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About Cell Press

Cell Press is a leading publisher in the biological sciences and is committed
to improving scientific communication through the publication of exciting
research and reviews. Cell Press publishes 30 journals, including the Trends
reviews series, spanning the breadth of the biological sciences. Research
titles published by Cell Press include Cell, Cancer Cell, Cell Stem Cell, Cell
Host & Microbe, Cell Metabolism, Chemistry & Biology, Current Biology,
Developmental Cell, Immunity, Molecular Cell, Neuron, Structure, and the
open-access journal Cell Reports. In addition to publishing high-impact find-
ings, Cell Press research journals publish a wide variety of peer-reviewed
review and opinion articles, essays from leaders in the field, graphical Snap-
Shots, science news articles, and much more. Cell Press is also the publisher
of three society journals: Biophysical Journal, American Journal of Human
Genetics, as well as the open-access journal Stem Cell Reports.

The Trends reviews journals are also part of the Cell Press family and consist
of 14 monthly review titles that publish in a range of areas across the bio-
logical sciences. Peer-reviewed and thoroughly edited review and opinion
articles cover the most recent developments in relevant fields in an author-
itative, succinct and broadly accessible manner. Together with a range of
additional shorter formats, Trends journals collectively provide a forum for
hypothesis and debate.

As part of its mission to be a leader in scientific communication, Cell Press
also organizes scientific meetings across a wide range of topics, hosts online
webinars to bring leading scientists to the broadest international audience,
and is committed to promoting innovation in science publishing.
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Preface

We are very pleased to present Cell Press Reviews: Core Concepts in Cell
Biology, which brings together review articles from Cell Press journals in
order to offer readers a comprehensive and accessible entry point into some
of the most important topics in cell biology today. Articles were selected
by the editorial staff at Cell Press with an eye toward providing readers an
introduction to timely and cutting-edge research written by leaders in the
field. While Cell Press Reviews: Core Concepts in Cell Biology is not an
exhaustive overview of current cell biological advances, our aim is to give
readers insight into some of the most exciting recent developments and the
challenges that remain. A wide range of topics are covered within this publi-
cation, including the cell biology of genomes, mechanochemical patterning
in cell polarity, mechanisms of membrane curvature, and insights into pro-
cesses such as organelle growth, cell motility, and morphogenesis.

We are pleased to be able to include contributions from Tom Misteli, National
Cancer Institute; Galit Lahav, Harvard Medical School; Scott D. Emr, Cornell
University; David G. Drubin, University of California, Berkeley; Tom Rapoport,
Harvard Medical School; Anthony A. Hyman, Max Planck Institute of Molec-
ular and Cell Biology, Dresden; and many other prominent researchers in
the field. Their insights will offer readers, both experts and those new to the
field, a fascinating perspective into this critically important and evolving area
of research.

Cell Press Reviews: Core Concepts in Cell Biology is one in a series of books
being published as part of an exciting new collaboration between Cell Press
and Elsevier Science and Technology Books. Each book in this series is
focused on a highly timely topic in the biological sciences. Editors at Cell
Press carefully select recently published review articles in order to provide a
comprehensive overview of the topic. With the wide range of journals within
the Cell Press family, including research journals such as Cell, Current Biology,
and Developmental Cell as well as review journals like Trends in Cell Biology,
these compilations provide a diverse and accessible assortment of articles
appropriate for a wide variety of readers. You can find additional titles in this



Preface

series at http://www.store.elsevier.com/CellPressReviews. We are happy to
be able to offer this series to such a wide audience via the collaboration with
Elsevier Science and Technology Books, and we welcome all feedback from
readers on how we might continue to improve the series.
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CHAPTER 1
Cell

The Cell Biology of Genomes:
Bringing the Double Helix to Life

Tom Mistelil”"
'National Cancer Institute, National Institutes of Health, Bethesda, MD 20892, USA
“Correspondence: mistelit@mail.nih.gov

Cell, Vol. 152, No. 6, March 14, 2013 © 2013 Elsevier Inc.
http://dx.doi.org/10.1016/j.cell.2013.02.048

SUMMARY

The recent ability to routinely probe genome function at a global scale has
revolutionized our view of genomes. One of the most important realizations
from these approaches is that the functional output of genomes is affected
by the nuclear environment in which they exist. Integration of sequence
information with molecular and cellular features of the genome promises a
fuller understanding of genome function.

INTRODUCTION

It was a moment of scientific amazement in 1953 when Watson and Crick
revealed the structure of DNA. The magnificence of the double helix and its
elegant simplicity were awe inspiring. But more than just being beautiful, the
double helix immediately paved the way forward; its structure implied fun-
damental biological processes such as semiconservative replication and the
notion that chemical changes in its composition may alter heritable traits.
The linear structure of DNA laid the foundation for the concept that a string
of chemical entities could encode the information that determines the very
essence of every living organism. The beauty of the double helix was the
promise that, if the sequence of bases in the genome could be mapped and
decoded, the genetic information that underlies all living organisms would
be revealed and the secret of biological systems would be unlocked.

The idea of linearly encoded genetic information has been spectacularly suc-
cessful, culminating in the recent development of powerful high-throughput
sequencing methods that now allow the routine reading of entire genomes.
The conceptual elegance of the genome is that the information contained 1
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in the DNA sequence is absolute. The order of bases can be determined by
sequencing, and the result is always unequivocal. The ability to decipher
and accurately predict the behavior of genome sequences was appealing to
the early molecular biologists, has given rise to the discipline of molecular
genetics, and has catalyzed the reductionist thinking that has driven and
dominated the field of molecular biology since its inception.

But the apparent simplicity and deterministic nature of genomes can be
deceptive. One of the most important lessons learned from our ability to
exhaustively sequence DNA and to probe genome behavior at a global
scale by mapping chromatin properties and expression profiling is that the
sequence is only the first step in genome function. In intact living cells and
organisms, the functional output of genomes is modulated, and the hard-
wired information contained in the sequence is often amplified or sup-
pressed. While mutations are an extreme case of genome modulation, most
commonly occurring changes in genome function are more subtle and con-
sist of fluctuations in gene expression, temporary silencing, or temporary
activation of genes. Although not caused by mutations, these genome activ-
ity changes are functionally important.

Several mechanisms modulate genome function (Figure 1). At the transcrip-
tion level, the limited availability of components of the transcription machin-
ery at specific sites in the genome influences the short-term behavior of
genes and may make their expression stochastic. Epigenetic modifications
are capable of overriding genetically encoded information via chemical
modification of chromatin. Similarly, changes in higher-order chromatin
organization and gene positioning within the nucleus alter functional prop-
erties of genome regions.

The existence of mechanisms that modulate the output of genomes makes
it clear that a true understanding of genome function requires integration
of what we have learned about genome sequence with what we are still
discovering about how genomes are modified and how they are organized
in vivo in the cell nucleus.

THE STOCHASTIC GENOME

The genome is what defines an organism and an individual cell. It is there-
fore tempting to assume that identical genomes behave identically in a pop-
ulation of cells. We now know that this is not the case. Individual, genetically
identical cells can behave very differently even in the same physiological
environment. It is rare to find a truly homogeneous population of cells even
under controlled laboratory conditions, as anyone who has tried to make
a cell line stably expressing a transgene knows. Much of the variability in



GENOME INFORMATION

ACGTCCGGGTCGACGTACCGGCACTGTGACGTGACCATCA
GGACGTACGCATGACAGTAGATCAGGCATGACAAGAGGAC
AAGCTCTGACAGCGCTGAAGCTTTTGACAGACGATAGATC
GAGGGAGAATAGATTAGATGAGGGCAAGCTGATGAACGTG

W\ ///
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structure
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ACGTCCGGGTCGACGTACCGGCACTGTGACGTGACCATCA
GATCAGGCATGACAAGAGGAC

AAGCTCTGACAGCGCT
GAGGGAGAATAGATTAGATGAGGGCAAGCTGATGAACGTG

GENOME OUTPUT

FIGURE 1 From Primary Sequence to Genome Qutput

The hard-wired primary information contained in the genome sequence is modulated at short or long
timescales by several molecular and cellular events. Modulation may lead to activation (green)

or silencing (red) of genome regions.

biological behavior between individual cells comes from stochastic activity
of genes (Raj and van Oudenaarden, 2008).

Genes are by definition low-copy-number entities, as each typically only
exists in two copies in the cell. Similarly, many transcription factors are pres-
ent in relatively low numbers in the cell nucleus. The low copy number of
genes and transcription factors makes gene expression inherently prone to
stochastic effects (Raj and van Oudenaarden, 2008). Numerous observa-
tions make it clear that gene expression is stochastic in vivo. For example,
dose-dependent increases in gene expression after treatment of cell popu-
lations with stimulating ligands, such as hormones, are often brought about
by high expression of target genes in a relatively small number of cells in
the population rather than by a uniform increase in the activity in all cells.
Stochastic gene behavior is most evident in single-cell imaging approaches,
and mapping by fluorescence in situ hybridization of multiple genes, which
according to population-based PCR analysis are active in a given cell popu-
lation, shows that only a few cells transcribe all “constitutively active” genes
at any given time. Most cells only express a subset of genes, and the com-
binations vary considerably between individual cells. These observations



