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Building stem-cell genomics in California

and beyond

Natalie D DeWitt, Michael P Yaffe & Alan Trounson

By devoting funding to whole-genome studies, such as
epigenetic and copy-number variation in stem cells, research
on new genomic technology, and standards for methodologies
and data collection/sharing, CIRM can spur both basic and

translational research.

The rapid pace of progress in next-generation
DNA sequencing and genomics technologies
is increasing the feasibility of a wide spectrum
of systematic biological studies and bringing
us ever closer to the ‘$1,000 genome’ (Fig. 1).
This trend will soon make genome-scale
characterization a practical tool for the analy-
sis of stem cells, not only permitting DNA
sequencing, definition of the transcriptome,
and elucidation of epigenetic modifications of
all stem-cell-derived products and cells used
in ‘disease in a dish’ studies, but also inform-
ing fundamental studies of stem-cell biology
and potential therapeutic applications. And
yet, compared with more established related
genomics fields, such as cancer genomics,
stem-cell genomics remains in its infancy.
There is thus an urgent need in the next few
years to ramp up efforts to establish stem cells
as a leading model system for understanding
human biology and disease states and ulti-
mately to accelerate progress toward clinical
translation.

Why should the stem-cell field engage in
genomics now? One reason is that both the
basic-research and medical communities are
moving toward developing integrated plat-
forms where molecular and genomics analy-
ses of patients play a central role in informing
diagnostics and therapeutics. Support is also
building at a national level; for example, a US
National Academy of Sciences (NAS) task
force charged with creating a new molecular
taxonomy for disease recently issued a report
recommending that “the nation needs a live
network of information on a person’s molecu-
lar tests and health care”!. The NAS committee
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proposed that scientists and clinicians engaged
in biomedical research, clinical medicine and
basic research create a central data base of
information, including molecular, environ-
mental, family history and geographical data
on individuals in the medical system. Genomic
and epigenomic data would be important plat-
forms in such a model. It is our opinion that,
to realize its full potential, human stem-cell
science should contribute to these activities
and intercalate with this proposed knowledge
infrastructure by contributing, at a minimum,
molecular characterization of induced plu-
ripotent stem cell (iPSC) disease models that
can be integrated with longitudinal medical
information about the individual who donated
the cells. Playing a proactive role in building
this knowledge infrastructure will ensure that
the needs of all stakeholders in cell therapies
are met in the coming decade as medicine
transforms to an information-intensive model.

For California to take a firm and lasting grip
on leadership in stem-cell research—and, as
stated in Proposition 71, “advance the biotech
industry in California to world leadership as
an economic engine for California’s future”—
its scientists must have access to these tech-
nologies and moreover create a coordinated
international enterprise to maximize the
reach and impact of stem cell genomics.
Genomics is creating a sea change in bio-
medical research and medicine, and accord-
ingly, the California Institute for Regenerative
Medicine (CIRM; San Francisco) can create
a process through which stem-cell research
can participate and even provide leadership
in a new era of medicine. This research will
play a key role in providing cellular assays that
can drive the development of new compounds
and highly refined biomarkers for drug dis-
covery, diagnostics and ultimately cellular
therapeutics in the context of personalized
medicine. California is well placed to lead this
effort, with its superb and well-funded stem-
cell science, powerful biocomputing capaci-
ties, numerous leading genomics companies
and experience in facilitating multinational
projects with international funding part-
ners. With judicious expenditure of CIRM
funds, it should be possible to use existing
resources to rapidly and efficiently build an
effective stem-cell genomics infrastructure
that will be unique in the world, thus posi-
tioning California as a leader in this critical
area of basic and translational research while
genomic technologies build steam in the next
five years.
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Figure 1 Technology improvements in DNA-sequencing technology are outpacing Moore’s Law (the
computing industry’s trend of doubling computer power every two years; adapted from http://www.

genome.gov/sequencingcosts/; accessed 12/06/11).
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Why stem-cell science needs genomics

Building a capacity for stem-cell genomics will
advance a number of crucial areas of biology
and translational research, both in the near and
in the long term (Box 1). A key question in
biology and medicine is how genotype relates
to phenotype at the levels of both cells and the
individual. Analyses of human iPSC (hiPSC)-
based disease models promise to contribute to
phenotype characterization. However, substan-
tial structural and sequence variation has been
detected in the genomes of wild-type hiPSC
and human ESC (hESC) cells under some cul-
ture conditions?>™. It is not yet clear whether
this variation was present in the original cell
(for iPSCs), whether it results from the process
of deriving the cells or the culture conditions,
or even how much of it is experimental noise.
It is thus critical that we gain an understanding
of what causes this variation, discover to what
degree it is present in all cells versus specifically
in stem cells under culture and reprogram-
ming conditions, and determine whether the
variation leads to changes in cellular behavior
before we can understand disease-in-a-dish
phenotypes and gain confidence in therapeu-
tic cells. Furthermore, it is important to note
that hESCs and iPSCs offer a controlled cellular
system for the mapping of molecular changes
during development and differentiation, thus
providing a superb opportunity for stem cells

to contribute to a fundamental understanding
of basic biology, as long as intermediate and
mature differentiation states can be verified
by molecular analyses of endogenous human
tissues. Moreover, cellular signaling and gene
expression pathways implicated in cancer
are increasingly found to be active in ESCs.
Next-generation sequencing technology will
be important for moving these critical studies
forward.

Because stem cells exist in heterogeneous
populations, the development of single-cell
genomics technology will be key to under-
standing their regulation and characteris-
tics. To date, most genomics, epigenomics
and transcriptome analyses are performed
on pooled cells. Therefore, the molecular
information is averaged over the entire popu-
lation, and this step obfuscates critical infor-
mation about individual cells. An accurate
understanding of how the molecular state
of a cell drives its behavior is impossible to
gain with data averaged from pooled cells>®.
Looking forward to applying genomics to
the single-cell level, new technologies will
need to be created or existing ones adapted
to stem-cell applications. Stem cells can be
separated into different populations with
distinct characteristics. Individual cells can
differ in their DNA sequences, mRNA and
protein composition, and metabolic and

Box 1 Projected impact of genomics on stem cell biology and

therapeutics

CIRM'’s cross-disciplinary genomics initiative would bring experts in computational
biology and genomics together with stem-cell scientists engaged in basic research, cell
banking, cell manufacturing and clinical applications. It would have major impacts on

the following three areas:
Basic science

e Understand the presence and importance of variation in genomes, epigenomes and
transcriptomes of individual cells within an organ or tissue
e Build an atlas of molecular changes (epigenetic and transcriptional) as cells undergo

controlled differentiation

e Establish minimally mutated hiPSC and hESC lines to introduce suspected disease-

causing mutations for further analysis

e Understand culture-induced genomic instability and its effects on cell behavior in

hiPSC-based models

Biomedical research and biomarker development

e Detect sequence variants in patients and correlate with disease-in-a-dish phenotypes
and disease onset or severity in patients who provided donor cells

e Develop drugs in iPSC disease models, correlating genomic data to drug responses in

cellular models

e Use basic biological studies of epigenomic control of cell state to seed pharmaceutical
development and permit the identification of compounds that modulate cell state in cell

manufacturing or in clinical applications

Clinical science and cell manufacture

e Test therapeutic cell lines for genomic integrity, immunogenic and oncogenic potential,
as well as the presence of disease-associated gene variants
e Stratify patients for personalizing treatments of cancers as stem-cell diseases
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signaling activity. In the body, stem cells exist
in niches or circulate accompanied by a vari-
ety of other non-stem-cell types. Cultures
of cells also comprise a mixture of cells in
various degrees of differentiation, or pluri-
potency states. Isolating and analyzing single
cells and comparing their variability at the
genomics level will be essential for drilling
down to answer questions about how geno-
type relates to protein function and cellu-
lar phenotype’. Understanding single-cell
behavior and molecular variation observed
from cell to cell could build upon pioneering
studies of biological noise in prokaryotes®.

Such cancers as leukemia and breast cancer,
which include certain forms that are rooted in
aberrant stem cells®, show the importance of
characterizing an individual, disease-causing
cancer stem cell. These cancer stem cells can
drive tumor progression but are resistant to
radiation and chemotherapy'®!!. To direct
therapies specifically to these cells, it will be
important to understand how they differ in
terms of their DNA or RNA composition from
the bulk cells of the tumor. These differences
could reveal aberrant molecular pathways to
target therapeutically and eventually could be
used as biomarkers for drug development and
for stratifying patients into groups for individ-
ualized therapies. Current methods to target
therapies to tumors based on the response of
pooled cells, even if enriched for cancer stem
cells by surface-marker-based cell sorting, are
likely averaging and masking important lesions
responsible for tumor progression and drug
resistance.

In addition, technologies are needed to
detect rare genomic or transcriptional events
occurring in only a single or a few cells within a
population of cells. The latter application could
help ensure that the genomes of therapeutic
cells are devoid of rare cells in the population
that carry oncogenic alterations, immunogenic
human leukocyte antigen (HLA) sequences or
known disease-causing genomic variants. For
detecting rare oncogenic events in cells des-
tined for patients in clinics, it will be impos-
sible to test batches of cells at the point of
delivery, as this would require destruction of
the cells themselves. Even so, determining the
frequency of these events (if they occur at all)
under optimal culture conditions and identify-
ing their causes will not only make it easier to
predict whether they will be a concern in clini-
cal applications of cell therapy but also point to
standards for cell passage, handling and purifi-
cation to avoid such events completely.

The stem-cell genomics pipeline

Stem-cell genomics can be viewed as a
pipeline comprising a stepwise series of
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technologies, ranging from wet-bench sam-
ple preparation to high-throughput mas-
sively parallel next-generation sequencing
technologies to sophisticated biocomputing
capabilities, followed by confirmation and
functional testing of hypotheses (Fig. 2). In
the stem-cell field, projects could originate
from a variety of sources, including academic
and clinical researchers, biotech companies,
and cell manufacturing facilities, with the last
likely to be early adopters of genomic analysis
tools for characterizing therapeutic cell lines
at early stages of expansion (although likely
not at point of delivery).

Experimental design. At the stage of experi-
mental design, stem-cell scientists embarking
on a costly and long-term sequencing project
would benefit from assistance by genomic
and computational scientists with specialized
genomics expertise. This latter group would
be able to help design appropriately controlled
and statistically powerful experiments and pro-
vide standard operating procedures for sample
preparations to minimize experimental noise
and allow comparison of data sets from dif-
ferent laboratories and clinics. Companies
and academic centers providing sequencing
and analytics often perform such a function.
For instance, to reduce the risk of experi-
mental noise or failure, facilities carrying out
such analyses often do in-house wet-bench
manipulations such as library preparation;
many companies provide experimental design
consultation as a service. Even so, for large-
scale projects such as studying genomic varia-
tion under culture conditions or epigenetic
modification during differentiation, it will be
essential to adopt one set of protocols so that
data can be compared across labs participating
in such projects.

Sample preparation. The time, cost and repro-
ducibility of sample preparation are consid-
ered limiting in existing genomics pipelines.
Genomic technologies have in the past decade
become rapid, high-throughput and massively
parallel. With an output of, for example, 3 bil-
lion reads in two days, sequencers such as the
latest Illumina (San Diego) HiSeq 2000 tech-
nology are rapidly exceeding the capacity of
scientists to prepare enough samples to maxi-
mize each sequencing run.

Sequencing and analytic technologies. At
present, obtaining data can be simply a mat-
ter of shipping cells or a genomic or cDNA
library to a commercial or academic sequence
provider, receiving the data by File Transfer
Protocol (FTP) or express mail on a data-
storage device, and paying the provider for
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Figure 2 A flow chart depicting major stages of the proposed stem-cell genomics pipeline. From left to
right: conception of genomics project from clinical, manufacturing or basic research scientists; sample
preparation; next-generation sequencing or deep-sequencing technologies; single-cell analytics (where
applicable); data handling and analysis, and transfer of information back to scientists and clinicians.

Bottlenecks that are potentially opened by CIRM funding of innovation or provision of resources are

indicated by the lightning bolts.

services rendered. To date, such samples as
genomic DNA, transcripts or non-coding
RNAs are being analyzed on a wide variety
of platform technologies, each with its own
caveats and benefits, in a range of core facili-
ties, companies and dedicated sequencing
centers. These technologies are still quite
expensive for the average academic labora-
tory. Today, the price for a whole genome
sequence is ~$5,000. Moreover, to maximize
the value of genomic analysis, the compari-
son of many genomes from different cell lines
and those grown in different conditions will
be necessary, as will multiple sequencing
runs of each line to eliminate noise and error.
Fortunately, given the availability of sequence
providers, the analytic phase of the pipeline
is not considered the most limiting, and the
need for new facilities dedicated to DNA
sequencing does not appear to be a funding
priority.

We anticipate that CIRM funding for a
limited number of outstanding projects upon
which stem-cell genomics can build as a com-
munity, such as epigenomic changes dur-
ing differentiation, together with support to
enhance access of stem-cell scientists to exist-
ing technology providers, would be the most
flexible way to advance the sequencing and
analytics steps in the pipeline.

Data collection, storage, analysis and acces-
sion. Integrating stem-cell biologists with data
collection and analysis centers will be necessary
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to permit systematic, data-intensive studies,
such as whole-genome epigenetic analysis
during differentiation or correlating genomic
structural variation with phenotypic data.

This brings us to a bottleneck where the
massive amounts of data generated by genom-
ics studies meet the very limited human and
infrastructural resources for collection, trans-
fer, storage, analysis and dissemination of these
data. Whereas DNA-sequencing facilities are
routinely producing sequence runs on demand,
few labs in the stem-cell community can access
the most advanced informatics technologies
necessary to benefit from these rapidly evolv-
ing technologies. The problem of assembling,
storing and transferring data on tens or hun-
dreds of whole genomes in a secure environ-
ment that protects the privacy of experimental
subjects while also permitting community
access to ‘de-identified’ medical records and,
ideally, longitudinal follow-up studies on medi-
cal conditions is considerable. Superimposed is
the challenge of standardizing sample prepara-
tion and bioinformatics analysis to ensure that
where variation is detected, it is biologically
meaningful and not experimental noise.

In response to this obstacle, the National
Science Foundation recently granted $1.4
million to the University of California at
San Diego’s Supercomputer Center and the
California Institute for Telecommunications
and Information Technology (Irvine) to
address access to large-scale sequencing data
by the scientific community, configuration of
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those analyses, and design of efficient work-
flows. Other funding agencies in various fields
of study are similarly concerned. Thus for
CIRM to empower the stem-cell community
to access genomics, we should also provide a
capable data platform tailored to the particular
needs of the community.

Well-developed and integrated approaches
to handling and analysis of large data sets will
be needed for large-scale studies correlating
genomic variation with phenotype and dis-
ease, as well as tracking the epigenetic changes
associated with differentiation. These studies
are likely to require on the order of hundreds
of whole-genome sequences, exome analyses
or equivalent amounts of transcriptome data.
Cancer genomics studies are leading the way
in setting up such an infrastructure, and this
could readily be exploited by the stem-cell
community in various ways, both by learn-
ing from these models and, where possible, by
taking advantage of these existing tools and
infrastructure.

Beyond the genomics data

The above data should serve many purposes for
the stem-cell community, ranging from gener-
ating testable hypotheses for basic biology and
disease-in-a-dish studies to providing infor-
mation on genomic integrity for therapeutic
cell lines to informing clinical studies and cell
therapies (Fig. 3).

For basic research and iPSC-based disease
models, using genomics data to construct
functionally testable hypotheses is important
to ensure that stem-cell genomics remains a
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robust experimental science as opposed to a
theoretical one. In the near future, this would
involve mutating genes suspected of playing
a role in disease and studying their conse-
quences in disease-in-a-dish models. Looking
ahead, synthetic biology promises to provide
a means of testing some hypotheses gener-
ated by genomics. For instance, synthetic gene
networks now can be embedded into cells
to observe their impact on cell regulation.
Stem-cell genomics will undoubtedly produce
hypotheses about how genes and gene net-
works produce cellular phenotypes and how
gene sequences lead to molecular functions
of the encoded proteins. With the tools and
approaches of synthetic and systems biologists,
these hypotheses can be tested by genetically
manipulating cellular regulatory circuitry.

A stem-cell genomics platform focusing on
variation in iPSCs would dovetail with efforts
to bank iPSCs from both healthy individuals
and those known to have diseases, to detect
and understand disease-causing mutations
and epigenomic modifications. With proper
consent and data management with privacy
controls in place, this information can link
back to de-identified patient records to cor-
relate the data with onset and severity of dis-
ease and response to therapies. Integrating this
information into a ‘knowledge network, such
as that proposed by the NAS!, would provide
a powerful platform for incorporating stem-
cell research into a comprehensive biomedical
information network. For instance, molecular
characterization of the genome, epigenome and
transcriptome of individuals who contribute to

* How do mutations affect cell
behavior?

* How do mutations contribute to
disease phenotype?

* Approaches to understand cell
differentiation, pluripotency
and cancer

* Coordinate genomics with
iPSC banks with patient
information and cellular
disease modeling information

ono « |dentify best therapeutic lines
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Figure 3 Benefits of genomics data for a broad range of activities, from basic research to clinical

applications.
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iPSC banks could be used in in vitro disease
models for drug discovery and research on
causes and treatments of human disease.

Finally, as we approach the era of personal-
ized medicine, genomic stem-cell data could
provide information to target therapies for
a particular individual. The medical field is
rapidly moving in this direction, with several
studies under way to characterize and compare
the genomes and transcriptomes of hundreds
or thousands of individuals and correlate this
molecular information with medical informa-
tion. Many drugs and therapies work only in a
subset of patient groups, so finding genetic sig-
natures or biomarkers to guide targeted treat-
ments would vastly improve the efficiency and
efficacy of medical care.

Developing a California stem-cell
genomics infrastructure

Many California stem-cell researchers would
benefit from greater access to cutting-edge
genomics approaches. Although a number of
the major California universities and research
institutes have genomics centers that generally
offer a variety of fee-based services, includ-
ing massively parallel (second-generation
or deep-) DNA sequencing, the state cur-
rently lacks comprehensive genomics centers
with a concentration of expertise and capac-
ity like that found at top centers, such as the
Broad Institute (Cambridge, MA, USA),
Washington University Genome Sequencing
Center (St. Louis) and the Human Genome
Sequencing Center at Baylor College of
Medicine (Houston). This is somewhat sur-
prising because California is home to several
companies that produce state-of-the-art DNA-
sequencing equipment (including Illumina and
Sequenom of San Diego, Life Technologies
of Carlsbad, Combimatrix of Irvine, Pacific
Biosciences of Menlo Park and Complete
Genomics of Mountain View). The private
sector is in some instances offering services
analogous to what the genomic centers offer in
terms of next-generation sequencing and bio-
informatics; however, it is beyond their scope
to offer data management and infrastructure
services to analyze, test and draw conclusions
from such data at a community level.

In our view, it would be neither practical nor
appropriate for CIRM to attempt to establish
one or two genomics institutes on a par with
the three national centers mentioned above.
Each of those facilities was built with enormous
infrastructure investment, and they operate
with budgets in the tens of millions of dollars
per year. Furthermore, they all support a wide
range of research activities, the vast majority
of which are not directly related to stem cells.
Thus, efforts by CIRM in this field should be
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Box 2 Pillars of a California Stem-Cell Consortium

Several capabilities would need to be developed to facilitate integration and analysis of

large volumes of stem-cell genome data. We break out some of these in detail below:

e Central data coordination with the capacity for secure data storage, petaflop-scaled data
transfer and wide access by the scientific community

e Technology development, such as:
Single-cell transcriptomics (quantitative)

Detection of rare sequences in cell mixtures (‘Amplicon’ sequencing)

Single-cell methylomes
Subcellular transcriptomes

e Coordination to perform outstanding projects, such as:

Epigenetics of cell differentiation

Genomic variation in stem cells during culture
¢ Analysis of therapeutic and banked stem-cell lines coordinating with CIRM-funded

disease teams and cell banks

® A mechanism whereby California stem-cell principal investigators could submit
proposals to the consortium to engage with the consortium’s genomics and biocomputing

expertise

e Negotiated deals through volume to obtain best prices for CIRM grantees for provision of
next-generation sequencing services and equipment

e Through consensus building, the centers could set and implement community standards
(for example, cell lines, standard operating procedures and analysis methods)

e The centers’ reach could be extended through Collaborative Funding Partnerships

e Development of business models to achieve long-term sustainability for at least a subset

of its activities

directed toward enabling California’s stem-cell
scientists to gain access to technologies and
expertise that can specifically benefit their
research programs by funding several high-
priority projects that will achieve some or all
of the research goals listed in Box 1 (including
technology development for key bottlenecks)
and developing advanced facilities for integra-
tion and analysis of large volumes of stem-cell
genome data (Box 2).

Such an effort could be modeled along the
lines of the ENCODE (Encyclopedia of DNA
Elements) project, which is funded by the
National Human Genome Research Institute
(NHGRI) through a request for applications
(RFA) process. Its major objective was to
bring together investigators with a diverse set
of experimental and computational expertise
to identify all functional elements in human
DNA, and it does so through an open consor-
tium available to any investigator willing to use
its established criteria to maintain standards
in data acquisition and analysis. An important
function is to develop standards to which con-
sortium members adhere in order to reduce
experimental noise and make data comparable
across laboratories. In 2003, ENCODE’s pilot
phase was funded for $15 million to analyze
all epigenetic modifications in a small segment
of the human genome. Now that ENCODE is
in its production phase, NHGRI is providing
$80 million over four years to extend this effort
genome-wide by funding a data coordination

24

center (based in the University of California at
Santa Cruz in conjunction with the University
of California at San Diego’s Supercomputer
Center), a data analysis center (based in the
European Bioinformatics Institute in Hinxton,
UK) and a Technology Development Effort
(comprising six principal investigators, five in
the United States and one in Singapore).

In an example of another large-scale genom-
ics project, the US National Institutes of Health
Roadmap Epigenomics Mapping Consortium
was launched in 2008 to use next-generation
sequencing to map normal human epigenomes
from stem cells and tissues commonly involved
in disease, including human embryonic stem
cells. The goal is to provide reference epi-
genomes as the starting point for a wide range
of future studies'?. The Roadmap project is
providing five-year funding for four epigenome
mapping centers (the Massachusetts Institute
of Technology in Cambridge, MA, USA, the
University of California at San Francisco, the
Ludwig Center for Cancer Research-San Diego,
and the University of Washington in Seattle),
as well as a data coordination center at Baylor
College of Medicine, technology development
projects comprising eight principal investiga-
tors, and an initiative to discover new epigen-
etic marks in mammalian cells (also involving
eight principal investigators). The project is
also providing a public portal with protocols,
downloadable tools and quality metrics for
data release.
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The centers of excellence created by a CIRM
stem-cell genomics initiative could be hosted
within established California universities or
research institutes and would likely augment
current genomics or bioinformatics core
facilities to capitalize on existing expertise and
infrastructure and interface with private com-
panies providing services, where appropriate.
Where possible, the centers would also coor-
dinate with earlier or ongoing initiatives, such
as ENCODE and the NTH Roadmap, to make
the most of expertise, standards and data sets.
In competing for awards, applicant institutions
would propose facility structure, administra-
tion, policies and activities to promote col-
laboration and advance the program mission.
In addition, institutions would be expected to
commit matching funds and other appropri-
ate resources to help establish and maintain the
centers, including assurance that the appropri-
ate expertise would be recruited and/or main-
tained, so that CIRM’s grantees would have
access to the counsel and collaboration they
need. A model for sustainability beyond the
lifetime of CIRM would be essential for fund-
ing. Because the centers would be expected
to serve CIRM-supported scientists from a
variety of other California institutions, multi-
institutional consortia should be encouraged
using CIRM’s ‘Collaborative Funding Partner’
mechanism.

Conclusions

For the stem-cell field to fully benefit from
genomics technology, an unprecedented
degree of rigor and detail (in terms of defin-
ing and adhering to a well-defined set of stan-
dards and procedures) and data coordination
must be applied in ways that are unfamiliar
to most academic stem-cell biologists, out-
side of those engaged in cell banking and
manufacturing. As computational and sys-
tems approaches become central to defin-
ing the concept of a gene!® and regulation of
cell state!4, the stem-cell community must
look to forming working partnerships with
computational biologists who think in these
terms. Progressively, proteomic and metabo-
lomics data sets will be integrated, but these
efforts must build on the standardized sets of
cells and protocols initially established by a
stem-cell consortium focusing on genomics.
Only by adopting standards for sample and
data handling that minimize experimental
noise will stem-cell ‘omics’ efforts engage
top-rank computational scientists to analyze
data sets generated from stem cells under
highly controlled states of differentiation and
culture conditions. It is hoped that through
this level of analysis, stem-cell scientists can
join the ranks of cancer cell biologists and
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microbiologists to achieve the highest level
of understanding of their biological systems
currently possible.

By initiating and funding such a cross-dis-
ciplinary effort for the California stem-cell
community and beyond—one that will impact
virtually every aspect of stem-cell research—it
is to be hoped that CIRM and its funding part-
ners would leave a formidable and pioneering
footprint, marking an indelible contribution
to biological science, technological innova-
tion and cell therapies.
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