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Message from the Director

In the past 15 years, stem cell biology has grown 
enormously, and so have its applications to 
regenerative medicine. Being at the cutting edge of 
biological discovery requires incorporating the newest 
advances, not only in the science, but also... 
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... in the technology that allows one to investigate the 
idea underlying a discovery. 

This has happened recently when investigators 
discovered that at the sub-microscopic level one can 
actually visualize with advanced microscopy how 
genes get turned on and off. This is the holy grail of 
stem cell biology: to figure out how a particular suite 
of genes on different chromosomes simultaneously 
goes from inactive to active, or vice versa, so that 
the next step in development will be precisely 
controlled and result in the cell types necessary 
for the generation and regeneration of tissues and 
organs. Understanding these genetic mechanisms—
and being able to manipulate them—have profound 
implications for human health.
Cancer cells often take advantage of these 
mechanisms, and therefore finding methods to 
image—at the molecular, cellular and tissue level—
what’s happening in these 
cells is not only critical 
for stem cell biology and 
regenerative medicine but 
also for understanding the 
development of cancer stem 
cells from previously normal 
tissue stem cells. 
New methods of microscopy, 
combined with methods to 
make particular gene products 
highly fluorescent, now allow 
precise localization for those 
factors that turn on or off 
suites of genes during stem 
cell actions. 
One prime example of this 
is called “lattice light sheet 
microscopy,” and it has the 
promise of allowing us to 
look at events even in living 

cells, perhaps even deep inside tissues. This year 
we have been exploring with colleagues at the joint 
Stanford/Berkeley Siebel Stem Cell Institute (led by 
Bob Tjian) whether and how we can arrange to learn 
on their machines. We do not wish to be limited in 
our science and its translation, and so it is imperative 
that we be at the forefront of the acquisition and 
development of these new technologies.
Steve Quake, a leader at our institute and in 
Bioengineering, is the new co-head of the Chan-
Zuckerberg Biohub at Stanford, part of the Chan-
Zuckerberg Initiative (CZI). Our Lokey Stem Cell 
Research Building will be the home to a core of 
single-cell molecular technologies to explore the 
biology of the normal tissue stem cells and cancer 
stem cells we identify, isolate, and study. These 
types of molecular advances will be complemented 
by advanced microscopy such as the light sheet 
microscopy just described. 

Though helpful and 
important partners in our 
work, foundations like 
CZI and Ludwig Cancer 
Research, among others, do 
have limitations on what 
they can or will support. 
For example, once there is a 
discovery that has a chance 
of developing into a therapy, 
such foundations do not 
supply the tens of millions 
of dollars required to bring 
the discovery through all the 
steps necessary to get it to 
patients: that is, to go from 
discovery through preclinical 
proof of principle, through 
safety testing and toxicity 
testing in animal models, and 
through first-phase human 
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This is the holy grail of stem 
cell biology: to figure out how 
a particular suite of genes 
on different chromosomes 
simultaneously goes from 
inactive to active, or vice 
versa, so that the next step in 
development will be precisely 
controlled and result in the 
cell types necessary for the 
generation and regeneration 
of tissues and organs. 
Understanding these genetic 
mechanisms—and being able 
to manipulate them—have 
profound implications for 
human health.



clinical trials to determine if 
the therapy could be safe in 
humans and if there is even a 
hint of efficacy.  
Happily, here is where the 
nearly decade-old California 
Institute of Regenerative 
Medicine (CIRM) has stepped 
in. In the past eight years, it has been possible to 
compete for CIRM funding to bring a discovery to 
the point of filing documents with the FDA to get 
approval to initiate clinical trials and, if merited, 
to apply for further 
funding to carry out 
phase I trials in humans. 
Several preclinical 
studies and clinical 
trials by CIRM-funded 
institute investigators 
are happening at 
Stanford right now. The 
antibody to the ‘don’t 
eat me’ molecule CD47 
discovered by Majeti and Weissman has advanced to 
late phase-I clinical trials at Stanford with the team 
led by Brandy Sikic of the Medical School Oncology 
Division and Stanford Cancer Institute.  Maria 
Grazia Roncarolo was recruited as a co-director in 
the ISCBRM to establish a unit centered in Pediatrics 
and the institute that can translate stem cell biology 
into curative therapies. Her establishment of the 
Center for Definitive and 
Curative Medicine is the most 
powerful milestone in our 
journey from discovery to 
therapy, and our quest to cure 
previously incurable disorders. 
Since her arrival from the 
Institute San Rafaelle in 
Milan, where she, as Director, 

made it the premier medical 
translation unit in Europe, 
Dr. Roncarolo has vitalized 
the pediatric department’s 
program in blood-forming 
cell therapies and therapeutic 
genetic engineering. Her 
efforts catalyzed the joint 

efforts of the Lucille Packard Hospital and the 
Stanford Hospital, along with the School of Medicine 
and the ISCBRM, to establish an off-site facility (see 
below) led by David Digiusto for stem cell isolation 
and cell growth and gene modification just off 
campus. 
Bone marrow transplantation began as a method 

to increase the 
total amount of 
chemotherapy 
or radiation that 
could be delivered 
to cancers. 
That increased 
chemotherapy or 
radiation was more 
effective at killing 
cancer, but also killed 

the patient’s blood and immune stem cells, so these 
cells were replaced through transplantation. Blood 
stem cell transplantation can also be used to replace 
defective blood and immune cells due to genetic 
diseases such as sickle cell anemia, but patients are 

often unable to survive high 
dose chemotherapy. To bring 
these patients safely to curative 
stem cell therapies we have 
developed a novel method to 
replace chemotherapy with 
antibody deletion of diseased 
blood-forming stem cells. 
This discovery, initiated by 
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Several preclinical studies 
and clinical trials by CIRM-
funded institute investigators 
are happening at Stanford 
right now.

Roncarolo’s establishment 
of the Center for Definitive 
and Curative Medicine is the 
most powerful milestone in 
our journey from discovery to 
therapy and our quest to cure 
previously incurable disorders.



Agniewska Czechowicz (who 
was a medical student in the 
Weissman group at the time) 
for blood stem cell transplants 
to cure immune deficient 
mice, has been advanced with 
all-antibody conditioning 
in immune competent mice 
that will now accept blood-
forming stem cell transplants 
from unrelated donors. 
These advances are now 
being translated into human 
patients by institute members 
Judy Shizuru and Maria 
Grazia Roncarolo. With the 
support of a CIRM grant, 
they will test this method’s 
ability to prepare children 
with defective immune systems (such as SCID —the 
“Boy in the Bubble” disease) for curative blood stem 
cell transplants without the use of life-threatening 
chemotherapy or radiation. Their eventual use of 
highly purified sibling or mother’s blood stem cells 
(lacking the T cells that cause disease themselves 
when they attack the recipient) will be the first in the 
world trial of transplanting purified donor blood-
forming stem cells. 
Already, institute member 
Matt Porteus has mastered 
the use of CRISPR and other 
gene editing technologies 
to replace defective genes in 
blood-forming stem cells with 
normal copies of those genes. 
Matt recently has teamed 
with visiting scientist Nobuko 
Uchida to add important 
genes expressed in human 
brain-forming stem cells for 

potential future use in treating 
congenital brain disorders. 
Still other examples of 
CIRM-funded initiatives 
are therapies developed 
from discoveries by institute 
members Mike Clarke,  Roel 
Nusse (the winner of a 2016 
‘Breakthrough Prize’), and 
Phil Beachy. Yet another 
example is the “liquid biopsy” 
method that analyzes a simple 
blood sample to find precisely 
how many cancer cells are 
still in the body following 
treatment, a method that was 
discovered and advanced 
by institute members Ash 
Alizadeh and Max Diehn with 

Aaron Newman. Eventually, this work may lead to a 
simple blood test to screen for cancer.
The amazing discoveries of how to coax embryonic 
stem cells and induced pluripotent stem cells to 
become useful tissue stem cells, made by freshly 
minted PhD Kyle Loh in the institute, is another 
example. His work is likely to lead to methods 
to create a wide variety of specific tissue stem 
cells that can be used in cell therapies and tissue 

regeneration. Another 
example is the alternative 
approach (by Marius Wernig) 
for reprogramming easily 
obtained body cells into 
brain cells and brain stem 
cells. Yet one more example 
is the fundamental discovery 
by Charles Chan (with the 
Longaker and Weissman 
groups) of how to identify, 
isolate, and transplant bone 
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We have developed a 
novel method to replace 
chemotherapy with antibody-
deletion of diseased blood-
forming stem cells. 
With the support of a CIRM 
grant, (institute researchers) 
will test this method’s ability to 
prepare children with defective 
immune systems (such as 
SCID —the “Boy in the Bubble” 
disease) for curative blood 
stem cell transplants without 
the use of life-threatening 
chemotherapy or radiation. 

Yet one more example is 
the fundamental discovery 
by Charles Chan (with the 
Longaker and Weissman 
groups) of how to identify, 
isolate, and transplant bone and 
cartilage stem cells for healing 
fractures as well as to try to 
intervene in arthritis. 



and cartilage stem cells for 
healing fractures as well as to 
try to intervene in arthritis. 
Newly recruited Crystal 
Mackall is moving ‘Car-T’ cell 
therapies from laboratory to 
clinic for patients with some 
types of cancer. 
Most of these efforts have 
been aided by grants from 
CIRM, which was established 
through the passage of 
Proposition 71.  CIRM now 
has a lifespan of only three 
to four more years, so the 
organizers of the original 
Prop. 71 (principally Robert 
Klein and the leadership of our institute, as well as 
the leadership of other California stem cell institutes) 
will need to initiate a second round of CIRM 
funding. This is necessary if the many discoveries 
coming from scientific innovation, insight, pre-

clinical proof of principle, 
and modern technology 
applications, are to accelerate 
through the “Valley of Death” 
(the name for the wasteland 
between scientific discovery 
and approved clinical 
application) and become true 
therapies. This sort of financial 
support, often in combination 
with critical support from 
our philanthropic partners, 
is the only way to bring our 
discoveries to the point that 
commercial entities can safely 
license them and carry them 
to the public for the greater 

good.
Together we have come so amazingly far in just 
the decade or so since the institute’s beginnings. 
Together, we hope to continue the advances.

A second round of CIRM 
funding is necessary if the 
many discoveries coming 
from scientific innovation, 
insight, pre-clinical proof 
of principle, and modern 
technology applications, are to 
accelerate through the “Valley 
of Death” (the name for the 
wasteland between scientific 
discovery and approved clinical 
application) and become true 
therapies.





Translational Stem 
Cell Research

A major focus of the institute has always been the 
translation of stem cell research into therapies that can 
be used to treat human disease. Stem cell therapies 
offer the promise of one-time treatments that can cure 
for life. 
This year, the institute made significant advances in 
this area, conducting clinical trials and opening the 
Laboratory for Cell and Gene Medicine, a facility that 
will grow, process and store cells that are approved for 
use in human patients. 
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Set back from the street, the building on California 
Avenue in Palo Alto looks like what you might see 
on Stanford’s main quad — with pale, beige stucco 
walls, a series of arched windows framed by columns 
and a red tile roof. In a former life it was the Stanford 
Genome Technology Center; now it has found a new 
purpose as Stanford’s Laboratory for Cell and Gene 
Medicine. 
With high-turnover airflow, sterile rooms and all 
the regulatory clearances necessary to safely make 
cell-based therapies for 
use in human patients, 
the lab will create new 
opportunities for research 
and to facilitate advances 
in patient care. 
The laboratory is 
Stanford’s first dedicated 
facility to be certified 
in current good 
manufacturing practices, or CGMP, by the Food and 
Drug Administration. The certification is one way 

the agency ensures safety and consistency in medical 
therapies intended for use in humans.
The lab is devoted to making biological materials 
for use in phase-1 and phase-2 clinical trials. Until 
now, Stanford researchers wishing to conduct clinical 
trials of cells or viruses had to arrange to have them 
manufactured at other sites around the country.

A vast pipeline of potential therapies
“Stanford has a vast pipeline of potential cell and 

gene therapies that can 
now be realized without 
having to go off-site to 
make materials for testing,” 
said laboratory director 
David DiGiusto, PhD. 
“Our hospital and clinics 
are world-renowned, and 
we’ve seen an explosion 
in cell therapy. We’ve built 

a biologics manufacturing facility to support the 
translation of cell and gene therapy from the research 

Laboratory for Cell and Gene Medicine opens 

Laboratory Director David Digiusto, PhD, and a technician stand on opposite sides of a sterile barrier

“The Laboratory for Cell and 
Gene Medicine is going to be 
a major force in our precision 
health revolution” 
–Lloyd Minor, MD, dean of the School of Medicine
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lab to the clinic. The LCGM 
expands our capacity more 
than twofold and will help 
researchers and clinicians test 
potential therapies safely and 
more rapidly.”
These therapies include, 
among many others, purified 
blood stem cells to treat 
genetic diseases, immune cells 
engineered to attack cancers, 
and viruses equipped to replace 
faulty genes with healthy, 
functional copies in an attempt 
to treat conditions as diverse 
as severe combined immune 
deficiency, sickle cell anemia 
and a blistering skin disorder 
known as epidermolysis 
bullosa.
“The Laboratory for Cell and Gene Medicine is 
going to be a major force in our precision health 
revolution,” said Lloyd Minor, MD, dean of the 
School of Medicine. “Our hope is that stem cell 
and gene-based therapeutics will enable Stanford 
Medicine to not just manage illness but cure it 
decisively and keep people healthy over a lifetime.”
Maria Grazia Roncarolo, MD, a professor of 
pediatrics and of medicine and co-director of 
Stanford’s Institute for Stem Cell Biology and 
Regenerative Medicine, helps to lead the school’s 
efforts to translate basic scientific discoveries in the 
field of regenerative medicine into stem-cell and gene 
therapies. The new lab is an essential component of 
that effort.
“The LCGM will manufacture cell- and gene-based 
cures but also develop innovative technologies to 
make these therapies more accessible and available to 
all patients in need,” she said.
The lab is being funded by the School of Medicine, 
Stanford Health Care and Stanford Children’s Health.
The roughly 25,000-square-foot building has been 
completely remodeled to include clean rooms with 
airlocks, poured floors that don’t have cracks that 
can harbor bacteria, and easily sanitized surfaces. It 
includes separate areas for cell processing and for the 
development of viral vectors designed to infiltrate 
human cells for targetted therapies of human disease. 
“Most of our rooms undergo 40 to 60 full changes 
of air per hour, which is like turning over the whole 

volume of a room every 
minute,” said DiGiusto. “We 
use special, breathable culture 
bags rather than tissue culture 
flasks to grow cells, and we 
transfer liquids with pharmacy 
pumps rather than pipettes. 
Everything we do is conducted 
according to strict, written 
procedures.”

Stringent practices
Current good manufacturing 
practices require a high degree 
of sterility as well as strict 
chain-of-custody protocol and 
practices to ensure consistency 
in products. One focus of the 
facility will be the generation of 
banks of induced pluripotent 

stem cells and other specialized tissues, such as 
heart muscle cells, that are derived from stem cells. 
These cells can be used to test the effects of drugs in 
a “clinical trial in a dish” or potentially even used to 
repair tissues injured by disease or trauma.
“We test every product before it goes out the door,” 
said DiGiusto, who is also the director of stem cells 
and therapeutic operations at the laboratory. Other 
directors will oversee quality assurance, regulatory 
affairs and other aspects of the laboratory’s 
operations. “We have a high degree of control 
over all stages of manufacture, and every stage is 
documented according to federal law.”
In addition to manufacturing biological products, 
the laboratory will also serve as a kind of pharmacy 
to dispense cellular therapies that were made in 
other facilities certified under the same strict FDA 
guidelines. These therapies will be for Stanford 
patients, as well as for patients at collaborating 
institutions. “Unlike a typical pharmacy, we will 
wash, store and distribute cells, rather than drugs,” 
said DiGiusto. “This will ensure each patient receives 
the right product at the right dose and at the right 
time.”
Plans are also in place to support collaborations 
among researchers from Stanford and elsewhere. 
DiGiusto and his colleagues are working to be 
licensed by the state of California as a biological 
manufacturer so that materials made in the 
laboratory can be shipped across state lines. They will 
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The new facility will make it 
possible to test, at Stanford, 
new therapies for cancer, 
autoimmune diseases (Lupus, 
type-1 diabetes, arthritis, 
etc.) and previously incurable 
genetic diseases like the “Boy in 
the Bubble” disease. It may also 
produce stem cells to regenerate 
damaged heart, pancreas, 
cartilage, bone, brain and other 
tissues and organs.



also file a facility master file with the FDA so that 
non-Stanford collaborators can receive approval to 
use the laboratory. 
In the end, the lab’s activities will be driven by the 
needs of the Stanford community, DiGiusto said. 
“This is very much a partnership with the faculty of 
the medical school,” he said. “We will have a formal 
process for project management and budgeting, and 
we are here to help them develop clinical trials. But 
the ideas of what to produce will come from them.” 

Researchers take steps 
toward gene therapy for 
sickle cell disease
Using the CRISPR gene-editing technique in 
stem cells, Stanford researchers repaired the 
gene that causes sickle cell disease, and stem 
cells with the repaired gene were successfully 
transplanted into mice.

A team of institute researchers led by Matthew 
Porteus, MD, PhD, associate professor of pediatrics, 
has used a gene-editing tool known as CRISPR to 
repair the gene that causes sickle cell disease in 
human stem cells, which they say is a key step toward 
developing a gene therapy for the disorder.
The team went on to demonstrate that the mended 
cells could make a functioning hemoglobin 
molecule, which carries oxygen in normal red 
blood cells, and then successfully transplanted the 
stem cells into mice. The researchers say the study 
represents a proof of concept for the repair of blood-
borne genetic diseases, such as sickle cell disease and 
thalassemia.

A painful and deadly condition
Sickle cell disease affects 70,000 to 100,000 
Americans and millions globally, inflicting suffering 
and high health-care costs. Children born in high-
income countries typically survive with the chronic 
disease, while those born in low-income countries 
typically die before the age of 5. The disease results 
from a single mutation in the gene that codes for one 
of the protein chains that make up the hemoglobin 
molecule. Hemoglobin is the main constituent of 

red blood cells and allows the cells to pick up oxygen 
from the lungs and drop it off in tissues throughout 
the body, from the brain to the muscles.
The sickle mutation causes the red blood cells to 
make an altered version of the hemoglobin that 
forces the red cell into a sickle shape when oxygen 
levels drop. The sickle cells are rigid and sticky. 
They can clog blood vessels, causing pain and organ 
damage. In addition, sickle cells die faster than 
normal red blood cells, often leading to anemia, 
which can also damage organs.

The holy grail
Gene therapy, generally, has been the holy grail of 
gene-based therapeutics since the 1980s, with just 
a sprinkling of individual successes over the years. 
Increasingly, though, better techniques are raising 
hopes for practical therapies that can permanently 
cure genetic diseases like sickle cell.
“What we’ve finally shown is that we can do it,” said 
Porteus. “It’s not just on the chalkboard. We can take 
stem cells from a patient and correct the mutation 
and show that those stem cells turn into red blood 
cells that no longer make sickled hemoglobin.”
Porteus said that in previous work, he has targeted 
sickle cell genes with an older gene-editing 
technology but that the new CRISPR technology 
is faster and easier to work with. “We spent half a 
dozen years trying to target the beta globin gene 
using the old technology,” he noted, adding that 
within one week of trying CRISPR, they had an 
editing tool that 
worked much 
better.
CRISPR is a 
combination 
of an enzyme 
that can cut a 
selected DNA 
sequence and 
a “guide RNA” 
that takes the 
enzyme exactly 
where you 
want to make the 
cut — in this case, at the sickle cell mutation. Once 
the mutated DNA sequence has been removed, 
other tools can help paste in a copy of the normal 
sequence.

Matthew Porteus, MD
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The Porteus team started with human stem cells 
from the blood of patients with sickle cell disease, 
corrected the gene mutation using CRISPR and 
then concentrated the human stem cells so that 90 
percent carried the corrected sickle cell gene. The 
stem cells are a particular type, called hematopoietic 
stem cells, that make blood cells. The team injected 
the concentrated, corrected hematopoietic stem cells 
into young mice.
“These stem cells have a property to be able to 
get from the blood system into the bone marrow 
where they then set up shop and start making other 
blood cells,” said Porteus. When the team examined 
the bone marrow of the mice after 16 weeks, the 
corrected stem cells were thriving there.
The corrected red blood cells needn’t replace all 
of a patient’s original sickle cells, said Porteus. If 
the proportion of sickle cells is below 30 percent, 
patients have no symptoms of disease. And corrected 
cells have about a tenfold advantage over uncorrected 
cells, he said. That’s because red blood cells afflicted 
with sickle cell tend to sickle and die after an average 
of only 10 days. In contrast, the corrected cells live 
the length of normal red blood cells, about 120 days. 
So the numbers of corrected cells rapidly outstrip 
those of uncorrected cells.

Although gene therapy research has made great 
strides in recent years, it has yet to be widely 
deployed, and CRISPR-edited genes have not yet 
been tested for safety or efficacy in human clinical 
trials. Examples of potential problems include 
unforeseen immune reactions or altering the wrong 
sequence of DNA — so-called off-target effects. The 
effects of gene editing in general are impossible to 
predict.
As Porteus said, “The consensus in the field is that 
there’s no one test we can do to prove that something 
is safe. We can’t just say, ‘Oh, just run this test, and 
that’ll show if it’s safe or not.’ That test doesn’t exist.” 
Instead, he said, a series of different tests may each 
offer some insights about potential safety. For now, 
Porteus and his team found that their corrected 
human hematopoietic stem cells seemed to behave 
like normal, healthy human hematopoietic stem 
cells.
“We’re excited about working to eventually bring this 
type of therapy to patients,” said Porteus. “Stanford 
is building the infrastructure so that we can take our 
discovery in the lab and develop it so we can scale up 
the laboratory process to create something that will 
be needed to treat a patient. We hope to develop the 
entire process here at Stanford.”

Clinical Trials for Cancer Therapies

The instititute is not merely trying to understand 
and diagnose cancers. Institute researchers are 
actively finding and testing new cancer therapies 
in clinical trials. Researchers are now completing 
a phase-1 clinical trial of the anti-CD47 antibody, 
which blocks the “don’t eat me” signal that nearly 
all cancers use to protect themselves from the 
immune system. Although the phase-1 trial is 
aimed at establishing the safety of the therapy, it 
may also reveal some effectiveness against cancers. 
The trial is being sponsored by the Company Forty 
Seven, Inc.
Institute researcher Michelle Monje, MD, PhD, 
is also taking part in a multi-center clinical trial 
of the  drug panobinostat to treat a fatal pediatric 
brain cancer called diffuse instrinsic pontine 
glioma (DIPG). There are no existing treatments 
for DIPG, which usually strikes young children 
between the ages of five and nine. Because Monje 

has been studying 
the biology of 
this devastating 
disease for 
years, she and 
her colleagues 
screened a huge 
number of drugs 
that were already 
approved by 
the FDA for 
other purposes. 
They found that 
panobinostat, a 
drug previously 
approved by the 
FDA for another 
kind of cancer, corrects some of the changes in 
gene regulation that DIPG causes. “I don’t think 
this is a cure, but I do think this will help,” Monje 
says.

Michelle Monje, MD, PhD
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A stem cell “kill switch” 
may make therapies safer
Institute researcher Hiromitsu Nakauchi, 
MD, PhD, and his colleagues have devised an 
innovative way to specifically eliminate stem 
cells implanted within the body if they start to 
turn into cancer cells or cause other problems. 
The technique could provide researchers with a 
practical “kill switch” that would make stem cell 
therapies safer by giving clinicians the ability to 
reverse transplantation procedures. 
The discovery of induced pluripotent stem 
cells created promising new avenues for 
therapies. However, the tumorigenic potential of 
undifferentiated iPSCs is a major safety concern 
that must be addressed before iPS cell-based 
therapies can be routinely used in the clinic.
The researchers studied a type of immune cell 
called a cytotoxic T cell. These cells recognize 
specific sequences, or antigens, on the surface of 
other cells. Some antigens indicate that the cell is 
infected with a virus; others are found on cells that 
have become cancerous. When a cytotoxic T cells 
sees these antigens, it moves in to kill the cell and 
remove the threat.
In order to ensure that our immune systems 
recognize the widest variety of antigens, 
developing T cells randomly shuffle their genes to 
create unique antigen receptors. Researchers have 
found that it’s possible to identify, and isolate, T 
cell populations that specifically recognize cancer 
cells. By growing those cells in the laboratory, and 
then injecting them back into a patient, clinicians 
can give a boost to the immune response that 
can help kill tumor cells. The technique is known 
as adoptive immunotherapy, and it has shown 
promise in treating melanoma. However, these 
cytotoxic T cells can become exhausted as they 
fight the cancer and become less effective over 
time.
Recently, researchers in Nakauchi’s lab showed 
that it’s possible to create induced pluripotent stem 
cells from cytotoxic T cells. These iPS cells are 
then induced to again become cytotoxic T cells. 
These rejuvenated T cells, or rejT cells, recognize 

the same antigen 
they did before 
their brief dip in 
the pluripotency 
pool, but they 
are far more 
sprightly than the 
cells from which 
they were derived 
– they can divide 
many more 
times and have 
longer telomeres 
(an indicator of 
youthfulness).
So far, so good. But, as Nakauchi mentioned 
above, iPS cells carry their own set of risks. 
Because they are by definition pluripotent (they 
can become any cell in the body), they can easily 
grow out of control. In fact, one way of proving a 
cell’s pluripotency is to inject it into an animal and 
see if it forms a type of tumor called a teratoma, 
which is made up of multiple cell types.
Nakauchi and his colleagues hit upon a way to 
manipulate a naturally existing suicide pathway 
to control whether the cells lived or died in a 
mouse model. By introducing a gene encoding 
a protein called inducible caspase-9, or iC9, into 
the cytotoxic T cells, they found they could cause 
the cells to die throughout the body by activating 
iC9 with a specific chemical. These engineered 
T cells still recognized the same antigens, and 
were just as effective against cancer tumors as 
their unmodified peers. But they were quickly 
eliminated with a simple treatment.
This isn’t the first time that researchers have 
explored the idea of a “kill switch” in iPS cells. 
But the iC9 approach efficiently and quickly kills 
cells whether or not are they dividing. (Previous 
approaches were effective only against rapidly 
dividing cells.) The research suggests that iC9 
might be a viable way to increase the safety of iPS-
cell-based therapies in humans.
“I think we are one step closer to a safe and 
efficient way to use adoptive immunotherapy 
against cancer.”

Hiro Nakauchi, MD, PhD
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Stanford researchers devise 
method for bone marrow 
transplants without using 
chemotherapy
Blood stem cell transplantation, widely known 
as bone marrow transplantation, is a powerful 
technique that potentially can provide a lifelong cure 
for a variety of diseases. But the procedure is so toxic 
that it is currently used to treat only the most critical 
cases.
Now, researchers at the 
Stanford University 
School of Medicine have 
come up with a way of 
conducting the therapy 
that, in mice, dramatically 
lowers its toxicity. If the 
method eventually proves 
safe and effective for 
humans, it potentially 
could be used to cure 
autoimmune diseases like 
lupus, juvenile diabetes 
and multiple sclerosis; 
fix congenital metabolic 
disorders like “bubble 
boy” disease; and treat 
many more kinds of 
cancer, as well as make 
organ transplants safer 
and more successful.
“There is almost no 
category of disease 
or organ transplant that is not impacted by this 
research,” said Irving Weissman, MD, a co-author 
of the research and professor of pathology and 
of developmental biology at Stanford. A paper 
describing the technique was published in the 
journal Science Translational Medicine.
The paper’s senior author is Judith Shizuru, MD, 
PhD, professor of medicine. The lead authors are 
research associate Akanksha Chhabra, PhD; former 
graduate student Aaron Ring, MD, PhD, who is now 
on the faculty at Yale; and Kipp Weiskopf, MD, PhD, 
a former graduate student who is now a resident at 

Brigham and Women’s Hospital.
To successfully transplant blood stem cells, a 
patient’s own population of blood stem cells must be 
killed. Currently, this is done using chemotherapy 
or radiotherapy, treatments that are toxic enough 
to damage a variety of organs and even result in 
death. “The chemotherapy and radiation used 
for transplant damage DNA and can cause both 
immediate problems and long-term damage to 
many tissues in the body,” Shizuru said. “Among the 
many known toxic side effects, these treatments can 
cause damage to the liver, reproductive organs and 
brain, potentially causing seizures and impairing 
neurological development and growth in children.” 

For these reasons, blood stem cell transplantation is 
used only when the risks of serious disease outweigh 
the complications from the transplant.
To avoid these terrible side effects, the Stanford 
researchers composed a symphony of biological 
instruments that clear the way for blood stem cell 
transplantation without the use of chemotherapy or 
radiotherapy.
The scientists started with an antibody against a 
cell surface protein called c-kit, which is a primary 
marker of blood stem cells. Attaching the antibody 
to c-kit resulted in depletion of blood stem cells in 

Judith Shizuru, MD
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immune-deficient mice. “However, this antibody 
alone would not be effective in immune-competent 
recipients, who represent a majority of potential 
bone marrow transplant recipients,” Chhabra said. 
The researchers sought to enhance the effectiveness 
by combining it with antibodies or with biologic 
agents that block another cell surface protein called 
CD47. Blocking CD47 liberated macrophages 
to “eat” target cells covered with c-kit antibody, 
Chhabra said.
With the CD47 marker blocked and the antibody 
attached to c-kit proteins, the immune system 
effectively depleted the animals’ blood-forming 
stem cells, clearing the way for transplanted blood 
stem cells from a donor to take up residence in the 
bone marrow and generate a whole new blood and 
immune system.
Comparing blood stem cell transplants to planting a 
new field of crops, Shizuru noted that the researchers 
not only found a safer way to clear the field for 
planting, but “we also used safer techniques to 
seed the new blood-generating cells.” Currently, 
bone marrow transplants involve a mix of cells that 
includes blood stem cells as well as various immune 
cells from the donor, which can attack the tissue of 
the transplant recipient. This immune attack results 
in what is called graft-versus-host disease, which can 
damage tissues and even kill patients.
Building on knowledge gained from previous 
research, the team purified the donor tissue so that 
it contained only blood stem cells and not the other 
immune cells that cause graft-versus-host disease.
The success of these techniques in mice raises hopes 
that similar techniques will succeed in human 
patients. “If it works in humans like it did in mice, 
we would expect that the risk of death from blood 
stem cell transplant would drop from 20 percent to 
effectively zero,” Shizuru says.
“If and when this is accomplished, it will be a whole 
new era in disease treatment and regenerative 
medicine,” said Weissman, who is director of the 
institute.
Once a patient’s blood and immune system can 
safely be replaced, any disease caused by the patient’s 
own blood and immune cells could potentially be 
cured by a one-time application of blood stem cell 
transplantation, they said. Safely replacing a patient’s 
blood and immune cells will get rid of the cells that 
attack their own tissues and produce disease like 

rheumatoid arthritis and Type 1 diabetes.
A method of safely doing blood stem cell transplants 
would also potentially make organ transplantation 
safer and easier, the researchers said. Currently, 
people who get an organ transplant must for the rest 
of their lives stay on drugs that keep their immune 
systems from attacking the transplanted organ. 
“Even if you are on immunosuppressants, most 
organ transplants diminish in function or fail over 
time, and the immunosuppressive drugs themselves 
make the patient more susceptible to life-threatening 
infections or newly forming cancers,” Weissman said.
But if blood and immune stem cells from the organ 
donor can be transplanted at the same time as the 
organ, the new immune system will recognize the 
donated organ and not attack it, the researchers said. 
“The transplanted cells, the donated organ and the 
patient’s own tissues all learn to coexist,” Shizuru 
said. “The donor blood stem cells re-educate the 
immune system of the patient, and the transplanted 
organ doesn’t get kicked out.”
Blood and immune stem cell transplants may also 
be critical to making the new era of regenerative 
medicine a success. If stem cells for organs or 
tissues like heart or liver are grown for general 
transplantation — that is, not designed specifically 
for one patient — the patient will require immune 
conditioning through blood stem cell transplantation 
so that the stem cells are not rejected as foreign 
bodies, the researchers said.

Withholding amino acid 
depletes blood stem cells, 
institute researchers say
A dietary approach to depleting blood stem cells 
may make it possible to conduct bone marrow 
transplantations without the use of chemotherapy 
or radiation therapy, according to researchers at the 
Stanford University School of Medicine. 
The discovery, made in collaboration with 
researchers at the University of Tokyo, may also 
become a new way to treat certain cancers without 
chemo or radiation, which can cause severe side 
effects. 
These researchers showed that a diet deficient in the 
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essential amino acid valine could effectively deplete 
the population of blood stem cells in mice and allow 
them to be successfully transplanted with blood stem 
cells from other mice. The researchers also showed 
that human blood stem cells in the laboratory were 
affected by a lack of access to valine, suggesting that 
the same therapeutic approach may work in humans.
Institute research Hiro Nakauchi, MD, PhD, and 
Satoshi Yamazaki, PhD, an associate professor at 
the Center for Stem Cell Biology and Regenerative 
Medicine at the University of Tokyo, jointly headed 
the project.
“Bone marrow transplantation is a toxic therapy,” 
said Nakauchi. “We have to do it to treat diseases 
that would otherwise be fatal, but the quality of life 
afterward is often not good.” 
He added, “Relative to chemotherapy or radiation, 
the toxicity of a diet deficient in valine seems to be 
much, much lower. Mice that have been irradiated 
look terrible. They can’t have babies and live for less 
than a year. But mice given a diet deficient in valine 
can have babies and will live a normal life span after 
transplantation.” 
The effect of a valine-deficient diet is fairly specific to 
blood stem cells, but there seem to be other sorts of 
stem cells that may also be affected, Nakauchi said, 
including hair stem cells and some T cells. Although 
other types of stem cells may also be affected, the 
effects are not nearly as widespread or extreme as 
those caused by chemotherapy or radiation therapy, 
he said. 
Nakauchi has a particular interest in one kind of 
stem cell that may be affected by valine deficiency. 
If leukemia stem cells are also vulnerable to valine 
deficiency, Nakauchi said, it may open the door to 
a dietary therapy for these blood cancers. As with 
bone marrow transplantation, a dietary treatment 
for cancer would probably be much less toxic than 
chemotherapies now being used, he said.
The new study came about after Yamazaki was 
reviewing the scientific literature and found an 
article in a 1946 issue of Science. It was co-authored 
by the late Stanford researcher Arthur Kornberg, 
who would go on to receive the 1959 Nobel Prize 
in Physiology or Medicine. In his 1946 research, 
Kornberg and his colleagues showed that certain 
types of anemia in rats could be treated by giving 
them mixtures of purified amino acids. 

The researchers showed 
that a diet deficient in the 
essential amino acid valine 
could effectively deplete the 
population of blood stem cells

Yamazaki, Nakauchi and their colleagues were 
intrigued and did the experiments that Kornberg did 
not do: testing the effects of the presence or absence 
of specific amino acids on blood stem cells. The 
researchers found that in a lab dish, a lack of valine 
or another amino acid, cysteine, would make the 
growth of mouse blood stem cells impossible. 
Then, the researchers asked a company to create 
mouse food that was deficient in only these specific 
amino acids, and fed the mice this diet for four 
weeks. They found that the valine-deficient diet, but 
not the cysteine-deficient diet, depleted blood stem 
cells in the mice. “Unlike valine, cysteine is not an 
essential amino acid, which means that the body can 
make some of it itself,” Nakauchi said. “All of our 
valine has to come from our diet, however.”
The current dietary method complements other work 
recently reported by Stanford scientists for using 
antibodies instead of chemotherapy or radiotherapy 
to clear out blood stem cells in preparation for bone 
marrow transplantation. “The two methods might 
even be used together to provide an even more 
effective, gentler therapy,” Nakauchi said. 
The mechanism by which amino acid deficiency 
affects blood stem cells is unknown, he said, but 
that will be the focus of future research. Now that 
this amino acid has shown promise as the basis for a 
dietary therapy, Nakauchi thinks scientists may find 
other specific kinds of stem cells that are affected by 
the presence or absence of particular amino acids. 
“This work could open up a new research field of 
stem cell metabolism and become the basis for a 
whole range of dietary therapies,” he said.
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The application of stem cell biology to cancer research 
is having a profound impact on our understanding of 
how cancer arises and propogates.
 
This year, in addition to new and continuing clinical 
trials of innovative cancer therapies, institute 
researchers have advanced our understanding of how 
cancers arise, how to diagnose and analyze them, and 
how better to treat them. 
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Leukemia mutations alter DNA 
to preserve stem cell traits
Researchers at the Stanford Institute for Stem Cell 
Biology and Regenerative Medicine discovered that 
a fundamental mutation in some cancers preserves 
certain stem cell qualities that should be lost, 
and also stops cancer cells from becoming more 
specialized. The finding brings scientists 
slightly closer to understanding how 
cancers develop, and perhaps how to treat 
them, the researchers say.  
Researchers in the laboratory of institute 
researcher Ravi Majeti, MD, PhD, built 
upon other studies that some cancers had 
mutations in a protein complex called 
cohesin, which was known mostly for 
engaging with chromosomes during cell 
division. 
“About 10% - 15% of cases of acute 
myeloid leukemia and other myeloid 
cancers have cohesin mutations, but no 
one knew what role those mutations play,” 
says Majeti. “What we did in this study 
was introduce these cohesin mutations 
into normal blood stem cells and 
determined how this affected them.”
Stem cells are the only cells in the body 
that can reproduce themselves as well 
as produce cells that are slightly more 
specialized in function. The stem cell 
theory of cancer proposes that all cancers contain 
a number of cancer stem cells that can reproduce 
themselves and keep the cancer going. Without this 
pool of stem cells to replenish the population of 
cancer cells, a cancer would die out. 
Majeti and his team, led by graduate student Claire 
Mazumdar, discovered that when cohesin mutations 
are inserted into normal blood stem cells, the slightly 
more specialized (or “differentiated”) offspring of 
those stem cells keep certain stem cell qualities that 
they should have lost. Majeti and his colleagues 
determined that this was happening because the 
altered cohesin was holding some segments of DNA 
in a position that made certain genes more active. 
Normally, DNA is packed tightly with specialized 
proteins in a structure called chromatin. This keeps 
the volume of the massive DNA molecules small, 

but it also blocks gene expression because genes 
packed away in chromatin can’t be read by the cell’s 
protein-making machinery. When genes need to be 
expressed as proteins, the chromatin is unpacked in 
particular spots to make the genes accessible. 
To look at which areas of chromatin were opened up, 
Majeti collaborated with Stanford researcher Howard 
Chang, MD, PhD, who recently developed an 
advanced technique to measure just that.  “Overall, 

the cohesin mutants reduced chromatin accessibility, 
but if you looked at the specific places the chromatin 
was opened up, it was in areas important to 
regulating the blood stem cell,” Majeti says. Such 
changes may make it more likely that the cancer cells 
can act like stem cells, reproducing themselves to fire 
up the cancer. 
At the same time, these cohesin mutants initiated 
changes that made it harder for cells to differentiate 
into more specialized cells. As cells become more 
specialized, they often become less able to multiply. 
“What we are seeing is that cohesin initiates 
changes in DNA structure that make cells show two 
hallmarks of cancer cell growth: adult cells act more 
like a stem cells, and they are also more likely to 
expand the cell population,” Majeti says.
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Researchers at the institute have devised a way to 
significantly increase the sensitivity of a technique to 
identify and sequence DNA from cancer cells circu-
lating in the blood.
Over the past year, the researchers have demon-
strated that such “liquid biopsies” of easily obtained 
blood samples can improve the diagnosis and treat-
ment of a number of cancers. 

The new approach works by eliminating the errors 
that occur when tumor DNA is captured from the 
blood and prepared for sequencing. Removing these 
errors from the sequencing results allows researchers 
to more accurately identify true cancer-associated 
mutations from even very small amounts of material.
“Now we can detect even more sensitively the pres-
ence of specific mutations in the cancer DNA that 
could help drive treatment choices 
or detect the presence of residual 
cancer,” said Maximilian Diehn, 
MD, PhD, an assistant professor of 
radiation oncology. “We’re getting 
closer to greatly reducing the need 
for invasive biopsies to identify 
tumor mutations or track response 
to therapies.” 
Even in the absence of treatment, cancer cells are 
continuously dividing and dying. As they die, they 
release DNA into the bloodstream, like tiny genetic 
messages in a bottle. Learning to read these messages 
— and to pick out the one in 1,000 to 1 million that 
come from a cancer cell — can allow clinicians to 
quickly and noninvasively monitor the presence and 
volume of a tumor, a patient’s response to therapy 
and even how the tumor mutations evolve over time.
The researchers termed their new, two-pronged 
approach “integrated digital error suppression,” or 
iDES. It builds upon a method called CAPP-Seq that 
Alizadeh, Diehn and Newman previously devised to 
capture very small amounts of tumor DNA from the 

blood by looking for a panel of mutations known to 
be associated with a particular cancer. 
Using iDES increases CAPP-Seq’s sensitivity for 
noninvasively identifying a tumor’s mutations in the 
blood by about 15 times. Once telltale tumor-specific 
mutations have been identified, the augmented tech-
nique becomes even more precise — detecting as few 
as one or two tumor DNA sequences among as many 

as 400,000 nontumor DNA fragments. 
“We found that our approach allows highly accurate, 
noninvasive identification of actionable mutations 
in lung cancer patients and we are hopeful that the 
technique will be clinically available soon,” said 
Diehn, who noted that additional clinical studies 
will be needed to confirm whether iDES-enhanced 
CAPP-Seq can improve cancer patient outcomes or 

reduce health-care costs. Cancer patients in whom 
biopsies are unsuccessful or too risky are likely to be 
among the first to benefit from the new approach. 
Furthermore, iDES-enhanced CAPP-Seq could also 
be useful in other health-care situations. “These same 
types of tools could be used to detect rare variants in 
DNA that could signal transplant rejection and anti-
biotic resistance or aid in prenatal diagnostic tests,” 
said Alizadeh.
The team’s work is an example of Stanford Medi-
cine’s focus on precision health, the goal of which is 
to anticipate and prevent disease in the healthy and 
precisely diagnose and treat disease in the ill.

Catching Cancer 
DNA in the Blood

Reliably finding and analyzing bits of 
circulating DNA from cancer cells can 
dramatically improve treatment and 
diagnosis for a variety of cancers
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Sequencing tiny bits of DNA circulating in the blood 
of patients with lymphoma can accurately identify 
the cancer subtype and pinpoint mutations that 
might cause drug resistance, according to researchers 
at the institute.
This knowledge could help personalize cancer 
treatment by revealing which patients are likely to 
be treated successfully and those who may 
have a poorer prognosis.
Tracking sequence changes over time could 
also provide a kind of early warning system 
to identify the emergence of an aggressive 
form of the cancer by providing a real-
time window into tumor evolution. The 
findings bolster the growing notion that 
noninvasive, blood-based biopsies of what’s 
known as circulating tumor DNA are likely 
to transform cancer care.
“Now we can identify the subtype of the tumor, 
watch how it changes over time and begin to tailor 
our chemotherapy choices based on the presence 
or absence of specific mutations,” said assistant 

professor of medicine Ash Alizadeh, MD, PhD. 
“We’ve moved beyond just measuring disease burden 
based on the amount of tumor DNA in the blood.”
The primary researchers on the team were Alizadeh, 
assistant professor of radiation oncology Maximilian 
Diehn, MD, PhD and new faculty member Aaron 
Newman, PhD, as well as postdoctoral scholars 
Florian Scherer, MD and David Kurtz, MD.

The researchers conducted a study of 92 
prospectively enrolled patients with diffuse large 
B-cell lymphoma (DLBCL), which is the most 
common type of non-Hodgkin lymphoma and is 

Cancer DNA in the blood determines 
lymphoma origin, prognosis

Maximilian Diehn, MD, PhD, and Ash Alizadeh, MD, PhD

The findings bolster the growing 
notion that noninvasive, blood-
based biopsies of what’s known as 
circulating tumor DNA are likely to 
transform cancer care.
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highly biologically variable. As a result, patients 
vary widely in their response to treatment. About 
one-third of seemingly successfully treated patients 
eventually relapse, or their tumors become resistant 
to treatment. Additionally, a form of indolent B cell 
lymphoma, which progresses slowly with only mild 
symptoms, can transform without warning into an 
aggressive form of the disease. 
“This transformation is very difficult to detect, and 
usually requires an invasive biopsy to diagnose,” 
said Diehn. “Our approach will allow us to monitor 
patients over time with a simple blood test, and may 
help us identify transformation much earlier.”
The researchers used an enhanced version of a 
technique they developed called CAPP-Seq to isolate 
and sequence circulating tumor DNA, or ctDNA, 
from blood samples from the patients. 
They then compared the ctDNA sequences obtained 
from the patients’ stored blood samples with those 
of the tumor cells from invasive biopsies, and paired 
the information with what was known about the 
course of the patient’s disease and eventual outcome. 
They found that low levels of ctDNA after diagnosis 
but before treatment correlated strongly with 
progression-free survival in the patients. Those with 
higher levels of ctDNA faired more poorly overall. 
Furthermore, they were able to detect the presence of 
ctDNA in the blood of relapsing patients as long as 

2.5 years before clinical signs of relapse.
Perhaps even more importantly, however, the 
researchers found they could use CAPP-Seq to 
determine the type of B cell from which the cancer 
originated and predict prognosis. About two-thirds 
of people with the germinal center subtype live for 
five years or more after diagnosis, while those with 
activated B-cell-like tumors have a poorer prognosis 
with current treatment regimes. These subtypes are 
known to predict differential responses to emerging 
targeted therapies, but they are cumbersome to 
measure accurately and require biopsies.
Finally, the researchers were able to predict from 
the ctDNA sequences those patients whose disease 
was transforming into a much more aggressive form 
prior to the emergence of clinical symptoms, and 
even to identify and track specific mutations known 
to inhibit the response to the targeted therapy with a 
drug known as ibrutinib.
“In this study we’ve shown five distinct ways 
— by quantifying tumor burden, identifying 
disease subtype, cataloging mutations, predicting 
transformation and providing early warnings of 
recurrence — that circulating tumor DNA can yield 
potentially clinically useful information,” said Diehn. 
“Now we’re eager to conduct prospective studies in 
recently diagnosed patients to learn how we can best 
improve patient care.”

Tracking resistance mutations in lung cancer patients
Institute hematologist and oncologist Ash 
Alizadeh, MD, PhD, and radiation oncologist 
Maximilian Diehn, MD, PhD, have taken CAPP-
Seq into the clinic to investigate how non-small 
cell lung cancers (the most common type of lung 
cancer) respond to drugs designed to inhibit the 
activity of the epidermal growth factor receptor, or 
EGFR. 
“In this study we use our CAPP-Seq ctDNA 
detection technology to study the clinically 
important problem of treatment resistance 
to personalized cancer therapy, Diehn says. 
“Specifically, we found that lung cancer patients 
who become resistant to drugs that inhibit the 
epidermal growth factor receptor often harbor 
multiple resistance mechanisms. And that these 
patients  do worse than others with only one such 
mechanism.”

Tracking the rise and fall of resistance mutations 
in real time provides a series of snapshots of 
tumor evolution and can help physicians decide 
whether a course of treatment is likely to be 
successful or if it would be better to switch to 
another medication to which the tumor is more 
likely to be sensitive. In studies in laboratory mice, 
the researchers found that attacking the tumor on 
multiple fronts simultaneously may be a good way 
to limit the development of further resistance and 
shrink tumor size.
Alizadeh explained that simultaneous targeting 
of multiple resistance mechanisms is a promising 
strategy for overcoming the effect of tumor 
heterogeneity. “This implies that, in the future, 
doctors could monitor mutations in a patient’s 
blood and personalize cocktails of medications to 
overcome resistance as it arises,” he says. 
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Institute researcher Maximilian Diehn, 
MD, PhD, contributed to research on 
another method of monitoring cancer 
cells in the blood. By attaching antibodies 
and metal particles to cancers stem cells, 
Stanford researchers were able to pull the 
cells out of blood samples using a device 
called a “Magsifter.”
By turning an electromagnetic field on and off in 
this device, the researchers were able to cull cancer 
stem cells and deposit them in wells large enough 
for only one cell. Individual cells can then be ana-
lyzed. 
The approach that the team developed could be 
used to look at mutations in three or four genes, 
and it requires no more than 2 milliliters of blood 
— about half a teaspoon. The test can be com-
pleted in about five hours, the researcher said, 
and costs less than $30. By comparison, a single 
state-of-the art biopsy of lung tissue with DNA 
sequencing costs about $18,000 and takes as long 

as three weeks to furnish results.
The new technique serves as a proof of concept 
for collecting and analyzing lung cancer cells from 
blood samples.
“This work fits well into our bigger vision of using 
blood-based diagnostics to detect and manage 
disease, including cancer,” said Sanjiv “Sam” Gam-
bhir, MD, PhD, professor and chair of radiology 
and the Virginia and D.K. Ludwig Professor in 
Cancer Research. Gambhir shares senior author-
ship of the study with Shan Wang, PhD, professor 
of materials science and engineering and of elec-
trical engineering, and Viswam Nair, MD, clinical 
assistant professor of medicine and of radiology.

Electromagnetic sieve could provide cheaper way for doctors 
to pull cancers from the blood

Magsifter device for sorting out cancer cells marked with antibodies

In the history of science and medicine, the 
breakthrough discoveries get a lot of deserved 
attention, but often overlooked are the invention 
of the tools that made those discoveries possible. 
Galileo discovered moons around other planets, 
but it was the invention of the telescope that made 
his observation possible. Leeuwenhoek discovered 
microbes only after he created a simple but powerful 
microscope.
Researchers in the laboratory of the institute’s Ravi 
Majeti, MD, PhD, have just created one such tool 
— a method of implanting cells to create a human 
bone-like structure in mice. This allows investigators 
to study a whole host of blood cancers and other 
diseases that they had trouble studying before. 
Majeti and colleagues published the work this week 
in the journal Nature Medicine.
“Transplanting human leukemia cells into mice has 
been an important way of studying the disease,” 
postdoctoral fellow Andreas Reinisch, MD, PhD, 
first author of the paper, recently explained. “This 

method has given us important insights into how 
cancer develops and has been the way that all 
new anti-leukemia drugs have been tested and 
developed.” Mice engrafted with human leukemia 
cells are even sometimes used to test possible 
drug treatments for patients currently undergoing 
treatment for the blood cancer, he added.
The problem, said Reinisch, is that even in the best 
cases, researchers can get human leukemia to take 
up residence and multiply in mice only half the 
time. For many types of blood cancers, engraftment 
doesn’t happen at all. It’s as if Galileo’s telescope 
could only be pointed at a small spot of sky visible 
through a hole in his roof.
Majeti, Reinisch, and their co-workers have 
metaphorically blown the roof off by transplanting 
special bone marrow-derived cells called stromal 
cells in mice. These human stromal cells multiply 
and divide to create a miniature, bone-like structure, 
complete with a bony outer shell and an internal, 

New tool allows easier study of blood cancers
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marrow-like compartment. This structure allows 
implanted human blood cells to live and grow in 
their natural environment — human bone.
“I’m really excited about this technique because 
we now have a way to look closely at all kinds 
of leukemia, as well as many other profilerative 
disorders of blood cells,” Majeti said. “It also opens 
up the study of other, non-blood diseases such as 
metastatic breast cancer, which often spreads to 
bone in humans but simply won’t spread in existing 
mouse models.”

Researchers turn 
leukemia cells back to an 
embryonic-like state
The question sounds more like sociology than 
biology: What would happen if you could take a 
cell gone bad — a cancer cell — bring it back to its 
infancy, before it turned to the dark side, and let it 
grow up again? Would it become cancerous again? 
What if you raised it in a different environment? 
Stanford Professor Ravi Majeti, MD, PhD, and 
his colleagues posed this simple question about a 
leukemia cell. And the answer they got gave them a 
new set of tools for studying leukemia and designing 
better therapies against it.
Ten years ago, Japanese scientist Shinya Yamanaka 
discovered that researchers could chemically push 
the reset button on mature cells, turning them 
into something very close to embryonic stem cells, 
which he called induced pluripotent stem (iPS) 
cells. If genetic instructions are like the recipes in a 
cookbook, epigenetic markers are like the notations 
and sticky notes that accumulate over time in that 
cookbook as the chef gains experience and annotates 
which recipes should be modified, ignored or are 
favorites.  Mature cells of different types may have 
the same DNA (the same recipes) as embryonic cells, 
but how they look and behave is different because 
the epigenetic annotations are different. Yamanaka’s 
process for creating iPS cells is like taking out all 
the notes in a cookbook—all the modifications and 
annotations are wiped out and the cell reverts to its 
naïve, embryonic state. These iPS cells could then be 
grown back up into mature cells of various types
Over the last decade, researchers around the world 

have successfully turned mature cells of various 
types into iPS cells, but no one had yet succeeded 
in creating iPS cells from leukemia. When Majeti 
and Chao figured out how to create an iPS cell out 
of a leukemia cell, they were curious to see what 
would happen. After all, although the epigenetic 
annotations had been wiped out, the cells still had 
the genetic mutations that the leukemia had. When 
they grew the leukemia iPS cells up into other kinds 
of cells like heart cells or neurons, the cells behaved 
completely normally. But when the cells grew into 
blood cells, they once again became cancerous.
 “This was super surprising to us,” says Majeti, 
who is a member of the Stanford Ludwig Center in 
addition to being a member of the Institute for Stem 
Cell Biology and Regenerative Medicine. “What this 
tells us is that context matters. Those leukemic gene 
mutations only cause cancer when they exist in the 
context of a blood cell.”

The ability to make lots of leukemic cells from a 
single iPS cell also provides a number of important 
tools. “We can now grow up a lot of leukemia cells,” 
Majeti says. “Getting a large number of cancer cells 
to study can be a limiting issue since patient cells are 
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difficult to grow.”
Creating iPS cells from a single 
leukemia cell can also help 
researchers study the natural 
variations that occur among leukemia 
cells. “Leukemia cell populations 
actually contain a number of 
subclones that have different genetic 
mutations,” Chao says. “Before this 
there was no good way to separate out 
and expand the different subclones, 
since some can be very rare. But 
now we can use this technology to 
create and study leukemias from each 
subclone within a patient’s cancer.”
This can be useful if physicians 
want to know how to treat a 
particular leukemia. If a patient 
has leukemia, pure populations of 
various subclones can be grown and 
tested to see how well they react to 
various chemotherapy agents. If a 
leukemia reacts well to therapy but 
one subclone is less affected, that 
may set the patient up for relapse. 
In fact, using this technique, Majeti 
and Chao were able to verify that this 
is what happened in one particular 
patient.  By analyzing blood samples 
stored over the course of the patient’s 
treatment, they found that one subclone was more 
resistant to chemotherapy, and that this subclone 
ended up being the source of the patient’s eventual 
relapse. 
This technology now offers a platform to more 

accurately investigate how the genetics of individual 
cells contribute to leukemic disease. Majeti and 
Chao hope that these findings will lead to a better 
understanding of how leukemia evolves and to the 
development of better personalized therapies.
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The Stem Cell Theory of Cancer

The old theory of cancer is that any cell in the 
body, given the right combination of genetic alter-
ations, can “go rogue” and become cancerous. This 
theory also holds that most cancer cells can be the 
cancerous seeds that enable the disease to grow 
and spread.
The stem cell theory of cancer proposes that can-
cers arise as a result of the slow accumulation of 
mutations in stem cells, the only kind of cells that 

live long enough to acquire all the right mutations.  
The stem cell theory of cancer also proposes that 
cancers are like any other organ in the body in 
that they are maintained and sustained by a small 
number of cancer stem cells (CSCs). These cancer 
stem cells exist as a result of multiple mutations 
that arise over time in the stem cells. They are the 
only cells that can spread the cancer. Under this 
model, curing cancer requires clinicians to de-
stroy the cancer stem cells in particular. Once that 
is accomplished, any other cancer cells will die 
naturally.



Four years ago, researchers in the lab of institute 
director Irv Weissman, MD, published a paper 
showing that blocking a cell surface protein called 
CD47 might be useful in treating nearly every 
kind of cancer. Now, researchers from Stanford, in 
collaboration with the University of Minnesota and 
other institutions, have shown that blocking the 
CD47 receptor can be a potent part of treating at 
least one kind of cancer in dogs. Former Stanford 
medical student Kipp Weiskopf, MD, PhD, is lead 
researcher on the project, while the co-senior 
researchers are Weissman and Jaime Modiano, VMD, 
PhD, of the University of Minnesota.
The CD47 protein acts as a “don’t eat me” signal to 
immune cells called macrophages, which engulf and 
devour cancer cells and other diseased and dying 
cells. It turns out that nearly every kind of cancer 
uses CD47 to evade these macrophages. Covering up 
the CD47 “don’t eat me” protein allows the immune 
cells to find and swallow cancer cells. An anti-CD47 
antibody is currently in a small, Phase I clinical trial 
in cancer patients at Stanford and elsewhere.
Weiskopf and colleagues took canine lymphoma, 

one of the most common cancers in dogs, and put it 
into specially prepared mice. Weiskopf then exposed 
them to CV1, a molecule he helped develop that 
binds tightly to the 
CD47 receptor and 
block the “don’t eat me” 
signal. In addition, in 
some cases they used 
a specially devised 
antibody against a 
protein called CD20 
to act as a positive “eat 
me” signal to attract 
immune cells to the 
cancer.
They found that when 
anti-CD20 antibody 
alone was used to treat 
the dog cancer in mice, none of the mice survived. 
When CV1 was used by itself to treat the cancer, only 
20% of the mice survived. But when the anti-CD20 
antibody and CV1 anti-CD47 molecule were used 
together, 100% of the mice survived with no further 

evidence of disease. They seemed to be 
cured.
Cancer is among the leading causes of 
illness in dogs, and clinical trials with 
actual cancer-stricken dogs are the next 
step. “We hope that these studies help 
companion animals and further inform 
us about treating disease in humans,” says 
Weiskopf.
Weissman noted that it is an important 
first step that the molecular tools that are 
used to target human CD47 also work 
against dog cancers, at least when tested in 
a mouse host. “This should provide impetus 
to produce even more effective anti-CD47 
proteins that are designed for optimal 
targeting of dog—and separately, cat—
CD47 molecules and cancers.”

CD47 or “CDog47”?—New immunotherapy possible 
for canine cancer

Kipp Weisskopf, MD, PhD
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Tissue-Specific (Adult) 
Stem Cells

Embryonic stem cells are able to become any kind 
of cell in the body. As an organism grows, however, 
stem cells become more specialized. At that point they 
become what is often called “adult” stem cells, able to 
become only specific kinds of tissue. 

For most of our lives, every organ and tissue in the 
body is regenerated by these tissue-specific stem cells. 
Learning how these tissue-specific stem cells operate 
will help us bolster our natural regenerative abilities.
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Researchers coax human 
stem cells to rapidly 
generate bone, heart 
muscle cells
Making stem cell therapy a reality has 
been difficult because growing pure 
populations of specific cells has been a 
challenge. Stanford researchers find that 
combining positive and negative signals 
can quickly and efficiently steer stem cells 
down complex developmental pathways to 
become specialized tissues that could be 
used in the clinic.

The great promise of stem cell research is that we 
will be able to grow new cells and tissues to replace 
aging, diseased or damaged parts of the body. The 
great roadblock to this promise is that it has not been 
easy to start with an embryonic stem cell, which is 
theoretically capable of creating any cell in the body, 
and directing its development to produce only one 
particular kind of cell. 
“What most often happens is that you grow a 
mixed population of cells,” says Kyle Loh, PhD, 
a postdoctoral researcher in the Irv Weissman 
laboratory. “This mixed population can grow into 
other kinds of tissue or even tumors, which are not 
useful in regenerative medicine.”
Loh and his colleagues in the 
Weissman lab have now found a way 
past this roadblock, mapping the sets 
of biological and chemical signals 
necessary to quickly and efficiently 
direct human embryonic stem cells to 
become pure populations of any of 12 
cell types, including bone, heart muscle 
and cartilage.
The ability to make pure populations of 
these cells within days rather than the 
weeks or months previously required 
is a key step toward clinically useful 
regenerative medicine — potentially 
allowing researchers to generate new 

beating heart cells to repair damage after a heart 
attack or to create cartilage or bone to reinvigorate 
creaky joints or heal from trauma.
The study also highlights key, but short-lived, 
patterns of gene expression that occur during 
human embryo segmentation and confirms that 
human development appears to rely on processes 
that are evolutionarily conserved among many 
animals. These insights may also lead to a better 
understanding of how congenital defects occur.
“Regenerative medicine relies on the ability to turn 
pluripotent human stem cells into specialized tissue 
stem cells that can engraft and function in patients,” 
said institute director Irving Weissman, MD. “It 
took us years to be able to isolate blood-forming 
and brain-forming stem cells. Here we used our 
knowledge of the developmental biology of many 
other animal models to provide the positive and 
negative signaling factors to guide the developmental 
choices of these tissue and organ stem cells. Within 
five to nine days we can generate virtually all the 
pure cell populations that we need.”
Weissman and Lay Teng Ang, of the Genome 
Institute of Singapore, are the senior authors of the 
research. Graduate student Kyle Loh and research 
assistant Angela Chen, both at Stanford, share lead 
authorship of the study.

Unraveling the mysteries
Embryonic stem cells are pluripotent, meaning 
they can become any type of cell in the body. They 
do so by responding to a variety of time-specific 
and location-specific cues within the developing 
embryo that direct them to become specific cell 

Kyle Loh, PhD

28



29

types. Researchers have learned a lot about how this 
process is controlled in animals, including fish, mice 
and frogs.
In contrast to many other animals, human 
embryonic development is a mysterious process, 
particularly in the first weeks after conception. 
This is because cultivating a human embryo for 
longer than 14 days is banned by many countries 
and scientific societies. But we do know that, like 
other animals, the human embryo in its earliest 
stages consists of three main components known as 
germ layers: the ectoderm, the endoderm and the 
mesoderm.

Each of these germ layers is responsible for 
generating certain cell types as the embryo develops. 
The mesoderm, for example, gives rise to key 
cell types, including cardiac and skeletal muscle, 
connective tissue, bone, blood vessels, blood cells, 
cartilage and portions of the kidneys and skin.
“The ability to generate pure populations of these 
cell types is very important for any kind of clinically 
important regenerative medicine,” said Loh, “as well 
as to develop a basic road map of human embryonic 
development. Previously, making these cell types 
took weeks to months, primarily because it wasn’t 
possible to accurately control cell fate. As a result, 
researchers would end up with a hodgepodge of cell 
types.”
Loh and Chen wanted to know what signals drive 
the formation of each of the mesodermally derived 
cell types. To do so, they started with a human 
embryonic stem cell line, which they chemically 
nudged to become cells that form what’s known as 
the primitive streak on the hollow ball of cells of the 
early embryo. They then experimented with varying 
combinations of well-known signaling molecules, 
including WNT, BMP and Hedgehog, as a way to 
coax these cells to become ever-more-specialized 
precursor cells.

They learned that often the cells progressed down the 
developmental path through a series of consecutive 
choices between two possible options. Think about 
the carnival game in which a disc is dropped down a 
slanted, peg-studded board to land in one of several 
cups at the bottom. The eventual destination is 
determined by whether the disc goes to the left or 
right of each consecutive peg.  
The quickest, most efficient way to micromanage 
the cells’ developmental decisions was to apply 
a simultaneous combination of factors that both 
encouraged the differentiation into one lineage while 
also actively blocking the cells from a different fate 
— a kind of “yes” and “no” strategy.
The ability to generate pure populations of these 
cell types is very important for any kind of clinically 
important regenerative medicine. 
For example, cells in the primitive streak can become 
either endoderm or one of two types of mesoderm. 
Inhibiting the activity of a signaling molecule called 
TGF beta drives the cells to a mesodermal fate. 
Adding a signaling molecule called WNT, while also 
blocking the activity of another molecule known 
as BMP, promotes differentiation into one kind of 
mesoderm; conversely, adding BMP while blocking 
WNT drives the cells to instead become the other 
type of mesoderm.

“We learned during this process that it is equally 
important to understand how unwanted cell types 
develop and find a way to block that process while 
encouraging the developmental path we do want,” 
said Loh.
By carefully guiding the cells’ choices at each fork 
in the road, Loh and Chen were able to generate 
bone cell precursors that formed human bone when 
transplanted into laboratory mice and beating heart 
muscle cells, as well as 10 other mesodermal-derived 
cell lineages.

Cells progress down the 
developmental path through 
a series of consecutive choices 
between two possible options

By carefully guiding the cells’ 
choices at each fork in the road, 
Loh and Chen were able to 
generate bone cell precursors



Institute researchers find 
marker for most basic form 
of blood stem cell
After a long series of experiments, researchers in 
the Weissman and Nakauchi labs have identified a 
unique cell marker that they say allows them to pick 
out the most fundamental form of the stem cell that 
gives rise to the blood and immune system.
If confirmed, their finding would help settle long-
standing controversies about the identity of these 
stem cells and their support cells. It also may pave 
the way for understanding how these cells maintain 
themselves, and provide scientists with the necessary 
information to grow blood stem cells in the 
laboratory or clinic.
Institute director Irv Weissman, MD, a professor of 
pathology and of developmental biology at Stanford, 
lead the research.
In 1988, Weissman and his colleagues isolated the 
hematopoietic stem cell, which goes on to become 
the body’s blood and immune cells. Since that time, 

researchers have had only mixed success in their 
attempts to get a detailed picture of how these HSCs 
maintain themselves and grow in the body. Over 
the years, it became clear why. The hematopoietic 
stem cells they isolated came in two flavors: most are 

short-term HSCs that lose their powers of replication 
over time, while a small fraction are long-term HSCs 
that can replicate indefinitely and are critical to 
lifelong blood production. To understand how other 
cells nurture the HSC, researchers needed to study 
only the long-term HSC.
With the new study, the Stanford researchers believe 
they have now found a reliable way to tell the 
difference between long-term and short-term HSCs. 
“In this paper we have found a single marker that, 
in the entire bone marrow, is only found in these 
long-term stem cells,” said Weissman, who is also 
the Virginia and D.K. Ludwig Professor in Clinical 
Investigation in Cancer Research and the director 
of the Stanford Institute for Stem Cell Biology and 
Regenerative Medicine.
Now that the researchers can identify the long-term 
HSCs, they hope to be able to look at how those 
cells and nearby cells create a “niche” — a biological 
space where long-term stem cells are supported and 
maintained.
“For nearly 30 years, people have been trying to grow 
HSCs outside the body and have not been able to do 
it — it’s arguably the ‘holy grail’ in this field,” said 

James Y. Chen, an MD/
PhD candidate at Stanford 
and co-lead author of the 
paper. “Now that we have 
an anchor, a way to look at 
long-term HSCs, we can 
look at the cells around 
them to understand 
and, ideally, recreate the 
niche.” If that niche can 
be created in a laboratory 
setting, people may be 
able to grow long-term 
HSCs in the lab.
In the last few decades, 
many scientists have 
proposed various markers 
that they felt were unique 
to long-term HSCs, but 
the reliability of each 

proposed marker has been heatedly debated by other 
research groups, said postdoctoral scholar Masanori 
Miyanishi, MD, PhD, the other lead author.
To settle the issue, Chen and Miyanishi devised 
a method that was highly systematic, but also 
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expensive and time-consuming. “Many times, we 
were about to quit,” Chen said.
They started with a list of over 100 genes that are 
expressed in the bone marrow, where long-term 
HSCs are found, that seemed like good candidates 
to be unique markers of long-term HSCs. With the 
assistance of their colleagues, they eliminated genes 

that are turned on in areas of the bone that don’t 
involve the creation of new blood and immune cells. 
That narrowed the field to 45 genes.
Then they performed a sophisticated, painstaking 
analysis to determine how much protein these genes 
were making in various cells. They found that only 
three proteins were produced at a high enough level 
to mark HSCs. Finally, they needed to find if one 
of these three was turned on in long-term HSCs 
and turned off in short-term HSCs. Although they 
couldn’t yet identify which cells were long-term 
HSCs, they knew that any collection of HSCs should 
have both long-term and short-term cell types. If so, 
they would expect to find the candidate gene turned 
completely off in some cells and on in others. They 
found that only one gene fit that bill: a gene called 
Hoxb5.
The researchers point out that there may be other 
unique markers of long-term HSCs, such as genes 
that weren’t among the initial group of the more than 

100 they screened. But among the screened genes, 
only Hoxb5 was a unique identifier of the long-term 
stem cell.
The researchers were also able to solve another key 
mystery by showing where in the bone marrow long-
term HSCs reside. Satoshi Yamazaki, PhD, a member 
of the Tokyo lab of Stanford genetics professor 
Hiromitsu Nakauchi, MD, PhD, used technology 
recently developed in Japan to prepare bone 
marrow tissue and do computational analysis that 
validated the location and architecture of the HSC 
niche. “More than 90 percent of these cells reside 
on a particular type of blood vessel called venous 
sinusoids,” said Nakauchi, a co-author of the paper.
The ability to identify long-term stem cells will 
give scientists a powerful tool for further study, the 
researchers said. “This opens the way to observe 
long-term HSCs and other cells in the niche as 
they exist in the body, without transplanting them,” 
said Weissman, who is also director of the Ludwig 
Center for Cancer Stem Cell Research and Medicine. 
“This is how science works, by getting down to the 
purest irreducible element — in this case, blood 
stem cells — in order to develop new tools and 
understandings.”

Diabetes impairs fracture 
repair by inhibiting bone 
stem cell activity in mice
Institute researchers found that activating 
bone stem cells helps repair fractures in 
diabetic mice. Applying a protein to the 
fracture site increased the expression of key 
signaling proteins and enhanced healing in the 
animals.

Bone fractures in diabetic mice heal better in the 
presence of a protein that stimulates the activity 
of skeletal stem cells, according to a study by 
researchers at the Institute for Stem Cell Biology and 
Regenerative Medicine.
The protein counteracts a decrease in stem cell 
activity that the researchers observed both in 
mouse models of diabetes and in bone samples 
from diabetic patients who had undergone joint 

Irv Weissman, MD
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replacements. The researchers hope the discovery 
will lead to ways to help people with diabetes heal 
more efficiently from broken bones.
“We’ve uncovered the reason why some patients 
with diabetes don’t heal well from fractures, and 
we’ve come up with a solution that can be locally 
applied during surgery to repair the break,” said 
Michael Longaker, MD, co-director of Stanford’s 
Institute for Stem Cell Biology and Regenerative 
Medicine. “Diabetes is rampant worldwide, and any 
improvement in the ability of affected people to heal 
from fractures could have an enormously positive 
effect on their quality of life.”
Longaker, a professor of plastic and reconstructive 
surgery, shares senior authorship of the study with 
Charles Chan, PhD, an instructor at the stem cell 
institute. Postdoctoral scholar Ruth Tevlin, MD, is 
the lead author.

The researchers hope the 
discovery will lead to ways to 
help people with diabetes heal 
more efficiently from broken 
bones.
Diabetes mellitus is a metabolic disease characterized 
by the inability to either produce or to respond 
appropriately to insulin. It affects hundreds of 
millions of people worldwide and is increasing in 
prevalence. In addition to causing dangerous swings 
in blood sugar levels after meals, the condition leads 
to many other debilitating symptoms, including 
an impaired ability to heal soft tissue injuries and 
skeletal fractures. The precise molecular reason 
behind this impaired bone healing has been 
unknown, however.
Longaker, Chan and Tevlin built on previous 
research in which they and colleagues in the 
laboratory of  institute director Irv Weissman, MD, 
identified and described a population of cells in 
the bones of mice that serve as skeletal stem cells, 
or SSCs. These adult stem cells can become all 
components of the skeletal system, including bone, 
cartilage and a part of the bone marrow known as 

the stroma. They subsequently showed that fracture 
healing in mice was severely impaired when these 
stem cells were depleted. That finding got them 
thinking.
“We wanted to apply what we knew about skeletal 
stem cells to the problem of impaired bone healing in 
people with diabetes,” said Chan. “Does the disease 
affect fracture healing by somehow modulating the 
activity of these stem cells?”
The researchers used a mouse model of Type-
2 diabetes, in which the disease arises when 
the animals are about 4 weeks old. Prior to the 
development of the disease, the prediabetic mice 
were able to heal leg bone fractures as effectively as 
wild-type mice, the researchers found. In contrast, 
after the disease had manifested itself, the repaired 
bone was significantly weaker and less dense than the 
bone in the control animals. When they compared 
the numbers of SSCs in the healing bone seven days 
after fracture, they found that the diabetic mice had 
significantly lower numbers of these cells than did 
the control animals.
A series of experiments ruled out a systemic 
reason for this reduction in stem cell numbers, 
and also confirmed that the cells themselves were 

Michael Longaker, MD
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fully functional. That left only a potential problem 
with the signals the cells were receiving from the 
surrounding environment, or niche. When Tevlin 
and her colleagues analyzed that environment, 
they found that the diabetic animals produced 
significantly lower levels of a family of signaling 
proteins called hedgehog that are known to play a 
critical role in many biological processes, including 
embryonic development and tissue regeneration.
We’ve looked to stem cells to learn why people with 
diabetes don’t heal bone fractures properly, and come 
up with an approach that we are excited to try in the 
clinic.

The researchers 
collaborated with co-
author Philip Beachy, 
PhD, professor of 
biochemistry and 
of developmental 
biology, to test 
whether artificially 
blocking the 
hedgehog signaling 
pathway could impair 
bone healing in 
nondiabetic mice. 
They found that 
control mice exposed 
to a molecule that 
blocked the pathway 

regrew bone that was weaker and more brittle — just 
like the diabetic animals.
“Next we had to test whether adding the 
hedgehog signaling proteins back into the local 
environment in diabetic animals restored their 
ability to heal fractures,” said Longaker. The 
researchers collaborated with co-authors Fan 
Yang, PhD, assistant professor of bioengineering 
and orthopaedic surgery, and postdoctoral scholar 
Xinming Tong, PhD, to devise a biologically friendly 
hydrogel into which the hedgehog signaling proteins 
were embedded. The gel was applied directly to the 
fracture site. “And these animals healed just like 
normal mice,” said Longaker, who holds the Deane 
P. and Louise Mitchell Professorship in the School of 
Medicine.
Finally, the team reached out to co-author Stuart 
Goodman, MD, PhD, professor of orthopaedic 
surgery, to obtain bone samples from patients with 

diabetes who were undergoing joint replacement 
for osteoarthritis. They compared the expression 
of proteins important to the hedgehog signaling 
pathway from these samples with others obtained 
from non-diabetic patients. Normally this tissue 
would be discarded by the surgeon, but in this case it 
held important clues.
“What we saw in these human samples completely 
echoed what we saw in the mice,” said Chan. 
“The bones from the diabetic patients displayed 
significantly reduced expression of these important 
signaling proteins.”
Longaker, Chan and Tevlin believe the inhibition 
of the hedgehog signaling pathway arises from 
diabetes-associated inflammation that causes high 
levels of a molecule called tumor necrosis factor 
alpha. TNF-alpha levels are known to be elevated in 
patients with diabetes, and the researchers observed 
a corresponding increase in their mouse models of 
the disease. They also showed that these increased 
levels of TNF-alpha inhibited the expression of some 
hedgehog family members. Directly inhibiting all 
TNF-alpha activity, however, could have other dire 
consequences for an animal or a human patient 
because TNF-alpha plays many important biological 
roles.
“Here we’ve devised a feasible strategy for reversing 
a tissue-specific pathology — the inability to 
heal skeletal fractures efficiently — in a complex 
metabolic disease like diabetes,” through the 
local application of a compound to stimulate the 
activity of adult stem cells,” said Longaker said. 
“We anticipate that hedgehog-mediated molecular 
therapies that directly target stem cells in human 
patients could be therapeutic.”
More research is necessary before trying this 
approach in humans, but the scientists are hopeful 
that local application of hedgehog proteins will be 
shown to be both safe and effective. Their findings 
further validate the idea that tissue-specific stem cells 
are likely to play vital roles in tissue regeneration and 
response to injury.

Philip Beachy, PhD



Autism and Pregnancy
Institute researcher Theo Palmer, PhD, did a Q&A 
about autism, genes and pregnancy with Paul 
Costello of the Stanford School of Medicine Office 
of Communication and Public Affairs.
 
What is autism and what are some of the known risk 
factors?
Autism or autism spectrum disorder is a set of 
features that people display, mainly differences in 
social language and communication. Some peo-
ple might also have intellectual disabilities, while 
still others have problems with motor skills or 
repetitive behaviors. Epilepsy and gastrointestinal 
disorders are also somewhat common. So autism 
isn’t just one disorder — it’s a collection of features 
that are lumped into one diagnosis.
A complex genetic background accounts for up 
to half the cases. Very few single genes can cause 
autism in isolation, but 500 or more genes acting 
together can contribute to autism. Then there 
are really interesting environmental factors that 
nobody really understands. For example, the rate 
of autism is higher in children from older parents 
with advanced degrees and higher incomes. Ex-
posure to pesticides is also associated with higher 
rates of autism. But these data come from correla-
tive studies, and we don’t know if the relationship 
is causal.

Which risk factors does your lab study?
A few studies have shown that the rate of autism 
is higher in kids whose moms were admitted to 
a hospital for an infection or mild illness during 
early pregnancy — viral, fungal, bacterial, or even 
an episode of allergy or asthma. Because the brain 
regions most affected in autism develop during 
early pregnancy, we speculate that a mild genetic 
risk factor may be exacerbated when people are 
exposed to a mild environmental risk factor that 
acts on the same disease pathway early in brain 
development.
We’re testing this idea in mice. We take mice that 
have genetic mutations known to increase the risk 
of autism; make them mildly ill during pregnancy; 
and then study the separate and combined effects 

of the mutations and 
illnesses on the fetal 
brain.

What is one interest-
ing finding from these 
experiments?
The first genetic risk 
factor we studied is a 
mutation in GABAA, 
a receptor on both 
neurons and immune 
cells. Immune cells use this receptor to control the 
release of cytokines. When we mutate the GABAA 
gene in the mom and fetus, her pups do not be-
have differently. But when we trigger an immune 
response, the mutation causes her immune cells to 
release too many cytokines, resulting in dramatic 
damage to the placenta, and extreme autistic-like 
behaviors in the pups.

Why did this finding surprise you?
People used to think that autism risk genes only 
functioned in the brain, so they only studied them 
in terms of how they operate in the fetal or adult 
brain. But, in hindsight, it makes sense that a brain 
gene is not just a brain gene. Our results suggest 
that some of these genes play multiple roles — in 
the brain, placenta, and immune system – and 
some may actually be acting in the mom, not the 
baby.

What implications does your work have for pa-
tients?
The value from the medical perspective is that you 
might be able to genotype moms and say, ‘You’re at 
particularly high risk from this environmental fac-
tor.’ Then we can either try to avoid exposure, or 
use drugs to prevent or lessen the effects. In fact, 
two of our mouse models respond to clinically ap-
proved drugs, which completely protect the fetus if 
given at the same time as the immune challenge.
Our approach may also help us understand other 
neurological or neuropsychiatric disorders. Atten-
tion deficit disorder, learning disabilities, dyslexia, 
and schizophrenia are all more likely to occur if 
mom is ill during early pregnancy. 

Theo Palmer, PhD
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iPS and Embryonic 
Stem Cells

Embryonic stem cells naturally develop into every 
kind of cell in our body. Institute researchers are 
exploring the mysteries of how this occurs naturally, 
and how errors occur during the development 
process.

Researchers at the institute are also creating 
embryonic-like cells, called induced pluripotent stem 
(iPS) cells. They are now investigating the use of iPS 
cells therapeutically and for creating disease-in-a-dish 
models of clinical disorders.



Mouse pancreases grown in rats generate 
functional, insulin-producing cells that can 
reverse diabetes when transplanted into 
mice with the disease, according to re-
searchers at the Stanford Institute for Stem 
Cell Biology and Regenerative Medicine 
and the Institute of Medical Science at the 
University of Tokyo.
The recipient animals required only days 
of immunosuppressive therapy to prevent 
rejection of the genetically matched organ 
rather than lifelong treatment.
The success of the interspecies transplanta-
tion suggests that a similar technique could 
one day be used to generate matched, trans-
plantable human organs in large animals 
like pigs and sheep.
To conduct the work, the researchers im-
planted mouse pluripotent stem cells, which 
can become any cell in the body, into early rat em-
bryos. The rats had been genetically engineered to be 
unable to develop their own pancreas and were thus 
forced to rely on the mouse cells for the development 
of the organ.

Once the rats were 
born and grown, the 
researchers trans-
planted the insu-
lin-producing cells, 
which cluster together 
in groups called islets, 
from the rat-grown 
pancreases into mice 
genetically matched 
to the stem cells that 
formed the pancreas. 
These mice had been 
given a drug to cause 
them to develop dia-
betes.

“We found that the diabetic mice were able to nor-
malize their blood glucose levels for over a year 
after the transplantation of as few as 100 of these 
islets,” said institute member Hiromitsu Nakauchi, 
MD, PhD. “Furthermore, the recipient animals only 
needed treatment with immunosuppressive drugs for 
five days after transplantation, rather than the ongo-

ing immunosuppression that would be needed for 
unmatched organs.”
People suffering from diabetes could benefit from 
this approach. Diabetes is a life-threatening meta-
bolic disease in which a person or animal is unable 
to either make or respond appropriately to insulin, 
which is a hormone that allows the body to regulate 
its blood sugar levels in response to meals or fasting. 
The disease affects hundreds of millions of people 
worldwide and is increasing in prevalence. The trans-
plantation of functional islets from healthy pancreas-
es has been shown to be a potentially viable option to 
treat diabetes in humans, as long as rejection can be 
avoided.
The researchers’ current findings come on the heels 
of a previous study in which they grew rat pancreases 
in mice. Although the organs appeared functional, 
they were the size of a normal mouse pancreas rather 
than a larger rat pancreas. As a result, there were 
not enough functional islets in the smaller organs to 
successfully reverse diabetes in rats.
In the current research, the scientists swapped the 
animals’ roles, growing mouse pancreases in rats en-
gineered to lack the organ. The pancreases were able 
to successfully regulate the rats’ blood sugar levels, 
indicating they were functioning normally. Rejection 
of the mouse pancreases by the rats’ immune sys-
tems was uncommon because the mouse cells were 

Rat-grown mouse pancreas cells cure diabetes in mice

A chimeric rat/mouse (left) next to its rat and mouse parent strains

Hiro Nakauchi, MD, PhD
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A vision of life-saving organs 
grown in farm animals
There are about 100,000 people on waiting lists for 
organ transplants in the United States. Every day, 
18 of those people die still waiting for an available 
organ. Hiro Nakauchi, MD, PhD, has a vision of a 
future in which we can grow replacement organs 
for many of these patients rather than waiting for 
an appropriate organ to become available. Fur-
thermore, these organs will be perfectly suited for 
each patient because they will be tailor made to be 
an exact genetic match. In fact, in many ways the 
organ that Nakauchi grows would be your organ. 
In order to be able to make organs to order, 
Nakauchi has embarked on a visionary research 
program to explore the idea of growing human 
organs in other animals. The way it works is this: if 
a patient needs a new heart, Nakauchi might cre-
ate a pig embryo that is missing the gene or genes 
necessary for the formation of a heart. He might 
then take a skin cell from a patient, transform it 
into an embryonic-like induced pluripotent stem 

cell and embed that cell into the pig embryo. As 
the embryo grows into a pig inside a sow, only the 
human cells will have the necessary genes for the 
formation of a heart. So while most of the piglet 
is derived from pig cells, its heart will be formed 
from human cells—cells that are in fact genetically 
identical to the patient’s own cells. 
“We hope we can do this with any organ,” Nakau-
chi says. “As long as we can find a gene that pref-
erentially interferes with the development of the 
target organ.” Nakauchi is currently carrying out 
preliminary research in sheep. 

injected into the rat embryo prior to the develop-
ment of immune tolerance, which is a period during 
development when the immune system is trained 
to recognize its own tissues as “self.” Most of these 
mouse-derived organs grew to the size expected for 
a rat pancreas, rendering enough individual islets for 
transplantation
Next, the researchers transplanted 100 islets from the 
rat-grown pancreases back into mice with diabetes. 
Subsequently, these mice were able to successfully 
control their blood sugar levels for over 370 days, the 
researchers found.
Because the transplanted islets contained some 
contaminating rat cells, the researchers treated each 
recipient mouse with immunosuppressive drugs for 
five days after transplant. After this time, however, 
the immunosuppression was stopped.
After about 10 months, the researchers removed the 
islets from a subset of the mice for inspection.
“We examined them closely for the presence of any 
rat cells, but we found that the mouse’s immune 
system had eliminated them,” said Nakauchi. “This 
is very promising for our hope to transplant human 

organs grown in animals because it suggests that any 
contaminating animal cells could be eliminated by 
the patient’s immune system after transplant.”
Importantly, the researchers also did not see any 
signs of tumor formation or other abnormalities 
caused by the pluripotent mouse stem cells that 
formed the islets. Tumor formation is often a con-
cern when pluripotent stem cells are used in an 
animal due to the cells’ remarkable developmen-
tal plasticity. The researchers believe the lack of 
any signs of cancer is likely due to the fact that the 
mouse pluripotent stem cells were guided to gen-
erate a pancreas within the developing rat embryo, 
rather than coaxed to develop into islet cells in the 
laboratory. The researchers are working on similar 
animal-to-animal experiments to generate kidneys, 
livers and lungs.
Although the findings provide proof-of-principle for 
future work, much research remains to be done. Eth-
ical considerations are also important when human 
stem cells are transplanted into animal embryos, the 
researchers acknowledge.  



Zika infection causes 
developing brain cells to 
secrete neurotoxic levels of 
immune molecules
New research shows that cranial neural crest 
cells can be infected by the Zika virus, causing 
them to secrete high levels of cytokines that 
can affect neurons in the developing brain. 

Infection by the Zika virus causes a population 
of cells in the cranium of a developing embryo 
to secrete neurotoxic levels of immune signaling 
molecules called cytokines, according to a new study 
by researchers at the Stanford University School of 
Medicine.
Although the study was conducted solely in cells 
grown in a laboratory dish, it may provide one 
possible explanation for why babies born to women 
infected with the virus can suffer from a birth defect 
called microcephaly, or abnormally small heads.
“Affected babies have small brains and small skulls,” 
said assistant professor of medicine Catherine Blish, 
MD, PhD. “Cells in the cranial neural crest give rise 
to the bones and cartilage of the skull and face, and 
they also form an important supportive niche for 
the developing brain. We wondered if the Zika virus 
could infect cranial neural crest cells, perhaps giving 
rise to deficits in skull formation and altered neural 
development.”
Blish is the senior researchers on the project. 
Graduate students Nicholas Bayless and Rachel 
Greenberg share lead authorship of the resulting 
study.
Cranial neural crest cells are cells that arise in 
humans within about five to six weeks of conception. 
Although they first appear along what eventually 
becomes the spinal cord, the neural crest cells 
migrate over time to affect facial morphology and 
differentiate into bone, cartilage and connective 
tissue of the head and face. They also provide critical 
molecular signals that support nearby developing 
neurons in the brain. 
Bayless and Greenberg used a technique developed 
in the laboratory of study co-author Joanna 

Wysocka, PhD, an institute member, to convert 
human embryonic stem cells into cranial neural crest 
precursors in the laboratory. Wysocka’s research 
focuses on understanding how these cells affect the 
embryonic development of facial features, including 
those of humans and chimpanzees.
Recent research has focused on the effect of Zika 
virus infection of the neural precursor cells that 
give rise to neurons 
in the developing 
brain. But Bayless 
and Greenberg 
found that not only 
can cranial neural 
crest cells also be 
infected by the Zika 
virus, they respond 
differently than their 
neighboring neural 
precursor cells to the 
infection. 
Rather than rapidly 
dying, as the neural 
precursors do, the 
cranial neural crest 
cells act as a reservoir for the virus by allowing it 
to replicate repeatedly. In addition, they begin to 
secrete high levels of cytokines, including leukemia 
inhibitory factor and vascular endothelial growth 
factor, known to affect neural development.
“The magnitude of altered cytokine secretion caught 
us by surprise,” said Blish. “These molecules are 
important for neurogenesis, and the infected cells are 
secreting them at high levels.”
When Bayless and Greenberg incubated neural 
precursor cells together with infected neural crest 
cells, the neural precursors appeared abnormal and 
were more likely to initiate a program of cellular 
suicide.
They next exposed the neural precursor cells to 
leukemia inhibitory factor and vascular endothelial 
growth factor at levels equivalent to those secreted 
by the infected cells. After three days, they observed 
an increase in structures associated with cellular 
migration and growth, as well as a significant 
increase in the frequency of cell death.
“At least in vitro, these elevated levels of cytokines 
appear to induce premature differentiation 
and migration,” said Wysocka. “This abnormal 

Joanna Wysocka, PhD
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developmental program then leads to cell death.”
The Zika virus, which is spread by the Aedes genus 
of mosquito, has sprung into the public eye over 
the past year as it has become increasingly apparent 
that pregnant women infected with the virus can 
pass it to the fetus, causing devastating birth defects. 
Outbreaks of the virus are currently occurring in 
multiple countries and in three American territories: 
American Samoa, Puerto Rico and the U.S. Virgin 
Islands. Local mosquito-borne transmission has 
also been identified in two areas of Miami, and 
the World Health Organization has designated the 
disease a public health emergency of international 
significance.
“Our study brings attention to the possibility 
that other infected embryonic cell types in the 
developing head can influence Zika-associated birth 
defects, including microcephaly, perhaps through 
signaling to neighboring cells or by serving as a viral 
replication reservoir,” said Wysocka. “Formation of 
the cranial neural crest cells and a cross-talk between 
brain and craniofacial development occurs during 
the first three months of human fetal development, 
which is when epidemiological studies have 
suggested that Zika infection correlates with poor 
birth outcomes.”

Ancient viral molecules 
essential for human 
development
Genetic residue from ancient viral infections 
has been repurposed to play a vital role in 
acquiring pluripotency, the developmental 
state that allows a fertilized human egg to 
become all the cells in the body. 

Genetic material from ancient viral infections 
is critical to human development, according to 
researchers at the Stanford University School of 
Medicine.
They’ve identified several noncoding RNA 
molecules of viral origins that are necessary for a 
fertilized human egg to acquire the ability in early 
development to become all the cells and tissues of the 
body. Blocking the production of this RNA molecule 

stops development in its tracks, they found.
The discovery comes on the heels of a Stanford study 
earlier this year showing that early human embryos 
are packed full of what appear to be viral particles 
arising from similar left-behind genetic material.
“We’re starting to accumulate evidence that 
these viral sequences, which originally may have 
threatened the survival of our species, were co-opted 
by our genomes for their own benefit,” said Vittorio 
Sebastiano, PhD, an assistant professor of obstetrics 
and gynecology. “In this manner, they may even 
have contributed species-specific characteristics and 
fundamental cell processes, even in humans.”
Sebastiano is a co-lead and co-senior author of 

the research. Postdoctoral scholar Jens Durruthy-
Durruthy, PhD, is the other lead author. The other 
senior researcher is Renee Reijo Pera, PhD, a 
former professor of obstetrics and gynecology at 
Stanford who is now on the faculty of Montana State 
University.
Sebastiano and his colleagues were interested in 
learning how cells become pluripotent, or able 
to become any tissue in the body. A human egg 
becomes pluripotent after fertilization, for example. 
And scientists have learned how to induce other, 
fully developed human cells to become pluripotent 
by exposing them to proteins known to be present 
in the very early human embryo. But the nitty-gritty 
molecular details of this transformative process are 
not well understood in either case.
The researchers knew that a type of RNA molecule 
called long-intergenic noncoding, or lincRNAs, have 

Vittorio Sebastiano, PhD
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been implicated in many important 
biological processes, including the 
acquisition of pluripotency. These 
molecules are made from DNA in 
the genome, but they don’t go on to 
make proteins. Instead they function 
as RNA molecules to affect the 
expression of other genes. 
Sebastiano and Durruthy-Durruthy 
used recently developed RNA 
sequencing techniques to examine 
which lincRNAs are highly expressed 
in human embryonic stem cells. 
Previously, this type of analysis was 
stymied by the fact that many of the 
molecules contain highly similar, 
very repetitive regions that are 
difficult to sequence accurately.
They identified more than 2,000 
previously unknown RNA sequences, 
and found that 146 are specifically expressed in 
embryonic stem cells. They homed in on the 23 most 
highly expressed sequences, which they termed 
HPAT1-23, for further study. Thirteen of these, 
they found, were made up almost entirely of genetic 
material left behind after an eons-ago infection by a 
virus called HERV-H.

This is the first time that these 
virally derived RNA molecules 
have been shown to be directly 
involved with and necessary for 
vital steps of human development
HERV-H is what’s known as a retrovirus. These 
viruses spread by inserting their genetic material 
into the genome of an infected cell. In this way, the 
virus can use the cell’s protein-making machinery 
to generate viral proteins for assembly into a new 
viral particle. That particle then goes on to infect 
other cells. If the infected cell is a sperm or an egg, 
the retroviral sequence can also be passed to future 
generations.
HIV is one common retrovirus that currently causes 
disease in humans. But our genomes are also littered 

with sequences left behind from long-ago retroviral 
infections. Unlike HIV, which can go on to infect 
new cells, these retroviral sequences are thought to 
be relatively inert; millions of years of evolution and 
accumulated mutations mean that few maintain the 
capacity to give instructions for functional proteins.
After identifying HPAT1-23 in embryonic stem 
cells, Sebastiano and his colleagues studied their 
expression in human blastocysts — the hollow clump 
of cells that arises from the egg in the first days after 
fertilization. They found that HPAT2, HPAT3 and 
HPAT5 were expressed only in the inner cell mass of 
the blastocyst, which becomes the developing fetus. 
Blocking their expression in one cell of a two-celled 
embryo stopped the affected cell from contributing 
to the embryo’s inner cell mass. Further studies 
showed that the expression of the three genes is also 
required for efficient reprogramming of adult cells 
into induced pluripotent stem cells.
“This is the first time that these virally derived 
RNA molecules have been shown to be directly 
involved with and necessary for vital steps of human 
development,” Sebastiano said. “What’s really 
interesting is that these sequences are found only in 
primates, raising the possibility that their function 
may have contributed to unique characteristics that 
distinguish humans from other animals.”
The researchers are continuing their studies of all 
the HPAT molecules. They’ve learned that HPAT-5 
specifically affects pluripotency by interacting with 
and sequestering members of another family of 

Vittorio Sebastiano, PhD and Jens Durruthy-Durruthy, PhD
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RNAs involved in pluripotency called let-7.
“Previously retroviral elements were considered 
to be a class that all functioned in basically the 
same way,” said Durruthy-Durruthy. “Now we’re 
learning that they function as individual elements 
with very specific and important roles in our cells. 
It’s fascinating to imagine how, during the course 
of evolution, primates began to recycle these viral 
leftovers into something that’s beneficial and 
necessary to our development.”

Mapping the human 
embryo, cell by cell
The developing human embryo is a thing of mystery 
and wonder. A hollow ball of cells called a blastocyst, 
it is as complex and diverse in many ways as our 
own planet Earth. Across the surface of the sphere, 
cells pursue their own agendas individually and in 
tandem. They are orchestrating the patterns of gene 
expression necessary to launch the three-dimension-
al developmental programs culminating in a fully 
formed body with a head and torso, arms and legs, 
and organs, a spinal cord and a brain — all in the 
right places. Many mysteries remain because it has 
been exceptionally difficult to study this process.
Now, institute researcher Vittorio Sebastiano, PhD, 

and his colleagues have analyzed the gene-expres-
sion profiles of single cells isolated from early- and 
late-human blastocysts to identify regions of the 
blastocyst that give rise to a structure, known as the 
epiblast, that makes the tissues of the embryo.
“Our findings demonstrate how single-cell analysis 
is instrumental in understanding cellular heteroge-
neity and a powerful way to dissect the fundamental 
processes of lineage specification in the developing 
embryo,” Sebastiano says.
The researchers have created an interactive map of 
their findings, and they also identified a combination 
of three genes that together can maintain pluripo-
tency, a term used to describe the ability of a cell to 
become any cell type, in human embryonic stem cells 
growing in the laboratory. The researchers predict 
that their findings may be useful for the field of 
in-vitro fertilization, as physicians attempt to identify 
which embryos are likely to thrive after implantation.
“We hope that this detailed computer model of the 
genetic changes in the developing human embryo 
will help physicians identifying the molecular signa-
ture that is key to successful embryo development,” 
Sebastiano says, “including those obtained by assist-
ed reproductive technology.”

Sebastiano’s Human Blastocyst Viewer interface. The computer model is available for any researcher to use via the internet.
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Institute Leadership

Irving Weissman, MD 
Director
Director of the Ludwig Center for Cancer Stem Cell 
Research
Virginia and D.K. Ludwig Professor for Clinical 
Investigation and Cancer Research

Irving Weissman has directed the institute since its 
founding, providing  the vision and leadership to 
build one of the nation’s top stem cell programs. 
In 1988, Dr. Weissman became the first researcher 
to isolate in pure form any stem cell in any species 
when he found hematopoietic (blood-forming) stem 
cell in mice. He subsequently found the human 
hematopoietic stem cell, the human neuronal stem 
cell, and the human leukemia stem cell. His work 
has opened up an entirely new area of scientific 
research with enormous potential for life-saving 
therapies.
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Michael T. Longaker, MD, MBA, FACS 
Co-Director 
Director, Program in Regenerative Medicine 
Deane P. and Louise Mitchell Professor

Michael Longaker has broad experience in pediatric plastic surgery, 
developmental biology, epithelial biology, tissue repair, and tissue 
engineering.  He has extensive research experience in the cellular and 
molecular biology of extracellular matrix, with specific applications 
to the differences between fetal and post-natal wound healing, the 
biology of keloids and hypertrophic scars, and the cellular and 
molecular events that surround distraction osteogenesis with respect 
to craniofacial development.  Most recently, his research has focused 
on multipotent mesenchymal cells derived from adipose tissue and 
their applications for tissue repair, replacement, and regeneration. 

Michael F. Clarke, MD 
Associate Director 
Karel H. and Avice N. Beekhuis Professor in Cancer Biology

In addition to his clinical duties in cancer treatment, Michael Clarke 
maintains a laboratory focused on stem cells and the role they 
play in cancer. Dr. Clarke’s research is aimed at the identification 
and characterization of cancer stem cells, and at increasing our 
knowledge of the factors that control self-renewal in normal stem 
cells and their malignant counterparts. Dr. Clarke was the first 
researcher to find cancer stem cells in a solid tumor (breast cancer) 
and discovered that the inhibition of programmed cell death is 
essential for the growth of breast cancers. 

Maria-Grazia Roncarolo, MD
Co-Director 
George D. Smith Professor in Stem Cell and Regenerative Medicine

Maria Grazia Roncarolo is a world leader in stem cell and gene 
therapies. She is the former scientific director of the San Raffaele 
Scientific Institute in Milan, Italy, where she showed that gene 
therapy could be used effectively in treating formerly untreatable 
diseases. Dr. Roncarolo was recruited to lead the institute’s efforts 
to translate basic scientific discoveries in the field of regenerative 
medicine into novel patient therapies, including treatments based on 
stem cells and gene therapy. 



Institute researcher Roeland Nusse 
wins $3 million Breakthrough Prize

The developmental biologist was honored for 
helping to decode how Wnt signaling proteins 
affect embryonic development, cancer and the 
activity of tissue-specific adult stem cells that 
repair damage after injury or disease

Institute researcher Roeland Nusse, PhD, the 
Virginia and Daniel K. Ludwig Professor in Cancer 
Research and a Howard Hughes Medical Institute 
investigator, was honored in December with a 2017 
Breakthrough Prize in Life Sciences.
Nusse was awarded the $3 million prize for his 
contributions to the understanding of how a 
signaling molecule called Wnt affects normal 
development, cancer and the functions of adult stem 
cells in many tissues throughout the body.

“This is a complete surprise,” said Nusse, who is 
professor and chair of developmental biology. “My 
gratitude goes out to many people — my past and 
present postdoctoral scholars and graduate students 
and my former mentors have all contributed to 
the success of my research. The research and 
collaborative environment at Stanford and the long-
term support from the Howard Hughes Medical 
Institute have also been fantastic. I see this award as a 
great honor for the entire community.”
The Breakthrough Prizes, initiated in 2013, honor 
paradigm-shifting research and discovery in the 
fields of life sciences, fundamental physics and 
mathematics. In total, about $25 million was 
awarded this year.  A black-tie, red-carpet ceremony 
for the presentation of the prizes was held at the 
NASA Ames Research Center in Mountain View. 

Roel Nusse, PhD, was declared a winner of a 2017 Breakthrough Prize

Honors
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The event was hosted by actor 
Morgan Freeman. The Grammy 
Award-winning pop star Alicia Keys 
provided entertainment.
“Roel’s pioneering work has provided 
deep insights into an essential 
molecular signaling pathway 
that controls normal embryonic 
development and adult tissue repair, 
and that contributes to cancer when 
it is not properly regulated.  His 
work has served as a model for many 
others in our field and accelerated 
further studies of these critical 
processes,” said Stanford President 
Marc Tessier-Lavigne, PhD. “We 
are grateful that the Breakthrough 
Prize recognizes the work of 
scientific leaders who are inspiring others to pursue 
discovery that is truly transformative, benefiting all 
of humanity.”
His work has been the foundation of much of 
modern developmental biology.
Nusse’s interest in Wnt began in the 1980s as a 
postdoctoral scholar in the laboratory of Harold 
Varmus, MD, who was then on the faculty of UC-
San Francisco. In 1982, Nusse discovered the Wnt1 
gene, which was abnormally activated in a mouse 
model of breast cancer. He subsequently discovered 
that members of the Wnt family of proteins also 
play critical roles in embryonic development, cell 
differentiation and tissue regeneration.
 “Roel has devoted his career to identifying one 
of the major signaling molecules in embryonic 
development, and clarifying its role in cancer 
development and in tissue regeneration,” said Lloyd 
Minor, MD, dean of the School of Medicine. “The 
importance of Wnt signaling in these processes 
cannot be overestimated. His work has been the 
foundation of much of modern developmental 
biology, and we are very proud of his contributions.”
Nusse’s more recent work has focused on 
understanding how Wnt family members control 
the function of adult stem cells in response to injury 
or disease. In 1996, he identified the cell-surface 
receptor to which Wnt proteins bind to control cells’ 
functions, and in 2002 he was the first to purify Wnt 
proteins — an essential step to understanding how 
they work at a molecular level. 

“My work has shifted significantly over the years 
due to the influence of my Stanford colleagues, 
although it has always been focused on Wnt,” said 
Nusse. “When I arrived at Stanford, I was studying 
the involvement of the Wnt proteins in mouse 
development and cancer. I then switched to fruit 
flies, and then to the study of adult stem cells. 
Stanford has supported me during this evolution of 
my research career.”
Nusse’s lab is currently devoted to understanding 
how Wnt signaling affects the function of adult stem 
cells in the liver to help the organ heal after injury, 
as well as what role Wnt signaling might play in the 
development of liver cancer.
“The Breakthrough Prizes are a sign of the times,” 
said Nusse. “Together with the recently announced 
Chan Zuckerberg Initiative, they show how the 
wealth of Silicon Valley is now making an impact 
not just in the field of computer science, but also in 
biomedical fields. This is very exciting.” 
Nusse is also a member of the Ludwig Center for 
Cancer Stem Cell Research and Medicine at Stanford. 
He was awarded the Peter Debye Prize from the 
University of Maastricht in 2000. He is a member of 
the U.S. National Academy of Sciences, the European 
Molecular Biology Organization and the Royal 
Dutch Academy of Sciences. He is also a fellow of the 
American Academy of Arts and Sciences.
Seven $3 million Breakthrough Prizes — five in the 
life sciences, one in fundamental physics and one in 
mathematics — were awarded to 12 recipients.

          A Wnt signalling pathway in the inactivated and activated configurations
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Matthew Porteus named 
senior investigator in the 
new CZ Biohub
After a fiercely competitive selection process, 
institute scientist Matthew Porteus, MD, PhD, was 
named one of seven senior investigators in the newly 
formed Chan Zuckerberg Biohub. 
The CZ Biohub is an independent nonprofit medical 
research organization that has the ambitious goal 
of harnessing the power of science, technology 
and human capacity to cure, prevent or manage all 
human disease. It is funded through a $600 million 
commitment by the Chan Zuckerberg Initiative, 
which was created by Facebook founder Mark 
Zuckerberg and his wife Priscilla Chan, MD.
Researchers in the CZ Biohub will have access to 
advanced technologies and will get research grants 
of up to $1.5 million over five years. About 700 
researchers from around the Bay Area applied to 
become CZ Biohub investigators. In addition to 

the 7 senior investigators from the Stanford School 
of Medicine Investigators, the Chan Zuckerberg 
Initiative also named 8 junior investigators from 
the Stanford SOM, 
4 investigators 
from other schools 
at Stanford, 15 
investigators from 
UCSF and 13 from 
UC Berkeley. 
Porteus uses 
genome editing as 
curative therapy for 
genetic diseases, 
as exemplified by 
his correction of 
the mutation in 
sickle cell disease 
in hematopoietic 
stem and progenitor cells. He is now combining 
genome editing with synthetic biology to engineer 
cells having new phenotypic properties, such as 
engineering resistance to HIV and enhancing wound 
healing.

Matthew Porteus, MD, PhD

Marius Wernig, MD, PhD

Honors

Marius Wernig named 
HHMI Faculty Scholar
Institute researcher Marius Wernig, MD, PhD, was 
named a Howard Hughes Medical Institute (HHMI) 
Faculty Scholar. Wernig was one of 84 investigators 
named as Faculty Scholars in 2016 by HHMI,  the 
Simons Foundation, and the Bill & Melinda Gates 
Foundation. Faculty Scholars are “early-career 
scientists who have great potential to make unique 
contributions to their field,” the HHMI said in their 
announcement. 
Through the new Faculty Scholars Program, the 
HHMI announced, the philanthropies will spend 
about $83 million over five years to support the first 
cohort of scientists selected to receive grants. The 
range of five-year grant award totals is $600,000-$1.8 
million, including indirect costs. Faculty Scholars are 
required to devote at least 50 percent of their total 
effort to the direct conduct of research.
This is the first collaboration between HHMI, the 

Simons Foundation, and the Bill & Melinda Gates 
Foundation. The philanthropies say they joined 
forces to create this program in response to growing 
concern about the significant challenges that early-
career scientists are facing. “The career trajectory for 
early-career scientists has become much less certain 
as competition for grant support intensifies,” the 
HHMI said in their 
announcement. “In 
the last two decades, 
the U.S. has witnessed 
a dramatic decline in 
the National Institutes 
of Health research 
award success rate 
for scientists, as well 
as a striking increase 
in the average age at 
which an investigator 
receives his or her 
first R01-equivalent 
grant.”
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