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CDCS5 was also necessary for efficient phos-
phorylation of Mam1 (fig. S6). Thus, CDC5
was required for Mam1 phosphorylation and
localization to kinetochores.

Our data show that CDC5 is required for
(i) cleavage and removal of cohesin from
chromosome arms at the onset of anaphase I,
(ii) sister-kinetochore coorientation during
meiosis I, and (iii) Cdcl4 release from the
nucleolus and anaphase I spindle disassem-
bly. CdcS is likely to phosphorylate Rec8,
thereby targeting it for cleavage, and proba-
bly causes anaphase I spindle disassembly by
promoting the release of Cdcl4 from the
nucleolus. Cdc5 controls sister-kinetochore
coorientation by promoting the localization
of Maml to kinetochores, perhaps in part
through phosphorylating Maml. Although
our data show that CDC35 is a key regulator of
meiosis I, the protein kinase may collaborate
with meiosis-specific factors such as Spol3
to accomplish this task. Spo13 is required for
sister-kinetochore coorientation and to inhibit
cohesin cleavage (28-30). Together, these
two proteins may modulate the mitotic chro-
mosome segregation machinery to bring
about the specialized meiosis I chromosome
segregation program.
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Common Structure of Soluble
Amyloid Oligomers Implies Common
Mechanism of Pathogenesis

Rakez Kayed," Elizabeth Head,? Jennifer L. Thompson,’
Theresa M. Mclintire, Saskia C. Milton,? Carl W. Cotman,?
Charles G. Glabe™*

Soluble oligomers are common to most amyloids and may represent the pri-
mary toxic species of amyloids, like the AR peptide in Alzheimer’s disease (AD).
Here we show that all of the soluble oligomers tested display a common
conformation-dependent structure that is unique to soluble oligomers regard-
less of sequence. The in vitro toxicity of soluble oligomers is inhibited by
oligomer-specific antibody. Soluble oligomers have a unique distribution in
human AD brain that is distinct from fibrillar amyloid. These results indicate
that different types of soluble amyloid oligomers have a common structure and
suggest they share a common mechanism of toxicity.

Recent reports suggest that the toxicity of A
and other amyloidogenic proteins lies not in
the insoluble fibrils that accumulate but rath-
er in the soluble oligomeric intermediates (/).
These soluble oligomers include spherical
particles of 2.7 to 4.2 nm in diameter and
curvilinear structures called “protofibrils”
that appear to represent strings of the spher-
ical particles (2). The oligomers have also
been referred to as AB-derived diffusible li-
gands or ADDLs (3). The soluble AB oli-
gomers represent protein micelles, because
AP is an amphipathic surface-active peptide,
oligomer formation displays a critical con-
centration dependence, and their formation is
correlated with the appearance of a hydro-
phobic environment (4-6). Soluble AP oli-
gomers are also found in human AD (Alzhei-
mer’s disease) cerebrospinal fluid (7), and
the soluble AR content of human brain is
better correlated with the severity of the dis-
ease than are plaques (8—10). Taken together,
these results indicate that the soluble oli-
gomers may be more important pathological-
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ly than are the fibrillar amyloid deposits, but
there is no direct evidence that they actually
exist in human AD brain. Here we report the
production of an antibody that specifically
recognizes micellar A and not soluble, low—
MW (molecular weight) AR or A fibrils. To
our surprise, this antibody also specifically
recognizes soluble oligomers among all other
types of amyloidogenic proteins and peptides
examined, which indicates that they have a
common structure and may share a common
pathogenic mechanism as has been previous-
ly proposed (11).

To produce an antibody that specifically
recognizes the oligomeric state of AP, we syn-
thesized a molecular mimic of soluble oli-
gomers on the basis of information about the
organization of the AP within oligomers (fig.
S1). The polyclonal serum produced by vacci-
nation of rabbits with the molecular mimics is
called oligomer-specific because it is specific
for the soluble oligomeric intermediates and has
no detectable reactivity with soluble low-MW
or fibrillar AP species (Fig. 1, A and B). Un-
expectedly, we observed no oligomer-specific
immunoreactivity against low-MW A3 or AP
fibrils for the unfractionated serum even after
boosting the rabbits 12 times, which indicates
that the immune response to the molecular
mimics is very specific.

Spherical oligomers are initially absent
from freshly solubilized solutions of previ-
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ously denatured AR and evolve over time, ramer, dimer, and monomer are not reactive  dimethyl-2-thiazoyl)-2,5-diphenyltetrazolium
whereas spherical oligomer formation pre-  with oligomer-specific serum. bromide (MTT) reduction (Fig. 2B) and lactate
cedes the formation of the curvilinear strings Spherical soluble oligomers have been ob-  dehydrogenase (LDH) release (fig. S3) assays
or protofibrils (/2). Therefore, we examined  served for many different types of amyloids  in human neuroblastoma SH-SY5Y cells. Oli-
the kinetics of formation of oligomer-specific (11, 13—16). We examined the specificity of = gomer-specific antibody inhibited toxicity
reactivity (Fig. 1C). For AB42, immunoreac-  oligomer-specific serum for soluble oli-  when A soluble oligomers were incubated for
tivity is observed at 6 hours, is maximal gomers formed from a wide variety of amy- 30 min with oligomer-specific antibody (Fig.
between 24 and 168 hours, and then is not  loidogenic proteins and peptides by ELISA  2B). Oligomer-specific antibody had no signif-
detected at 332 hours. The kinetics for AB40  and dot blots. Surprisingly, the oligomer- icant effect on the toxicity of AR fibrils. We
are similar but are delayed by ~18 to 24  specific antibody reacts well with all of the  also examined whether oligomer-specific anti-
hours, consistent with previous observations  soluble oligomeric aggregates, regardless of  body inhibits the toxicity of soluble oligomers
that AB42 forms oligomers faster than does  sequence, and does not react with either the  formed by other amyloidogenic proteins and
AB40 (4). We examined the samples by elec-  soluble low-MW species or the fibrils (Fig.  peptides. Oligomer-specific antibody also in-
tron microscopy to determine the morpholo- ~ 2A). This includes oligomeric and protofi-  hibits the toxicity mediated by all of the other
gy and confirmed that at the early times of  brillar aggregates from o-synuclein, islet types of soluble oligomers (Fig. 2C), and Fabs
immunoreactivity, the samples contain pre-  amyloid polypeptide (IAPP), polyglutamine,  prepared from oligomer-specific immunoglob-
dominantly spherical oligomers, whereas at  lysozyme, human insulin, and prion peptide  ulin G (IgG) display equivalent inhibitory ac-
later times the elongated “protofibrils” pre-  106-126. The oligomer-specific antibody tivity (fig. S3B). In contrast to AB, the fibrillar
dominate. This observation indicates that does not detect any proteins in soluble lysates ~ forms of the other amyloids do not display
both spherical and “protofibrillar” species  of SH-SYSY cells (fig. S2). These results  significant toxicity. A variety of control anti-
display the same structure, one that is recog-  indicate that oligomer-specific antibody rec-  bodies do not inhibit soluble AP oligomer
nized by the antibody. We also examined the = ognizes a unique common structural feature  toxicity (Fig. 2D). The observations that the
size dependence for the appearance of the  of the polypeptide backbone in the amyloid-  soluble oligomeric forms of all of the amyloids
epitope by fractionating soluble oligomers by  soluble oligomers that is independent of the  display significant toxicity and that the toxicity

size-exclusion chromatography (4). The  amino acid side chains. is inhibited by oligomer-specific antibody sug-
smallest-sized oligomer that is recognized by Soluble oligomers have been implicated as  gest that they share a common structure that
oligomer-specific serum elutes at a position  the primary toxic species of amyloids (2, 3, //,  may mediate toxicity by a common mechanism.
of ~40 kD, which corresponds to the approx- /7). We examined whether oligomer-specific We also examined the distribution of oli-
imate size of an octamer (Fig. 1D). Peaks antibody could inhibit A neurotoxicity in cell ~ gomer-specific immunoreactivity in human
eluting at positions corresponding to tet-  culture. Toxicity was assessed with 3-(4,5-  AD brain and normal age-matched controls.
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applied to a nitrocellulose membrane and either probed with oligomer-specific 504 g’l'i;"o_ ® ® o o9
antibody or stripped and reprobed with 6E10. Oligomer-specific antibody
recognizes only the soluble aggregates, whereas 6E10 recognizes all species of 4-5‘_ 6E10 | @ - ® o0 ® 9o ¢©
AB. (B) ELISA assay. Samples were applied to a 96-well plate and analyzed by 40

ELISA with oligomer-specific antiserum. Soluble low-MW AB40 (solid trian- s 1 2 3 45 6 - 8
gles), soluble AB40 oligomers (open circles), AB4O0 fibrils (solid squares). Only 399
the soluble oligomeric AB40 intermediates are recognized by oligomer-spe- 3.0
cific serum, whereas the soluble low-MW AB40 and AB40 fibrils give back- 2 25)]
ground values. (C) Kinetics of oligomer-specific immunoreactivity during el
fibrillogenesis. AB40 and AB42 solutions were dissolved in hexafluoroisopro- 2.0

panol (HFIP), diluted to 56 WM A, and incubated in 100 mM NaCl, 50 mM tris, 15

pH 7.4 at 25°C with stirring. At the times indicated, aliquots were applied to b
a nitrocellulose membrane and probed with oligomer-specific antibody (upper 1.04

panel) and then stripped and reprobed with 6E10 (lower panel). (D) Size 0.5
distribution of oligomer-specific immunoreactive AR oligomers. A solution of ,
AB40 oligomers incubated under different conditions that favor the popula- 0.0
tion of different sizes of oligomers. (——) AB40 incubated in DDH,0 (pH 2.5 5
to 4) for 3 days, (- - — -) AB40 incubated in 50 mM tris (pH 7.4) 100mM Nacl
for 2 days, (- - - -) AB40 freshly dissolved in 50 mM tris (pH 7.4), (......... ) Time (min)

AB40 incubated in 50 mM tris (pH 7.4) for 2 days. The peaks were collected
and dotted on a nitrocellulose membrane and probed with oligomer-specific antibody or 6E10 antibodies. The smallest oligomeric species that reacts
with oligomer-specific antibody elutes with an apparent molecular weight of 40 kD, the size expected for an octamer.
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Fig. 2. Oligomer-specific an-
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tibody recognizes soluble oli-
gomers of other types of
amyloids and neutralizes
their toxicity. (A) Soluble oli-
gomers were prepared from a
variety of other amyloid-
forming proteins and pep-
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of soluble oligomers by oligomer-specific antibody. Inhibition of AB40 and AB42 soluble
oligomer toxicity by oligomer-specific antibody samples were preincubated with (open
bars) or without (filled bars) an excess of affinity purified oligomer-specific antibody for 30
min or with an equivalent amount of non-immune rabbit IgG (hatched bars) and then
assayed for cytotoxicity at a final concentration of 2.5 WM with MTT. The AB soluble
oligomers are significantly more toxic than are the A fibrils. The toxicity of the soluble
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oligomers is rescued by previous incubation with oligomer-specific antibody (P < 0.0001).
Oligomer-specific antibody has no effect on the toxicity of the AB fibrils. (C) Inhibition of
the toxicity of other types of soluble oligomers by oligomer-specific antibody. The soluble

oligomer samples were preincubated with (open bars) or without (filled bars) an excess of D
affinity purified oligomer-specific antibody or with an equivalent amount of non-immune
rabbit 1gG (hatched bars) for 30 min and then assayed for cytotoxicity at a final
concentration of 2.5 wM with the MTT reduction assay. The toxicity of the soluble
oligomers is rescued by previous incubation with oligomer-specific antibody (P < 0.0001).
(D) Lack of inhibition of toxicity by control antibodies. Soluble AB42 and AB40 oligomers
were preincubated with equivalent amounts of oligomer-specific IgG and total rabbit IgG,
6E10, IAPP antibody, or a-synuclein antibody and tested for inhibition of toxicity with the

MTT reduction assay.

Oligomer-specific immunoreactivity is ob-
served as clusters of immunoreactive deposits
distributed in the same regions of AR depo-
sition in AD brain, but this distribution is
spatially distinct and separate from the distri-
bution of fibrillar AR deposits stained by
thioflavin-S (Fig. 3A). Both small spherical
puncta and larger curvilinear structures are
labeled with oligomer-specific serum, where
the larger structures appear to be arranged
peripherally around diffuse deposits of small-
er structures (Fig. 3C). No oligomer-specific
antibody fluorescence was observed in asso-
ciation with neurofibrillary tangles, and vir-
tually no oligomer-specific antibody staining
was observed in control brain samples from
individuals who were not demented, despite

Cell Viability (MTT reduction % of contral)

the presence of isolated cored AR plaques
(Fig. 3B). Oligomer-specific antibody fails to
detect any proteins on dot blots of lysates
from normal nondemented human brain, but
it detects oligomers in lysates from patients
diagnosed with AD or “mild Braak changes,”
which may represent early changes associat-
ed with AD (fig. S4). The lack of background
staining in control and AD tissue also indi-
cates that oligomer-specific antibody does
not react with -amyloid precursor protein
(APP). Occasionally oligomer-specific im-
munoreactivity is observed associated with
relatively large 6E10-positive diffuse plaques
(movie S1), but the 6E10 immunofluores-
cence does not overlap with the oligomer-
specific immunofluorescence.
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These results are direct evidence that oli-
gomers exist as a distinct entity in human AD
brain. The fact that most of these antibody-
positive deposits are distinct from the thioflavin-
S—positive amyloid deposits suggests that the
deposits identified by oligomer-specific anti-
body are nonfibrillar and therefore may precede
the development of fibrillar plaques. As such,
they may represent the initial stage of amyloid
deposition. Further, the relative amount of
oligomer-specific antibody deposits is signifi-
cantly lower than total AP, which suggests that
these oligomers do not accumulate over time but
may mature into fibrillar structures not detected
by the oligomer-specific antibody.

Our observations with the oligomer-
specific antibody indicate that oligomers

18 APRIL 2003 VOL 300 SCIENCE www.sciencemag.org



Fig. 3. Confocal immunofluorescence micro-
graphs of human brain tissue. Sections from the
entorhinal cortex of (A) an AD brain and (B) an
age-matched control case were immunostained
with oligomer-specific antibody (red) (arrows)
and counterstained with thioflavin-S (green).
Note the single thioflavin-S—positive plaque in
the control case (arrowhead) and lack of oli-
gomer-specific antibody fluorescence. (C) Oli-
gomer-specific antibody positive deposits were
observed in the AD case. When such deposits
were found in association with a thioflavin-S—
positive plaque, higher magnification and a Z-
series indicated that the two deposits were
spatially segregated. Scale bars, 20 pm.

have a conformation that is distinct from that of
soluble monomers, low-MW oligomers, and
fibrils. The fact that this epitope is common to
amyloids of widely varying primary sequence
further indicates that the epitope is formed from
a specific conformation of the polypeptide back-
bone and is largely independent of the amino
acid side chains in this region. A similar type of
antibody specificity was recently reported by
Wetzel and co-workers (/8), but this antibody is
specific for all types of amyloid fibrils and does
not recognize soluble oligomers. Stefani and
co-workers (/1) have recently reported that
soluble oligomers formed from non—disease-
related proteins are inherently cytoxic, suggest-
ing that they may have a common structure and
function. Because the oligomer-specific anti-
body neutralizes the toxicity of oligomeric
forms of all amyloids tested, they share a com-
mon structure, and they have a common mech-
anism of pathogenesis that is intimately associ-
ated with this common structure. This mecha-
nistic commonality represents an important ad-
vance in our understanding of the mechanism of

www.sciencemag.org SCIENCE VOL 300

amyloid pathogenesis because it argues against
a specific mechanism for one type of amyloid
that is untenable for all of them. Because some
amyloids, like AP, are in the extracellular space
or the lumenal contents of the secretory and
endocytic pathways, whereas other amyloids,
like a-synuclein, reside in the cytosolic com-
partment, components that reside exclusively in
either compartment are excluded as primary
targets. In contrast, a common mechanism ar-
gues in favor of components that are accessible
from both extracellular and cytosolic compart-
ment, such as cell membranes as primary targets
of amyloid pathogenesis.
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Induction of Tumors in Mice by
Genomic Hypomethylation
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Genome-wide DNA hypomethylation occurs in many human cancers, but
whether this epigenetic change is a cause or consequence of tumorigenesis has
been unclear. To explore this phenomenon, we generated mice carrying a
hypomorphic DNA methyltransferase 1 (Dnmt1) allele, which reduces Dnmt1
expression to 10% of wild-type levels and results in substantial genome-wide
hypomethylation in all tissues. The mutant mice were runted at birth, and at
4 to 8 months of age they developed aggressive T cell lymphomas that displayed
a high frequency of chromosome 15 trisomy. These results indicate that DNA
hypomethylation plays a causal role in tumor formation, possibly by promoting

chromosomal instability.

Human cancer cells often display abnormal
patterns of DNA methylation. The role of
aberrant hypermethylation in the silencing of
tumor suppressor genes is now well docu-
mented (/). In contrast, the role of aberrant
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hypomethylation—which is observed in a
wide variety of tumors (2-5), often together
with regional hypermethylation—has re-
mained unclear.

To investigate whether DNA hypomethyl-
ation has a causal role in tumor formation, we
generated mice with highly reduced levels of
Dnmtl, the enzyme that maintains DNA
methylation patterns in somatic cells (6). Be-
cause mice homozygous for a Dnmtl null
allele (Dnmt1°°) die during gestation (7, 8),
we combined a hypomorphic allele
[DnmtI°"P (9)] with a null allele to generate
DnmtI°"P® (referred to here as Dnmt]°MP~)
compound heterozygotes with a substantially
reduced level of genome-wide DNA methyl-
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