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1. How was it figured out that chromosomes only occupied certain areas of a nucleus?
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
2. What have observations about the GFAP and IGH genes revealed about gene location?
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
3. What are transcription factories?
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
4. How does differentiation affect gene regulation?
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
5. 
Describe the role of chromosomal positioning in some cancers.

____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
6. How is (the above) useful in diagnosis of these types of cancer?
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
7. Describe the self-organization model of a cell nucleus.
____________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________
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Organized at Many Levels

Bilogists have long known that the DNA in chvomosomes.
olds up in complex ways (dagram). They have now lso dem-
‘onstrated that indvidual chromosomes occupy distnct ter-
tores n the nuceus (mrgaph) and that some chromo-
somes prefer the nuclear penphery, whereas others ke to
cluster closer 10 the core. Moreaver, whre chromosomes.
eside, and which chromosomes he near one another,can
strongly infuence how celsunctio.
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the nucleus, whereas chromosome 19 prefes to remain in the
center; chromosome 7, meanwhile, tends 10 hover somewhere
in betwween. The tendeney of each chromosome Lo assume a
preferred position either closer to—or farther from—the nucle-
ar edse also creates distinct neighborhoods throughout the nu-
cleus. Consequently, each chromosome has a set of neighbors
that s usually consistent from one cell to another within a giv-
en type. In studses of mouse white blood cels, or stance, my
colleagues and I found that chromosome 12 ften clusters with
chromosomes 14.and 15
‘Chromosome positions are not tched in stone, however My
laboratory discovered that chromosomes are arrayed different-

7.
7

Iy i different cell types, and other researchers have found that
these armangements change durng development and in
case. What 15 more, where a chromosome hves seems {0 infl
‘ence whether the genes it carmies are turned on or of

Ahint thata gene’s ocation within the nucleus might be iy
portant for s activty came from the fiding that some e
change their positions when their actty changes. One e
ple comes from studies that trached  gene calle
shaped brain cels ealled astrocytes typically have one ac
‘copy of the gene (the copy used to make pecified by
the gene) and one silent copy: Takum Takizaves iy lab dis
‘covered tha the slent version generally s toward the periph.

Febeuary 201, Secnticamcncsn com 69




image5.jpeg
Fresh Clues to Gene Activation
for many yesrs mestgators have had  goo undersndng of th mleculr macines that
Swichon gene (op mag),theparts of oo tht ancodethe protns and ANA ol
ulesproducod el But o hanks 0w ol hey aohave gt noa hherlevelof
conrl that exrted b thearchocure of o ucius (.

Regitayreion

Basics of Gene Activation

Ageneges swichedon et shr s
learsrpionbcrs colectonreuley
egonsclthegene rabing enynes rown

s RS omabede o
92 ONA odeletes, o e, Y
FiomobieRNAopes nthecaecl
e gens e RMANG:

s rounas esencer RS,
moaeisteqginbee

fomadinie
them ot spckdpiens Zz

70 Sccaui Amencan, ebruary 2011




image6.jpeg
1y of the nucleus, whereas the active copy resides in the nu-
clear interior. Others have found a similar positioning for genes
that encode the defensive antibodies, or immunoglobulins, that
white blood cells secrete when provoked by an invader. In white
blood cells that have been placed on alert by foreign cells, the
region of the chromosome that houses the /GH gene, which
encodes an immunoglobulin component, tends to move t0 a
more central position in the nucleus. Together, such discoveries
have pointed to a simple rule of how the position of a genc af-
fects its function: genes at the periphery of the nucleus are of-
ten inactive,

Might something in the outer flanks of the nucleus favor gene.
silencing? An early sign that the answer is yes was the observa:
tion, made in the 1930s, that the nuclear pe-

MATTERS
‘GENOME CELL B10L0GISTS have ot yet learned all the rules gov-
erning the activity of genes in different parts of the nucleus. We
have shown, however, that where genes reside in nuclear space
has relevance to normal development and to health
A particularly striking instance of how gene organization
changes during normal embryonic development has emerged
from studies of the embryonic stem cells. These cells are “pluri-
potent” generalists, possessing the unique ability to differenti-
ate into any one of the 220 or so specialized tissues in the body;
such as nerve cells, blood cells or muscle. Unlike fully differen-
tated cells, these functionally flexible embryonic stem cells
lack the large regions of heterochromatin in which genes are si-
lenced. They also lack proteins called lamins

rihery i lined ith hetrochomatn <o (720 noComoc athep o eternachve DNA (o the nucle-
‘mosomal regions that are highly condensed. If ar periphery. As a result, just about every gene
You had supermatural vislon and could ook 17 @rrayed in a stem cell genome is active ata low level.
inside a chromosomes, you would see that it d‘lﬁ'ercnll]/ ‘When embryonic stem cells receive a sis-
consists of double-helical DNA that is wrapped i " nal to differentiate into, say, bone cells or neu-
around spools composed of proteins called m {Iﬁ"e"t cell rons, their nuclear architecture changes dra-
histones and that this spooed DNA folds i {ypes, AN LReSe  maticaly Lamin proteins appear and oin to-
onitself to form a thick fiber called chromatin arra"gtme"is gether to form a tight, interwoven mat—the
see illstraion on page 69). Chromatn fi- 4 Ruclear lamina-—that its under the nuclear
bers themselves fold up even further, becom-  Change during ‘membrane. This supportive lamina s believed
ing increasingly condensed. Heterochroma-  cfevelopment. to maintain nuclear shape and to protect the
tin is a special form of chromatin that s coiled W/lere a chromosomes from external mechanical pres-
particularly tightly, an arrangement that gen- sure. But it also appears to be involved in nor-
erally prevents gene-reading proteins from  CALPOINOSOME mal gene regulation. Chromosome segments
accessing the underlying DNA. 2 ems hat have fewer active genes contain a partic
Of course, that early observation could not l.lvﬂs Se lo ular structural protein that compresses those
revenl whether the perphery promatessienc-  SNfIUCNICE whether  regions imo heterochromatin—and ties them
ineor whethr compacted hromatn o dhc genes it hiarbors 0 L e e e
ot gt espements, conduced by ser. Q7€ 0N OF O Tich areas coser o th inteior and to the

eral labs in 2008, favors the first view. When

researchers removed active genes from their regular location in
the nuclear interior and tethered them to the membrane that
surrounds the nucleus, their activity was generally reduced. So
the nuclear periphery helps to keep at least some genes quiet.

“The nuclear interior, for s part, might also offer something.
special to chromosomes and genes whose activity is required
quickly or often: collections of protein conglomerates known
as transcription factories. These *factories” are aggregations of
the eellular components required to activate genes, including
polymerase enzymes (which transcribe DNA 1nto RNA that is
later translated into an encoded protein), as well a transcrip-
tion factors (proteins that bind to regulatory areas of genes and
start the polymerases on their way).

Peter Cook of the University of Oxford frst proposed the ex-
istence of these factories in 1993, after noting that the number
of active genes in the nucleus at any given time is much greater
than the number of sites where polymerases are busy reading.
genes. An obvious way to explain this pattern would be the clus-
tering of multiple genes in hubs of transcriptional activity,
\where they share polymerases and transeription factors [sce
box on opposite page]. The idea s not without precedent: hun-
dreds of genes that encode nbosomal RNAs (vital parts of the
cell's protein-producing machinery) are transcribed together 1n
the nucleolus—a nuclear substructure large enough to see un-
deramicroscope.

gene factories that allow them 1o be active.
‘Thus, the appearanceof lamins during embryonic development
allows cell to shut down genes that are no longer needed, by
banishing them to the sdlines.

“That this exfling of selected chromosomal regions may be
critical for proper gene functioning in differentiated cell s sup-
ported by observations of what happens when lamins are abnor-
mal. Mutations in lamins lead to a variety of human disorders,
ranging from muscular dystrophies and neurological disorders
topremature aguns. This collection of so-called leminopathes is
unusualints breadth: i contrast to most conditions—in which
any mutation in a given gene leads to the same disease—muta-
tions in Jamins cause an unusually broad spectrum of linesses
Cell bologsts are not sure how defective lamins cause these dis-
orders One possibilityis that they weaken the lamins, eaving it
unable to shield the nucleus from mechanical forces, with the
consequence that much of the genome in vulnerablc cells be-
comes physically damaged, perhaps leading to the cells death
Another intriguin idea is that defective lamin proteins may be
compromised i thesr abilty to organize the genome, thus plac-
ing genes in the wrong places and potentially disrupting their
normal functionins.

Studies that have mapped the posiions of chromosomes i
cells from patients with lamin-based disorders tend to support
thislast theory: one investigation showed an abnormal reloca-
tion of chromosomes 13.and 18~{rom the periphery to the nte-
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ror—in cells harboring alamin disease mutation. Not yet clear,
though,is whether this chromosomal repositioning is 4 conse-
quence of the disease or a contributing factor.

Chromosomal positioning plays a more clearly central role
n some cancers. Malignant cells often contain chromosomal
“translocations™abnormal chromosomes that form when @
sement breaks off one chromosome and becomes attached to
another (see box on opposite page]. In some cases, such translo-
cations cause cancer because the fusion creates 4 mutant gene
that promotes excessive cel prolieration; in other cases, they
are simply bystanders

As it turns out, which chromosomes combine 1o form can-
cer-promoting translocations is influenced by
‘where the chromosomes reside n the nucleus:

hromosomes hat v ound ks mave O O/ 1he
‘nucleus tend to fuse more frequently Consder  2M0SL CXCIlING.

Burkies ymphoma. Many patents wih this
s v s o e e 0L

translocates with a diferent immunoglobulin

sene on chromosome 2, calld IGK, and even (4L knoncledge
more rarly withth IGL ene,onchromosome. 0 *twhere

lopments
sene,located on chromosome 5, and the 1611 1S been the.
sene,on chromosome 1 rave cases, MIC  prolization

THE SELF-ORGANIZED NUCLEUS
e oty Grar. n the field of genome cell biology is the ques-
on of what determines where a gene or a chromosome 1 posi-
toned in the nucleus. How do genes and chromosomes know
where to go—and how do they get there as the cells in which
they reside differentiate nto therr specialized states?

‘One theoretical possiblty s that chromosomal sequences
get escorted to thelr proper destinations by specific cellular
machinery. Perhaps a DNA-binding protein that recogaizes a
specific gene sequence attaches 1o that sequence and then—
wWith the help of a molecular motor protein—drags that part of
the chromosome to a particular ste in the nucleus. But so far
10 one has adentified such a system. And it is
hard to imagine a signaling system that could
communicate a set of geographic coordinates
t0 a piece of DNA, directing a gene 10 loiter
near the nuclear center or 10 pay & visit o s
favonte transenption factory

Instead 1 have proposed that nuclear posi-
tomng 15 selforganizing, somewhat like mid-
die school students forming cliques because
they are drawn together by mutual interests,
ot because they were instructed to associate

22.In 2000 Jeffrey Roix m my lab discosered o/ o 0my pcppps Y Parentsor teachers [nthis view the location

that the average distance wn the nucleus be-

tween YC and s three transiocauon part.  (ypically
ners coresponds presely t thr wanslocs il

tion frequencies, suggestng a link between

sene distance and probabii o ranslocation.  2CleUS might

present,
My lab has o shown that whena chromo-0pporLunities for
some breaks, the damaged ends remam close  CZNCET"

10 home and do ot st far fom whete they §
were sitaated at the tme of breskage. Ths ob. - A€LCCLTON.

‘The same link has since been found for  num-
ber ofother cancers

servation explains why chromosomes clusered
in the same nexghborhood have & greater probability o fusing.
than distant chromosomes do. It explains, t00, why specific
translocations are a hallmark of cancers that arse i one ssue
but not another. because chromosomes are arranged diferent.
Iy 1n different ssues. Thus, chromosomes that cluster near
‘one another in, say, Kidney cells, would be more likely 1o be.
translocation partaersin kidney tumors than w cancers o oth-
er tissucs, such as white blood cells, where they normally e
farther apart.

One of the most exciting developments i the feld has been
the realization that knowledge of where chromosomes typically
reside n the nucleus mught present opportuntes for
cancer detection. Prelimmary expenments have dem-
onstrated that the postion of genes can help indicate
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cancer, Karen Meaburn in my lab denfied several -
senes whose positions difered in tumor cels as compared vath
cells from normal breast tissue These genes tumed out t0 be.
‘00d markers for reast cancer: they allowed us o pick out can-
cerous ussue samples vath very high accoracy. In malignant
cels, some genes change positon even before thecels begin be-
having badly We have reason to hope, therefore, that gene-posi
tion analyses wl one day becorne a powerful molecular tol for
‘helping physicians o diagnose cancer at very carly stages.
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2 gene's nuclear location is not random, how it gets
there can be.

Theelforganization concept agrees with many resuls rom
gene-tracking expeciments. Genes can loop out from chromo-
somes and travel through the nucleus. A few genes even take
thistransenptonal ucket-to-wander toan extreme. When white
blood cell are stimulated by hormones caled eytokines, senes
that encode immune system proteins hnown as MHC cass It
molecules stray far away from the body of the chromosome on
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A Hallmark of Cancer Is Explained

(Certain cancers anse when two chromosomes inacel break (because ofradiaton o taxis,
perhaps)and then improperly atach o each ther, foming an abnormal combination called
a translocation. A translocaton involving the MYC gene on chromosome 8 and the IGH
gene on chromosoma 14 in B call of the immune ystem underbes Burki's ymphome, for
example. Just why specifc ranslocations ocur n partcular ol types has been unclear. But
recentstudes indicate that chromasome proximiy i the answer: chromosomes ing near
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‘which they are located—sometimes stretching halfway across
the nucleus.

The same principle may govern the position of entire

ehromosomes Although most genes are rather subtle n therr
‘movement, each makes a small contrbution to where ts chro-
‘mosome will wind up in the cell. S0 f selforgantzation 1s the
Fule, one would expect a chromosome that contains mostly in-
actwe genes will ind iself pulled toward the more repressive
regons 1n the nuclear periphery, whereas a chromosome hay-
1ng predominantly active genes wil be dragged toward the nu-
dlear interior.
{ o test this prediction, Mark Groudine and his colleagues at
| e Fred Hutchnson Cancer Center n Seatle collcted blood
Drecursor cells and then triggered their maturation. At ifer-
ent points, cels were harvested, and the activiies of several
thousand genes were measured. AL the same tme, the investi
Sators monitored the position of the chromcsomes on Which
these genes were located. The results: the chromosomes that
harbored the largest number of genes whose actiy changed
as the cells matured showed the most movement.

These experiments are a good start, but they are diffult,
because it s tedious to sumultaneously monitor the position of
many senome regions microscopically A potentially revolu-
tionary method, dubbed Hi-C, may soon solve this problern
This approach, developed by Job Dekker of the University of
Massachusetts Medical School, gIves an instantaneous snap-
Shot of the three-dimensional architecture of the genome by
ehemically tying together all the chromosomal regions that

|
%
|
|

touch one another n the nucleus. Using Hi-C, biologists should
Soon be able to determine the locations of chromosomes in nu-
cleifrom duffrent tissues at different times and under diferent
conditions—and, by companng these patterns with the sets of
actve and inactive genes, obtain unprecedented insight into
how nuclear organization influences funtion and how disrup-

tons contnbute to disease.

Producing thefirst draftof the human genome sequence took
about 10 years of massive effort. Genome cell iologists, driven
toearn more than sequence alone can reveal, are just beginning
10 uncover the ways genomes behave in therr natural habitat of
the cell. Ths ask, though exhilarating, i formidable. Grven 1
complesity, it willhely occupy biologsts farlonger than it ook
tosequence the human genorme i the fist place.
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The

Inner Life
of the
Gienome

The way our genes are arrayed and move in the
3-D space of the cell nucleus turns out to profoundly influence
how they function, in both health and disease

By Tom Misteli
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EN YEARS AGO PUBLICATION OF THE HUMAN G
nome sequence gave the world a blueprint
for a human being. But just as a list of auto-
‘mobile parts does not tell us how a car en-
gine works, the complete genome se-

Boven had obyected to this *spaghetti
‘model” of chromosome organization.
Based on studics he had conducted
With a kind of roundworm that infects
horses, he argued that, although a
chromosome could undergo changes
msize and shape throughout thelfe of

quence-a list of the DNA “letters” in all the chromosomes of
the human cell-did not reveal how the genome directs our
cells’ day-to-day activities or allows an individual to develop

from a fertilized egg into a functioning adult.

Tobetter understand the way the genome 15 a whole orches-
trates the symphony of bilogical activiy called e, [ and oth-
ers in the new field of genome cel biology are examning how
chromosomes, and the genes they house, are arranged within
the threc-dimensional space of the nucleus and how that orga-
nization mfluences their actwities

Aided by new3-D imaging technology thatallows us o peer
decper than cver 1nto the ng cell we have discovered a star-
thngly ibrant ccosystem In the nucleus, chromosomes phys-
cally interact wath neighboring chromosomes, genes on those
chromosomes migrate to different nuclear locations depending.
‘on what they need to accomplish, and molecules that regulate:
ene actviy congregate in bustling hubs. These new discover-
1e5 offer fresh insights nto how our enomes maintain our
health and How some diseases, including certain cancers, ansc;
they may also lead to new ways of diagnosing disease.

EARLY QUESTIONS
THE RECENT PROGRESS grows outof discoveries made n the 19505,
Back then, biologists knew that chromosomes become highly
condensed dunng cell dwision, taking on the hourglass shaped
structure that most of us picture when we think about the ent-
tes that carry our genes from one generation to the next. They
also knew that chromosomes have a looser shape when cels
are not dividing and are going about their usual business. That
relaxed appearance made it hard to discern chromosomes indi-
‘wdually even vath the very best microscopes, and prevailing
‘opinion held that chromosomes in nondividing cels intermix
ke spaghetts jumbled up in a bowl

That view was prevalent in spite of some hints to the con-
trary. In the early 19005 a German cell scientist named Theodor
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a cell, each chromosome occupies a
distinet, well defined area of the nucle-
us. He chnstened the regions inhabit-
e by these indwidual chromosomes
as “chromosome terntones” But be-
cause chromosomes were diffcult 1o
see—and because Boverls roundworms
were ot a typical expenmental system —his concept o chromo-
some terntories o remained marginalzed.

Definitve experimental evdence for the chromosome terri-
tory idea came only when two other Germans, the brothers
‘Thomas and Christoph Cremer,developed a method for mark-
ing and vsualizing the genetic material in a small region of the
nucleus In the early 19805 the Cremers showed that when a la-
ser beam s DNA1n a partcular arca of the nucleus,only a few
chromosomes come away branded. Ifnuclear DNA were as yum-
bled together as had been previously believed, each laser pulse.
‘would have struck many more chromosomes.

A few years later investigators perfected a more targeted
and colorful method for tagging and visulizing whole chromo-
‘somes This approach—dubbed chromosome painting—attach
s fluorescently labeled tgs to sequences of DNA code letters in
individual chromosomes Each chromosome can be tagsed with
aspeciic luorescent marker and is location pinpointed. These
studies demonstrated unambiguously that chromosomes cxist
i the nucleus as distinet entitis, occupyng a space separate
from other chromosomes see micrograph on opposite page]

“This findung rarsed many questons, now being addressed by
senome cell biologist. Are chromosomes scattered fandoily
throughout the nucleus, ke attendecs at an event with open
seating? Or do chromosomes lave “assigned seats” within the
‘mucleus? And more ymportant, docs their posiion aflcc the
vty of the genes they harbor?

FAVORED NEIGURORIO0DS.
WENow kxow that individual chromosomes tend to oceupy pre-
ferred locations inswde the nucleus. In human white blood cclls,
for example, chromosome 18 generally hugs the outer wall of





