated in the legend.

(2) Extended Data Fig. 7d in the Article and Extended Data Fig. 1a in the
Letter are different images of the same embryo and not, as indicated in
the legends, a diploid chimaera embryo and tetraploid chimaera embryo.
(3) There is an erroneous description in Fig. 1ain the Letter. The right
panel of Fig. 1a is not a ‘long exposure’ image at the camera level but a
digitally enhanced one.

(4) In Fig. 4b of the Letter, STAP cell and ES cell are wrongly labelled
in a reverse manner.

(5) In the Article, one group of STAP stem cells (STAP-SCs) was reported
as being derived from STAP cells induced from spleens of F; hybrids
from the cross of mouse lines carrying identical cag-gfp insertions in chro-
mosome 18 in the background of 129/Sv and B6, respectively, and that
they were maintained in the Wakayama laboratory. However, further
analysis of the eight STAP-SClines indicates that, while sharing the same
129XB6 F; genetic background, they have a different GFP insertion
site. Furthermore, while the mice used for STAP cell induction are homo-
zygous for the GFP transgene, the STAP-SCs are heterozygous. The GFP
transgene insertion site matches that of the mice and ES cells kept in the
Wakayama laboratory. Thus, there are inexplicable discrepancies in gen-
etic background and transgene insertion sites between the donor mice and
the reported STAP-SCs.

We apologize for the mistakes included in the Article and Letter. These
multiple errors impair the credibility of the study as a whole and we are
unable to say without doubt whether the STAP-SC phenomenon is real.
Ongoing studies are investigating this phenomenon afresh, but given
the extensive nature of the errors currently found, we consider it appro-
priate to retract both papers.

Supplementary Information is available in the online version of this Retraction.
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