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In the past few years, relatively straightforward laboratory tech-
niques have been developed to reprogram normal body cells to
enter an embryonic stem cell–like state. Not only do these induced
pluripotent stem cells hold great medical promise—perhaps greater
than that of embryonic stem cells—but they also have escaped the
ethical controversy in which the latter is mired.

This article examines how cell reprogramming is likely to trans-
form regenerative and reproductive medicine and highlights some

of the medical, moral, and political hurdles that it faces. It also
argues that induced pluripotent stem cells are more ethically prob-
lematic than most people believe and that cell reprogramming will
not solve the stem cell controversy but complicate it further.
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Recent advances in the science of cell reprogramming
have raised exciting medical possibilities. These possi-

bilities include the production of patient-specific cells for
regenerative therapies, studying diseases in vitro, testing
new treatments for these diseases, and creating artificial
gametes for use in reproductive medicine. However, an-
other major cause for excitement about cell reprogramming
is the hope that it will provide an alternative to embryonic
stem cell research and thus settle one of the most divisive
bioethical controversies of recent decades.

We examine the probable benefits of cell reprogram-
ming for regenerative and reproductive medicine. We also
explore some key ethical problems that this new field of
research presents and explain why cell reprogramming may
become just as controversial as embryonic stem cell
research.

THE GRAIL OF REGENERATIVE MEDICINE

A fundamental ambition of regenerative medicine is to
find a renewable source of cells to replace diseased and
damaged tissue. A major step in this direction occurred in
1998, when human embryonic stem cells were first isolated
and grown in cell culture (1). Similar to most embryonic
stem cells today, these cells were derived from the inner cell
mass, or embryoblast, of early-stage embryos left over from
in vitro fertilization procedures.

The value of embryonic stem cells for regenerative
medicine is based on a combination of 2 capabilities. First,
these cells can self-renew in culture for extended periods
and perhaps indefinitely. Second, given the right develop-
mental cues, these cells can differentiate into all cell types
of the body, a capacity known as pluripotency.

Embryonic stem cells not only promise an unlimited
supply of transplantable cells but also enable investigators
to examine in vitro processes of human embryonic devel-
opment that are inaccessible in vivo. Therefore, they pro-
vide a unique tool for studying aspects of human disease
that are not amenable to analysis by using patient samples
or animal models. For example, some diseases, such as di-
abetes, hypertension, and cardiovascular disease, are linked
to abnormalities in embryonic development.

Experiments on embryonic stem cell differentiation
can help to identify the factors that cause such abnormal-
ities and lead to disease in later life. Because embryonic
stem cells provide in vitro models of development and dis-
ease, they can be used to test the efficacy and toxicity of
new treatments, from pharmaceuticals to gene therapy (2).

However, the therapeutic value of embryonic stem
cells is offset by major drawbacks involving medical, moral,
and political concerns. Because embryonic stem cells are
very unlikely to be immunologically compatible with the
potential transplant recipient, they will rarely allow
patient-specific (autologous) cell therapies. Although the
risks of grafts derived from another person, known as allo-
geneic grafts, can be mitigated by close HLA matches and
deriving cell types that provoke only a weak immune re-
sponse, such as neural and mesenchymal stem cells, most
transplant recipients will require lifelong immunosuppres-
sive therapy.

Until recently, researchers tried to solve the problem
of immune-mediated rejection by using somatic cell nu-
clear transfer (that is, cloning) (3). In theory, a somatic cell
(a cell not involved in the production of sperm or ova)
taken from a patient could be fused with an enucleated
ovum to create an embryo with the same DNA as the
patient. From this clone, patient-specific embryonic stem
cells could be derived. However, scientific and legal obsta-
cles have made this idea very difficult to put into practice.
Although Dolly the sheep was born 15 years ago (4), clon-
ing human embryos became possible only recently (5, 6)
and the cultivation of human embryonic stem cell lines
from cloned embryos has yet to occur.
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Even if the chief medical obstacle to embryonic stem
cell therapies were overcome by therapeutic cloning, the
chief moral and political obstacle would remain. Prolife
groups fiercely oppose the destruction of embryos to pro-
duce human embryonic stem cells. Heated public debate
has caused numerous countries to impose legal restrictions
on this practice (7).

In the United States, the controversy has chiefly re-
volved around federal funding policy (8). The most impor-
tant piece of federal legislation has been the Dickey-Wicker
Amendment, which since 1996 has prohibited the U.S.
Department of Health and Human Services from funding
research that creates or destroys human embryos. This pro-
hibition seems unambiguous, but its interpretation has
proved quite variable and unpredictable. President George
W. Bush, for example, allowed federal money to fund re-
search involving human embryonic stem cell lines that al-
ready existed as of the date of his ruling on 9 August 2001
(9). In March 2009, President Obama relaxed this rule
somewhat by allowing research using newer stem cell lines
also to be funded (10).

For Presidents Bush and Obama, everything depended
on distinguishing between the (unfundable) activities that
actually create human embryonic stem cells and the (fund-
able) activities that use those cells. In August 2010, Chief
Judge Royce Lamberth of the U.S. District Court for the
District of Columbia challenged this distinction when he
placed a temporary injunction on federal funding of any
research into human embryonic stem cells (11). Although
an appeals court swiftly granted a stay on this injunction
and recently overturned it, these events highlight the con-
tinued uncertainty affecting embryonic stem cell research
(12, 13).

The stem cell controversy is now as heated as ever.
Because each side in this debate claims the moral high
ground (one side defends the rights of the most vulnerable,
the other promotes research that may one day help to save
countless lives), a compromise of principles is not possible.
Instead, considerable effort has been made to find a prac-
tical, workaround solution.

The most notable effort occurred in 2005, when the
President’s Council on Bioethics explored numerous alter-
native methods for generating pluripotent stem cells (14).
It concluded that “ethically the most unobjectionable”
method involved reprogramming somatic cells to enter an
embryonic stem cell–like state. Although reprogramming
was not yet demonstrated to be feasible, only this method
promised to produce human pluripotent stem cells without
using embryos, embryo-like entities, or even ova (Table)
(15, 16).

In 2006, Dr. Shinya Yamanaka and his team at Kyoto
University in Japan achieved a major breakthrough in cell
reprogramming. They found that inserting 4 genes into
cells taken from the tail tips of mice could reset the
molecular clock of these cells and make them enter a
pluripotent state in which they, and their progeny,

could remain indefinitely (17). In 2007, Yamanaka’s
team and 2 groups from the United States (18 –20) suc-
cessfully repeated this experiment with human skin
cells. Prolife groups immediately hailed these induced
pluripotent stem (iPS) cells as the “ethical alternative”
to embryonic stem cells, a belief that President George
W. Bush promptly endorsed (21).

Not only do iPS cells seem to escape the moral trou-
bles of embryonic stem cells, their therapeutic value is
likely to be greater. Similar to their embryonic counter-
parts, iPS cells can be differentiated into various cell types,
including retinal cells (22), neurons (23), hematopoietic
cells (24), cardiomyocytes (25), and insulin-secreting pan-
creatic cells (26). However, the big advantage of iPS cells is
that they can be derived from almost any individual and
(assuming that they are proven to be safe in clinical trials)
might be used for autologous cell replacement therapies
(Figure 1).

For similar reasons, disease-specific cell lines can be
derived from patients with a wide range of conditions.
Therefore, “diseases in a dish” are easier to derive by using
iPS cells than embryonic stem cells.

The science of cell reprogramming is advancing rap-
idly. A milestone was recently reached in the study of trans-
differentiation, or the direct reprogramming of one somatic
cell type into another without a stem cell intermediate.
Human skin cells were successfully turned into blood cells
without first being dedifferentiated to a pluripotent state
(27).

Key Summary Points

Embryonic stem cells have the potential to supply an un-
limited number of diverse cell types for regenerative medi-
cine. However, moral controversy and legal restrictions
hamper embryonic stem cell research.

New techniques enable somatic cells, or bodily cells not
involved in the production of sperm or ova, to be repro-
grammed to enter an embryonic stem cell–like state. Many
people believe that these induced pluripotent stem (iPS)
cells offer an ethical alternative to embryonic stem cells.

Although iPS cells are similar to embryonic stem cells, in-
vestigators have identified important differences in their
proliferative potential, capacity to differentiate, and use
in disease modeling.

The science of cell reprogramming continues to depend
heavily on embryonic stem cell research. Talk of iPS cells
as an “alternative” to embryonic stem cells is premature.

Current experiments suggest that iPS cells may be differ-
entiated into viable human gametes. The use of cell repro-
gramming in reproductive medicine will foment the stem
cell controversy.
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Not long ago, transdifferentiation was little more than
an attractive concept without evidence (28). Now, it is an
important avenue of research with therapeutic potential
that may eventually rival that of induced pluripotency, be-
cause this achievement in transdifferentiation suggests a

path to patient-specific cell therapies that is simpler and
possibly safer. We discuss some of the dangers associated
with producing iPS cells.

ETHICAL ALTERNATIVE OR MORAL BEDFELLOW?
The idea that iPS cells are an “ethical alternative” to

embryonic stem cells raises various issues. We will set aside
the central moral question of whether using human em-
bryos for stem cell research is permissible (29) and instead
focus on a particular scientific question that has important
ethical implications: Are iPS cells essentially equivalent to
embryonic stem cells? That is, can everything that embry-
onic stem cells enable us to know and do also be known
and done by using iPS cells? Only if the answer is “yes” can
we call iPS cells an alternative, ethical or otherwise.

To properly answer this question, we must compare
embryonic stem cells with iPS cells, a task that has barely
begun. Although these cells have similar phenotypes, it is
becoming increasingly obvious that they are by no means
identical. Comparisons between human iPS cells and em-
bryonic stem cells have found significant differences in
their gene-expression profiles (18, 30).

Researchers have also discovered differences in the
ability of these stem cells to proliferate and differentiate.
For example, 1 study showed that human iPS cells differ-
entiate to the neural lineage with much less efficiency and
greater variability than their embryonic counterparts (31).
According to a second study, hemangioblasts derived from
human iPS cells grow slower and age faster than those
derived from embryonic stem cells (32). Still more disqui-
eting, a third study demonstrated that iPS cells and embry-
onic stem cells behave very differently when they are used
to model the fragile X syndrome; specifically, reprogram-
ming failed to return the disease-causing gene to its embry-
onic state (33).

The task of comparison is complicated by the fact that
the source and age of donor cells can affect the process of
reprogramming. In general, the more differentiated the do-
nor cell type is, the more difficult it is to wind back its
developmental clock (34). Also, reprogramming tends to
occur with less efficiency and fidelity when donor cells
come from older organisms (35). Recent experiments indi-
cate that iPS cells produced by using the Yamanaka
method retain an “epigenetic memory” of their tissue of
origin, which favors their differentiation along related
lineages (36, 37).

To further complicate matters, several methods for re-
programming cells now exist, and the number continues to
grow. In all likelihood, iPS cells produced with 1 method
will differ in their basic properties from those produced by
using other methods. This possibility highlights how much
more we need to learn about the phenomenon of induced
pluripotency.

There are dangers associated with all pluripotent stem
cells. To be suitable for therapeutic use, these cells must be

Table. How to Make “Ethical” Pluripotent Stem Cells

Method Description

Dead embryos Approximately 50% of all embryos produced in
fertility clinics fail to develop normally. Although
these embryos can be regarded as “organismically
dead,” live stem cells can still be harvested from
them. Proponents compare this method with
the removal of vital organs from a person who
has recently died, which is a widely accepted
medical practice. Critics point out that greater
effort is made to preserve the life of the
embryo’s component cells than that of the
embryo itself.

Embryo biopsy One or 2 cells are removed from a healthy
embryo created by in vitro fertilization and are
used to start a stem cell culture. Proponents
claim that this method is no more harmful to
the embryo than obtaining a biopsy specimen
to determine whether it has a genetic defect,
which is a common procedure in fertility clinics.
Critics insist that any unnecessary risk to the
embryo is unacceptable.

Somatic cell nuclear
transfer

Otherwise known as cloning, this method involves
fusing a somatic cell (a bodily cell that does not
normally produce gametes) with an ovum that
has had its nucleus removed to produce a
cloned embryo. Proponents claim that the end
result is not really a human embryo because the
ordinary process of fertilization is bypassed but
is instead a “clonote” from which stem cells can
be ethically harvested. According to critics, this
argument is double-talk, equivalent to saying
that Dolly the cloned sheep was not really a
sheep.

Altered nuclear
transfer

This is a variation on the cloning method and is
designed to answer critics of that method.
Altered nuclear transfer (ANT) involves
genetically tampering with either the ovum or
the somatic cell so that the clone that results
from their fusion cannot develop normally even
if it were implanted in a uterus. Proponents
claim that the resulting “ANTity” is morally
suitable for scientific research because it
altogether lacks the potential to become a
person. Critics insist that this technique
produces embryos that are no less human for
being defective.

Parthenogenesis Subjecting an ovum to an electrical or chemical
stimulus can cause it to behave as if it had been
fertilized. Most researchers believe that the
human “parthenote,” similar to the ANTity,
lacks the ability to develop normally; however,
proving this beyond doubt is difficult and would
require ethically unacceptable experiments. As
with the ANTity, the moral status of the
parthenote is subject to dispute.

Induced
pluripotency

The insertion of specific genes or proteins into
somatic cells can induce the cells to enter a
pluripotent state. Because these induced
pluripotent stem cells are not derived from
embryos, embryo-like entities, or ova, they have
an ethically uncontroversial source. However,
some possible uses for induced pluripotent stem
cells are highly controversial, such as producing
“artificial” gametes and embryos.
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differentiated into the required cell type. To the greatest
extent possible, grafts should contain only differentiated
cells because pluripotent cells can cause teratomas. Other
dangers are specific to iPS cells. Two of the 4 transgenes
originally used by Yamanaka and colleagues for cell repro-
gramming, c-Myc and KLF4, are known to be oncogenic.

Also, the retroviruses and lentiviruses initially used as
transgene vectors can insert within the genome of a cell
and cause unintended mutations (38). A major reason for
developing new reprogramming methods is to avoid these
dangers.

One method is to use nonintegrative vectors that,
along with their transgene payload, can be removed from
cells once reprogramming is complete (39, 40). Even more
promising are methods that use recombinant proteins (41,
42) and synthetic messenger RNA (43) to establish pluri-
potency. Because no genetic elements or viral vectors are
introduced into cells, the risk for mutagenesis should be
minimal; however, this remains to be proved.

Assessing the nature and therapeutic value of various
iPS cell lines will take many years, and constant compari-
sons with embryonic stem cells will be necessary. In part,
this is because human embryonic stem cells—which pre-
date human iPS cells by almost a decade—are more famil-
iar to translational scientists and closer to clinical
application.

The first clinical trial involving human embryonic
stem cells was approved in early 2009 and, after a hiatus of
more than 1 year to address safety issues, is now recruiting
human participants. Geron Corporation is testing the
safety and tolerability of neuronal ensheathing cells, or oli-
godendrocyte progenitor cells, derived from human embry-
onic stem cell lines in patients with a complete thoracic
spinal cord injury (44). A second company, Advanced Cell
Technology, recently gained approval to conduct its own
clinical trials testing the safety of and tolerability to embry-
onic stem cell–derived retinal cells in patients with macular
degeneration (45). Whatever the results of these trials, they
will cast much-needed light on the use of both embryonic
stem cells and iPS cells for regenerative medicine.

Aside from their therapeutic potential, embryonic
stem cells have great scientific importance. They are among
the best tools we have for investigating the natural mech-
anisms of cell differentiation and self-renewal, especially in
the earliest stages of human development. Therefore, em-
bryonic stem cells are widely considered the gold standard
against which iPS cells must be measured, and most stem
cell scientists, including those responsible for the repro-
gramming revolution, insist that both lines of research
should be pursued simultaneously (46–48).

The value of iPS cells for regenerative medicine de-
pends on how successfully they can adopt a pluripotent
state and on whether they can avoid damaging mutations.
Research on embryonic stem cells has set standards that cell
reprogramming cannot yet match. The most recent studies
show that iPS cells display more genetic and epigenetic

abnormalities than embryonic stem cells, which is likely to
affect their clinical worth (49, 50).

These considerations contradict the idea that repro-
gramming will soon provide a viable alternative to human
embryonic stem cells. Even a superficial analysis of the
stem cell literature demonstrates that these 2 lines of re-
search are symbiotically entwined. They share results, re-
sources, ideas, techniques, and personnel. The idea that iPS
cells could replace embryonic stem cells without substantial
loss only makes sense as a future prospect, a possibility that
might be realized when the science of cell reprogramming
is more developed and more independent than it currently
is. Until then, research into induced pluripotency remains
heavily indebted to embryonic stem cell research, as it has
always been.

From a moral perspective, this situation is puzzling. If
you regard embryonic stem cell research as unethical, you
should also attribute some measure of its guilt to cell re-
programming, its material accomplice and beneficiary (51).
Far from iPS cells being the ethical alternative to embry-
onic stem cells, the 2 methods are presently scientific part-
ners and moral bedfellows.

REPROGRAMMING REPRODUCTION

A full account of the ethics of iPS cells would encom-
pass a range of other issues. The possibility that patient-
specific iPS cells may be propagated indefinitely raises
questions about informed consent, genetic privacy, and the
ownership of biological material (52–55). One must also
consider questions of affordability and social equity. Al-
though reprogramming is decreasing the cost of pluripo-

Figure 1. Derivation and medical use of iPS cells.

Somatic cells can be reprogrammed into iPS cells and then differentiated
into the desired functional cell type. If necessary, genetic defects may be
corrected with gene therapy. Cells derived in this manner may have
various uses, including autologous and allogeneic cell transplantation, in
vitro disease modeling, drug screening, and regeneration research. Fig-
ures were produced using Servier Medical Art, available at www.servier
.com. iPS cells � induced pluripotent stem cells.
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tent stem cells (56), for the foreseeable future only wealthy
persons will be able to afford custom-made iPS cells (57).

Although they are important, these ethical issues
mostly concern the eventual uses of iPS cells. We have set
these issues aside to focus instead on the relevance of in-
duced pluripotency to the current controversy surrounding
embryonic stem cell research, especially in the United
States. However, a future direction for cell reprogramming
relates directly to this controversy and thus demands our
attention: reproductive medicine.

Human embryonic stem cells and iPS cells can be dif-
ferentiated into primordial germ cells (58–60) and, further
down the path of gametogenesis, into haploid germ cells
(61). Experiments on murine pluripotent stem cells have
produced not only artificial sperm and ova (62, 63) but live
offspring (64). These results provide a glimpse into the
future of reproductive medicine that is both marvelous and
troubling.

Ova derived from iPS cells may eventually provide
women seeking in vitro fertilization treatment with an al-
ternative to hormone-induced superovulation (which car-
ries the risk for the ovarian hyperstimulation syndrome)
and egg harvesting. Cell reprogramming also may be the
only hope for persons unable to produce functional gam-
etes, such as survivors of cancer and women with prema-
ture ovarian failure, to have genetically related children.

Although this technology is probably more than a de-
cade away from clinical use (65), it has already advanced
our understanding of gametogenesis, a difficult process to
observe, especially in humans. Artificial gametes hold great
value for research because they promise a limitless supply
of human ova. The production of genetically identical
gametes also makes comparing the results of different ex-
periments substantially easier. However, this research raises
ethical and legal problems.

To prove that viable gametes have been successfully
derived, in vitro fertilization must be attempted and the
resulting embryos grown to at least the blastocyst stage (65,
66). Of course, such experiments will provoke objections
from prolife groups and reignite the same debates that
many people hoped that cell reprogramming would end.

The laws currently regulating this field of science vary
according to country. In the United Kingdom, the Human
Fertilisation and Embryology Act allows the artificial cre-
ation and fertilization of human gametes but forbids the
growth of embryos for more than 14 days (67). In the
United States, the Dickey-Wicker Amendment prevents
federal funding of research that creates and destroys em-
bryos, although some states have passed laws that com-
pletely prohibit research of this kind (68). These laws will
continue to provide a battlefield for opponents and sup-
porters of artificial gamete research.

Almost every possibility that cell reprogramming
opens for reproductive medicine raises an ethical dilemma.
For example, artificial gametes could be engineered and
selected to prevent genetic disorders, such as cystic fibrosis
and sickle cell disease, from being transmitted from parents
to children. However, the same techniques could be used
not to correct or eliminate defective genes but to create a
child with genes that predispose the child to certain traits,
such as skin color, physique, and intelligence. Artificial
gametes therefore will feed into the “designer baby” debate
(65, 69, 70).

Using artificial gametes for same-sex reproduction
would be still more controversial. Human germ cells that
have been differentiated in vitro express both male and
female genetic programs regardless of the sex of the stem
cell line from which they were derived (58). This fact
opens up the surprising possibility that a skin cell taken
from a man might be turned into an egg, fertilized with the
sperm of another man, and then carried to term by a sur-
rogate mother. In theory, a child could be born with 2
fathers, which was recently accomplished with mice (71).
Similar techniques might even enable people to fertilize
themselves (72) (Figure 2).

Although such reproductive possibilities have attracted
considerable media attention, it is too soon to say whether
they are realizable. Current research suggests that deriving
viable eggs from chromosomally male cells would be very
difficult and that deriving viable sperm from female cells
would be even harder, because the latter lack the Y chro-
mosome genes needed for sperm formation (65, 66).

Figure 2. Possible reproductive use of iPS cell–derived
gametes.

Cell reprogramming may one day be used in IVF clinics to produce
artificial gametes, including male-derived ova and female-derived sperm.
This figure shows the reproductive options that this technology could
open for male IVF donors. Artificial sperm could be used for heterosex-
ual fertilization, whereas artificial ova could enable same-sex fertilization
and self-fertilization. Figures were produced using Servier Medical Art,
available at www.servier.com. iPS cells � induced pluripotent stem cells;
IVF � in vitro fertilization.
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WHEN OPPOSITES ATTRACT

A final possibility is worth mentioning. At present, an
adult cell can be pushed back up the developmental stream
until it is pluripotent. However, eventually the possibility
may exist for an adult cell to be made totipotent, which
would give it the power to generate not only all of the
tissue types found in the body but the extraembryonic tis-
sues necessary for development.

Two significant steps in this direction have already
been taken. First, a procedure known as tetraploid comple-
mentation can provide pluripotent stem cells with a substi-
tute trophoblast (the outer layer of cells from which the
placenta and extraembryonic membranes develop). In ef-
fect, the pluripotent stem cells become the inner cell mass
(embryoblast) of a viable embryo that can be implanted in
a uterus and carried to term. Experiments with murine
embryonic stem cells established this principle 2 decades
ago (73), and more recent work on iPS cells has confirmed
it (74, 75). Second, human iPS cells have been differenti-
ated into trophoblastic cells (76).

What remains is to reprogram a human somatic cell so
that it generates both the embryoblast and the trophoblast.
If that is achieved, then any and every cell in the body
could be given the same developmental potential as a fer-
tilized egg. This is cloning in the original, horticultural
sense of the term, as the word clone comes from the Greek
word klon, a twig that may grow into a new plant (52).

This possibility undermines the popular view that cell
reprogramming and cloning—that is, somatic cell nuclear
transfer—are poles apart. Although reprogramming is gen-
erally seen as morally unproblematic, cloning is often
viewed with suspicion and, in the case of reproductive
cloning, repugnance. President Obama echoed a common
sentiment when he declared that reproductive cloning was
“dangerous, profoundly wrong, and has no place in our
society, or any society” (10). Yet, from the perspective of
science, somatic cell nuclear transfer can be considered just
one of many methods of cell reprogramming. As research
into cell reprogramming advances, treating reprogramming
and cloning as moral opposites may become increasingly
difficult.

What today seems like an ethical alternative to embry-
onic stem cell research is swiftly becoming just as problem-
atic. As cell reprogramming enters the field of reproductive
medicine, it will challenge our common-sense understand-
ing of human fertility and force us to reconsider the very
meaning and value of human existence. In fact, it is already
doing so. Some bioethicists have argued that cell repro-
gramming undermines a core tenet of the prolife position:
the idea that a human embryo deserves full moral status
because it possesses the intrinsic potential to become a
person.

If every cell in your body possesses the developmental
potential of an embryo, then arguably every cell in your
body possesses the same moral status as you do, which is an

apparent absurdity (77). This argument has attracted crit-
icism (78), and more plausible versions of it have been
offered (79, 80). We do not want to take sides in this
metaphysical dispute but merely note that it is filtering out
of bioethics journals and into more popular forums. The
public debate over cell reprogramming has hardly begun.
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