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could be potential clinical applications for
cytopl asmi c replacement or oopl asnic
transpl antati on; Carol Brenner who has done a | ot
of the nol ecul ar biology, microgenetics of this
wor k, together with Jason Barret; and Henry Malter
who has been involved in the last three or four
years.

I would like to backtrack a little bit
after Susan Lanzendorf's presentation and, first of
all, look at all the different oocyte deficits that
exi st. The nobst inportant one is aneupl oi dy.
Aneupl oidy is extrenmely conmon in early human
enbryos and oocytes, is highly correlated with
maternal age, as | will show you. It is the npst
conmon problemin our field.

Chr onpsone breakage is not that
wel | - known, not that well studied but is also very
comon. | am not just thinking about the risk of
transmtting of translocations but al so about
spont aneous chronosone breakage that occurs in
oocytes and enbryos.

CGene dysfunction is being studied,
particularly now that tools are being made
avai | abl e.

But we have to keep in mnd a couple of
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thi ngs here. Wen we study these phenonena there
are a couple of things that are inportant to know.
First of all, there is no governnent funding. So,
it is all paid out of the clinical work. Secondly,
we can only study these phenonena in single cells
because we have really only single cells avail able
to us. Thirdly, genomic activation is del ayed.

But that, | nmean the finding that the early human
enbryo is really an egg that is on automatic. It
is not activated yet. Expression by the new genone
hasn't occurred yet. |In the human it is considered
to occur between four to eight cell stages, three
days after fertilization. This is inportant
because when we tal k about ooplasmc
transplantation we truly try to affect the period

that occurs before genonic activation.

Here is the correl ation between aneupl oi dy

and implantation. On the horizontal axis you see
maternal age. This finding is pretty old now.

This was based on doing fluorescence in situ
hybridi zation in enbryos, in enbryos that were

bi opsied and the single cells taken out. This was
done by Miunne and coworkers nany years ago now. At
that time, they were only able to do two or three

chronbsone probes, nolecular probes to assess
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chronbpsone. So, the rate of aneuploidy is pretty
clear and it seened to us, and many others, that
this correlation is so apparent that you couldn't
do anything wi th ooplasm or cytopl asm because in
the mature egg aneupl oi dy was al ready present,
particularly correlated with maternal age, and that
probl em was so obvious that not nuch el se could be
done.

But a I ot of data has been gathered since
this. Particularly what has been done is to do
enbryo biopsy, take a cell out at the four to eight
cell stage. |If you ook at the inplantation rate
here, in the green bars and, again, on the
hori zontal axis you see the maternal age here, you
can see that inplantation--which is defined as one
enbryo being transferred giving fetal heart beat,
the inplantation rate dimnishes significantly with
mat er nal age.

What you see in the orange bars is what
happens or will happen if one does aneupl oi dy
testing. It shows that in the ol der age groups you
will get an increase in inplantation because
enbryos that are affected by aneupl oi dy are now
sel ected out. They have been di agnosed. You can

take those triploid or trisonmc or nbnosonic
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enbryos out and put them aside so that you only
transfer diploid enbryos.

The thing though is that this is not a
straight line. Wat we had really hoped is that we
woul d have a very high rate of success regardl ess
of age per enbryo. That is not the case. |If you
use egg donors and you put enbryos back in women of
advanced maternal age, you will find that this is a
straight Iine. So, if you use eggs and enbryos
that conme fromeggs fromdonors that are younger
than 31, younger than 30 you will find that the
reci pi ent now behaves like a young woman.

So, what is different here is that it is
not just the aneuploidy that is causing this
di fference, but also there is this huge discrepancy
still that nust be related to other causes, other
anomal i es that are present in the egg and,
therefore, in the enbryo that should be studied.

So, the question, and the question is
rai sed very well by FDA, is there evidence of an
ooplasmic deficit? Dr. Lanzendorf nentioned
al ready fragnents. These are bl ebs that are
produced by the enmbryos. Both Jonathan Van Bl er kom
and our group have described a nunber of different

types of fragmentation that have probably different
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origins and causes.

The | ower panel basically shows what you
see in the upper panel but now the fragnments are
hi ghl i ghted. These fragnents in this case, here,
occur at a relatively low incidence but you can
score this. Trained enbryol ogists are able to
score this quite well, and proficiency tests have
to be in place to make sure that this is done
reliably.

There are different fragnentation types.
Sone of them are benign and sone of them are
detrimental. All depend on the type of
fragmentation and the anmount of fragnents that are
present. There are some as well that may not be
cytoplasmic in origin, for exanple, there is
mul ti nucl eation that can occur in cells of early
enbryos. All these are scored by enbryol ogi sts.

If we ook at this fragnentation
phenonenon, here, again, on the horizontal axis you
see how many fragnents there are in an enbryo and
that is scored fromzero to 100. One hundred neans
that there is not a single cell left; all the cells
are now fragnented. Zero nmeans there is not a
single fragment that is seen. Then, there are

scores in between.
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Clinically, we know that you can get
fragmentation up to 40 percent, |like here, and you
can still get maybe an occasional enbryo that is
viable but all the viability is here, on the left.
When we | ooked at gene expression in spare enbryos
that are normal; they have been put aside and
pati ents have consented to this research, when we
| ook in these enbryos, we are finding now that
certain genes are highly correlated with these
nor phol ogi ¢ phenonena and are related to the nunber
of transcripts of certain genes that are present in
t he cytoplasm of the oocyte and are present in the
cytoplasmof the early enbryo.

You can see here, in this particular gene,
there is a very clear correlation and a very badly,
nor phol ogi cal |y poor enbryo is here, on the right,
have nore transcripts of this gene in the cells.

There were a couple of genes that were
| ooked at. Here is another one that is correlated
in adifferent way which fits probably in the
hypot hesi s that fragnentation doesn't have a single
course. It shows though that there is a clear
basis, at |east |ooking at fragnentation, that this
goes back to the egg and that the problens are

present in the oocyte.
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Anot her gene that has been studied for
many years now by Dr. Warner, in Boston, is the
gene that she called the pre-inplantation
devel opnent gene. This gene phenotypically shows
high correlation with speed of devel opment of early
enbryos. Wen we | ooked in the human we coul d
basically--and this is very well known, you can see
all these different speeds of devel oprent,
devel opnent stages when you | ook at static times.

In our data base we separated patients
that had different devel opmental stages where
enbryos may be eight-cell at one point and where
si bling enbryos would be seven cells or four cells.
W took all those patients separately and we found
1360 patients that had very uniformrates of
devel opnent. You can see here if we |look at feta
heart beat projected fromsingle enbryos that there
is a highly significant difference in inplantation
rate.

Similar to the nodel in the nmouse, in the
nmouse you have fast enmbryos and you have sl ow
enbryos. The fast enbryos inplant at a very high
frequency and the slow enbryos can inplant, it is
not an absol ute phenonmenon, but they inplant at a

much | ower frequency. This is under the control of
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ooplasm |ike in the nouse.

In the nmouse the gene product is the Qa-2
protein and if it binds to the nenbrane the enbryos
wi || becone fast enbryos and you get good
devel opnent, and if the protein is absent you get
sl ow enbryos, but you can get inplantation but at a
| ower frequency.

O her cytoplasm c factors have been | ooked
at. Transports have been | ooked at and now, with
the availability of mcroarrays and ot her
t echnol ogi es, we hope that even though we are only
using single cells for these anal yses that we can
correl ate sone of the expressions of these genes
with viability of the enbryo.

Here is an exanple. This is Mad2, which
is a spindle regulation factor. W have | ooked at
Mad2 and Bobl and we have found--1 apol ogize for
the graph, it is pretty unclear, but the materna
age is again on the horizontal axis and younger
worren who had many transcripts present, a
significantly |lower nunber in all the wonen.

Again, this was neasured in the cytoplasm

For this meeting, for the purpose of

studyi ng ooplasnic transplantation, is the issue of

m tochondria genes. W have been interested in
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this for quite a long tine. Mtochondrial genone
is, and I amsure Dr. Shoubridge will talk about
this later in great detail, is a relatively sinple
conserved genone, 37 genes. On the top of it, at
least in this picture, there is an area that has
hi gh rates of pol ynorphisns, the hypervariabl e
area. Adjacent to it is the replication control
regi on.

W have | ooked at oocytes, in the yell ow
bars, and enbryos, in the orange bars, and conpared
nm tochondrial DNA rearrangenments. | have to
mention that these are not potentially normal
mat eri al s because these cells are derived from eggs
that do not fertilize or fromeggs that do not
mature or abnormally fertilize, and enmbryos that
devel op so abnornally that they cannot be frozen or
transferred. So, this is all fromspare materi al
For obvious reasons, it is very hard to obtain
appropriate control groups for sone of these
st udi es.

We found 23 novel rearrangenents, and the
frequency rate was astoundi ngly high. So,
nm t ochondri al DNA rearrangenments occur very
frequently in oocytes; significantly |ess

frequently in enbryos. It has been postul ated that
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it is very likely that there is a block in place
that sel ects abnormal nitochondria in a way that
the corresponding cell doesn't continue to devel op
You can see that fertilization block here. The
spare enbryos have | ess rearrangenents than the
oocytes, suggesting that there is a bottleneck, a
sieve in place.

W have al so | ooked at single base pair
mutation at 414 logs. This was a publication from
Sherver in, | think, 1999, who showed, and | am
sure the nitochondria experts here may not
necessarily agree with that work, but showed that
in the natural population this nutation had a high
correlation with aging.

So, we were interested to | ook at this.
It was quite sinple to study, to look at this
particular nmutation in spare hunan egg and enbryo
material, again, with the purpose of identifying
cytoplasnmic factors that were involved in the
formation of a healthy enbryo. W found that this
singl e base pair nutation was fairly frequently
present in hunman oocytes that were derived from
worren that were older, 37 to 42 years of age, and
significantly |less present in wonmen that were

younger.
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So, when we | ook at the clinical
rationale, there is a know edge base but it is not
necessarily specific for ooplasnic defects. O
course, we know very little about ooplasmc
defects. So, a rationale for studying potential
treatments for each defect does not exist.

The question is, and this canme up actually
earlier this norning, is there a rationale at al
to do ooplasnmic transplantation? Well, that is
saying that all ooplasns are the sane. Well, they
are not. They are all different. So, | think that
is the rationale. Not all levels of transcripts,
not all proteins and not all mtochondria are the
sane in the ooplasm of different eggs.

What ani mal experinmentation has been done,
particularly with the interest of cytoplasnic
transplantati on? There is a whol e body of
research, and a lot of this work was done not
keeping in nmind that there was an interest in doing
ooplasm c transplantation clinically, and | think
Jonat han Van Bl erkom said that. This work was done
because there were other issues that needed to be
studi ed, genetic interest in early devel oprment.

One of the papers not nentioned before is

sone interesting work done by Miggleton-Harris in
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Engl and, in the '80s, and they | ooked at mce that
had what is called a two-cell block. These are

m ce that when you culture oocytes, zygotes in
vitro, the enbryos will arrest. You can change the
environnent but they will not develop further. By
taking two-cell enmbryos from other strains of nice
that do not have this two-cell block, it was
possi bl e by transferring cytoplasmto nove the
enbryos that were bl ocked through the bl ock. |
think that has been a pretty good nodel for this
wor k. However, this was done, of course, after
fertilization and certainly is something that could
be consi dered.

Many cytopl asm c repl acenent studi es have
been done fromthe early '80s onwards, particularly
Azim Surani's group who | ooked at many different
ki nds of conbi nations of cytoplasmand cells with
and w thout enucleation, different sizes, different
techni ques. Cytoplasmtransfer has been studied in
the mouse and in the nmonkey, and | will nention the
work of Larry Smith, in Quebec, in Canada, who has
created hundreds of nice fromexperinments that are
very simlar to the cytoplasmc transplantation
nodel in the human. That work was done in 1992 and

i s continuing, hundreds of mice over nmany different
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gener ati ons.

Then there is in vitro work done
originally by Doug Wl denson, in Atlanta, and his
wor k invol ves m xi ng mtochondria of different
origins in the sane cell and then studying cel
functi on.

In Larry Smith's lab in Quebec,
het eropl asni ¢ nmice have been produced, as | said.
These are healthy, normal mce from karyopl asm and
cytoplasmtransfer. Karyoplasmis part of the cel
that contains a nucleus and contains a nmenbrane.
Cytoplasmis also part of a cell that is surrounded
by a nenbrane. They conbi ned these in nany
di fferent ways between inbred nobuse strains wth
di ffering mtochondrial backgrounds because they
are interested, like nmany others, in mitochondri al
i nheritance. Many of these ani nals have been
produced over 15 generations apparently w thout
devel opnental type probl ens.

W did an experinent in 1995-95. It was
published in 1996 by Levron and coworkers where we
| ooked at cytoplasnic transfer in nobuse zygotes and
nmouse eggs, using F1 hybrids. W did many
di fferent kinds of conbinations and found that in

nost conbinations it did not really affect
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devel opnent except when very | arge anounts of
cytopl asm were fused back into the recipient cells.
We found in one scenario a significantly inproved
situation where zygote and egg cytopl asm was

conbi ned.

The hybrid experinments have been done,
which | mentioned before, for creation of cel
hybrids with di sparate nuclei and nitochondri al
makeup. It has been done across species and across
genes even. Normal nitochondrial function has been
obt ained in nmany scenari os. The only scenarios
that in hybrids, as well as in nouse cytoplasm
karyopl asm studi es that are not potentially nornal
have al ways been obtai ned across species or
subspecies. O course, those experinents are not
really nodels for nmixing mtochondria of two
conpl etely outbred individuals.

W have done work in the |last few years
that is simlar to that of Larry Smth's |aboratory
but with the aimof |ooking at the mce in nore
detail and to see how fertile they are, for
instance. So, here we take a zygote fromone F1
hybrid and then mi x the karyopl asm contai ni ng the
zygote nuclei with the cytoplasm of another zygote.

It is a pretty snall group here, 12 mce,
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F1 hybrids. In those there were no apparent
problems. The first generation is now 30 nonths
old. W have done one nore generation of 13

i ndividuals that we just keep around to | ook at and
until now there have been no apparent problens.

One of the problens with cytoplasnic
transfer work, the ooplasm c transportation work in
the human is the use of ICSI, intercytoplasnic
sperminjection. It is basically taking a very
sharp needl e and go into the nenbrane of the

oocyte. That has not been easy in aninals, believe

it or not, but it works well in the human, very
wel . The human egg is very forgiving but it
doesn't work well at all in other species. 1In the

nmouse it has taken a couple of tricks to make it
wor k, and that has only happened in the |ast few
years. So, we think that we have a better nopdel
tentatively to conpare what is done in the hunman,
and to do this in the nouse. | amnot saying that
the nmouse is the best nodel for these studies but
it has all sorts of advantages. It is genetically
incredibly well studied. It has a very fast
reproductive cycle, etc. Here you see sone enbryos
that have a good survival rate, 90 percent or

better, fromthese experinments.
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So, what is the clinical experience? The
first time we approached the internal review board
at St. Barnabas was sonetinme in 1995. The first
experimental clinical procedures were done in 1996.
When first results were obtai ned and al so when we
found the first indication of benign heteroplasny
and this was in placenta and in fetal cord bl ood of
two of the babies, we reported this to the IRB and,
of course, had to informour patients. | think the
guestion came up before, do you tell your patients
about heteroplasnmy? Well, you can only tell them
about it when you find it. So, it was only found
in 1999, and this is fromthis time onwards when it
was i ncorporated in the consent procedure.

Then | ast year, after a rash of bad
publicity, we went back to the internal review
board but this was also at the tinme that the FDA
sent us a letter. So, this second reviewis
basi cally not going forward because we were asked
to hold off until further resolution

How do we do this clinical? WlIl, we nmade
the choice to go for the mature oocyte and not the
i mmature oocyte. W nmade the choice for the mature
oocyte because there is incredible experience with

IVF as well as intercytoplasmc sperminjection
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mani pul ating these eggs. These are small cells
that are genetically simlar to the egg and these
can be renoved nmicrosurgically. There is
experience with injecting spermfrommale factor
infertility patients. Forty percent of our
patients have male factor infertility, possibly
nore. So, there are nore than 100, 000 babies born
wor | dwi de fromthis I CSI procedure.

So, we felt that what was a better
approach possibly than using the nore classica
nm cr omani pul ati on procedures that involve, for
i nstance, the formation of cytoblasts and
karyobl asts and then fusion, which we thought was
maybe just a little too much. So, we took
cytoplasmic transfer using ICSI as a nodel. There
are advantages to that and di sadvantages. You
could do this also at the tine the zygote is forned
and the two-cell is forned. This has been a
clinical pilot experinment we chose. For the first
| ot of patients we chose the mature egg.

The procedure was al ready shown by Dr.
Lanzendorf but basically you pick up a sperm and
then go into the donor egg. | would like to point
out here that the polar body, right next to it--the

human egg is very asymmetric. It is polarized, and
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t he spindle that obviously under |ight mcroscopy
and also in this cartoon is not visible, is |ocated
very close to the polar body. So, the idea is that
we should not transfer chronpsones fromthe polar
body. Therefore, we keep the polar body as far as
possi bl e away fromthe area where we sel ect our
cytoplasmfrom Then, when cytopl asm has been
absorbed in the needle, it is imrediately deposited
into a recipient egg.

Pictures don't tell you very nuch because
they are static, but here is the spermcell and
then going into the donor egg, here is the donor
egg. The polar body cytoplasmof the spermis now
here, and then is deposited into a mature recipient
egg. When we do this we nake videos so that we can
see that cytoplasm has been transferred, but also
in the usual circunstances the cytopl asm between
oocytes is very different, has a different
consi stency, different refraction and, therefore,
you can usually i mediately see the anpbunt that is
transferred and injected, and that is highlighted
here.

W have done 28 patients so far. Five had
repeated cycles. three of those became pregnant

and had a baby the first tine and challenged their
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| uck and canme back again. They were all egg
donati on candi dat es.

Now, | need to say sonething about this.
First of all, there are a |lot nore patients that
want to be candi dates but our feeling and al so we
agreed that we should do these patients in-house
because there are tremendous differences in
out conmes, clinical outcomes between progranms. So,
if a patient would conme that has ten failed cycles
el sewhere, it is not at all unlikely that she could
become pregnant in our program or in another
programif she sw tched progranms because | aboratory
procedures and clinical procedures are very
different fromprogramto program So, we felt
that at |east there should be a couple of cycles
done by our own programif the patient canme from
el sewhere.

The average nunber of previous cycles in
these patients is well over four. These patients
have recurrent inplantation failure. So, they cone
in. They do not becone pregnant. W put nultiple
enbryos back. They have a good response to
follicular stinulation so they make a | ot of eggs
but they do not becone pregnant. They have nor nal

fertilization rates. They also all had recurrent
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poor enbryo norphol ogy. However, there was one
exception to that. There was one patient that had
normal fertilization but zygote bl ock. The zygotes
basically fall apart in fragnents and ot her zygotes
woul d never even do that. They would just stay.
Fertilized as they are, they would never divide.

So, one of the 28 patients did not have poor enbryo
nor phol ogy. She sinply did not have devel opi ng
enbryos.

A nunber of these patients were nale
factor patients and it is inportant to realize that
when you get poor enbryo devel opnent, some of that
may be caused by the nmale factor. The sperm may be
t he cause of abnormal devel opment, particularly
because the spermbrings in the centriole that is
obviously crucial for division. The centriole in
the human is inherited through the maternal line.

It is possible, and being suggested by Jonathan Van
Bl erkom t hat men that have abnormal centriole
function. Certainly, we have found that in sone
subsets of men there are high rates of nopsaicism

i ndicating that there are problens with division
and, therefore, their infertility is correlated
with enbryonic failure

When | say nine nale factors, it really
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means that they had abnormal senen. There could
have been other male factors as well w th normal
semen. There can be patients that have nornal
sperm but they can still be infertile. Five of
these patients had repeated miscarriages. So, five
of them had been inplanted before but always
m scarri ed.

So, we did 33 attenpts. Two did not have
vi abl e enbryos for transfer; 21 transfers and 13
clinical pregnancies. There were nore clinica
pregnancies fromthis patient group, and the reason
for that is that in order to do the cytoplasmc
transfer we only used ten percent or so of the
cytopl asm of a donor egg. So, we actually use
donor eggs several tinmes. W go into the sane
donor egg of two tines. Twice. W go in there
twi ce, and sonetines nmore if only a few donor eggs
are availability. Mst donors are good stinulators
so they will have a good response to follicular
stimulation and will rmake a I ot of eggs. So, the
procedure yields a |lot of eggs that are not used.
What we offer to our patients is that those eggs
are injected by spermfromthe mal e partner and
that enbryos resulting fromthis are frozen for

|ater use. So, it is not only cytoplasnic transfer
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procedure, it is also an egg donation cycle. There
are patients that don't come back for another
attenpt of ooplasnic transplantation or they are

di scouraged to do that, and then they cone back for
frozen enbryos fromthe donor eggs that were
injected with the spermfromthe husbands.

So, the data | am show ng here is clean
data. These are pregnancies that occurred from
transferring enbryos that were derived from
ooplasmic transplantation. But if the patients
have fail ed, sone of them nmay have anot her chance
using the frozen enbryos.

There was a firs trinmester niscarriage
There was an XO pregnancy. Obviously, these are
fairly common, the single nmost common chronosomnal
anomaly in early pregnancy. This happened at the
end of '98. A few nonths later we had a twn
pregnancy and one of the fetuses on ami o was
di agnosed as XO as well. W published this a few
years ago

Wth that information, we returned to the
internal review board to |l et other patients that
are undergoi ng this experinmental protocol know that
this may be a potential issue. |If you look at the

statistics, nany statisticians have told ne that
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there nay be an issue or there may not be an issue.

On twin was born and al so a quadrupl et was
born. This is one of two patients where there was
a very clear inprovenent in enbryo norphol ogy.
However, we understand that we are so biased as
enbryol ogi sts that maybe we were imagi ni ng some of
this. So, four enbryos were transferred. O
course, in that respect we should have only
transferred two or so. This was a patient who had
five previous attenpts and al ways had very poor
enbryos and now, suddenly, the enbryos | ooked nuch
better. In spite of our advice in the consent form
that were given to her at the tine of these
products, she did not elect the selective
reducti on.

Sevent een babies were born. Pediatric
foll owup has been done only in a proportion of
them that we know of. By that, | mean sonme of
these patients are fromabroad. The issue cane up
before that really not all these patients are
interested in followup by us, and we have tried to
be quite forceful with them So, we have been able
to do followup in 13 of the 17 babies. However,
nore recently it is nore likely that sone of them

will refuse further investigations by us. This is
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not just this particular group. That is comon for
all infertility followup, that you | ose sight of
these patients. Sone of themw ||l nobve and not
even | eave a return address.

On twin, this one twin that was born with
m xed sex, a boy and a girl, the boy at 18 nonths
was reported to have been di agnosed by pervasive
devel opnent al di sorder, not of specific origin.

The incidence of this in the recent literature is
1/250 to 1/500. This was reported to us in June of
| ast year. That was at the age of 18 nmonths, and
we have no good followup. This is just what is
going on with this little boy.

One issue that cones up is, well, does
this really work? One way of investigating this is
to look at attenpt nunbers. You see here, on the
left--the colors are very confusing but on the left
you see the first attenpt nunmber here in the
general |VF popul ation that we studied. The second
attenpt number, the third, fourth, fifth, based on
about 2500 patients. So, you can see in the first
attenpt nunber the procedure rate. 1In the first
attenpt number the success rate is very high but
then it significantly drops, which nakes sense

because it left us with a nore conpl ex popul ati on
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The third attenpt is also significant because of
t he high nunbers involved. Then it sort of
flattens off.

If we | ook at the per enbryo, it is also
marked. This is the incidence of success by
enbryo. It is well over 30 percent when you cone
the first time, then it significantly drops to |ess
than 20 percent the second tine, and again drops
significantly the third time to about 15 percent,
14 percent.

Now, the ooplasmc transfer cases are
here, in the red bars, and they have an average of
about 4.8 previous attenpts. So, they actually are
bet ween these two bars. That is where they should
be. But these patients also contain patients that
have repeated failure with apparently nornal
| ooki ng enbryos. So, you can't really nake that
conparison strictly but it is suggestive that at
least it worked to sonme extent. This is early
days, only 28 patients and 33 cycles.

Sone conments about the mitochondria work
that we have done. Spare eggs can be | ooked at and
you can use a stain for mitochondria and then | ook
if the egg fertilizes where these nitochondria go

to. W found in a number of cases they can go to
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the bl astonmeres, sonetimes not all blastomeres but
it is well proportioned. There was one indication
that they can survive for at |east a few days, but
the best was to | ook at the pol ynorphisns in the
hypervari abl e area of the nitochondrial genone. W
did that work originally with regular sequencing.
Se | ooked at spare eggs and enbryos that were not
transferred after ooplasm c transpl antation

Then we | ooked at ammi ocentesis. That was
actually quite frustrating because it is not easy
to get good cells there for this type of work. In
a couple of these babies we have been able to | ook
at the tine of delivery and obtained placenta
ti ssue by being present at delivery, and al so
obt ai ned fetal cord bl ood.

If you |l ook at the incidence of
het eropl asny, and | nust say this again, this is
het eropl asny in the hypervariable area, maybe we
shoul d di stinguish that fromother forns of
het eropl asny because these are extrenely comon in
t he general popul ation. Spare enbryos, about half
of them after a few days of culture, showed these
pol ymor phi sms so that you can basically confirm
that mtochondria were present fromthe donor

On ami ocentesis we did only ten, and
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three of them sere positive. $So, mtochondria were
present fromthe donor in amiotic cells. |In the
placenta it was 3/13. W are only looking to
obtain blood at the first year fromthose babies
that were positive at the time of delivery, and two
have been tested thus far and are still positive
for donor mitochondria.

Recent work by Carol Brenner--because this
i s done by sequencing which, | think nost agree, is
not that sensitive a nethod--recent work by Carol
Brenner has shown usi ng nol ecul ar beacon for
hypervari abl e | ocations, using this work it has
been found that up to as much as 50 percent of the
nm tochondria in the blood at the time of birth
woul d be positive for the donor. So, when we
inject 10 percent, it certainly doesn't nean that
there will always be 10 percent, but no doubt in
sone children there will likely be a trend to
honopl asnmy and in others maybe a consi stent
het er opl asny.

The word heritable was used this norning
by Dr. Hursh, and | do object to that because there
is no proof at all that this is heritable, but it
is certainly possible. No proof so far

Here are the three fanbus words, germine
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genetic nodification, used by J.C. Barritt in the
publication |ast year. There were four authors on
this paper. The three other authors do not agree
with this wording. So, it only appeared in an
abstract; it didn't appear in the regular text. W
don't agree because we don't think that it is

nodi fication. It is a kind of difference, change,
or maybe | don't have the right word. It is
different from what has ever happened but in ny
opinion it is not germine genetic nodification

M tochondrial diversity, not all that
dissimlar fromthis, occurs in the hypervariable
area in 10-15 percent of normal humans. This is
recent work fromnore sensitive assays by Tully and
coworkers. | nust reiterate that the hypervariabl e
area i s a non-coding region.

One issue that hasn't come up today yet is
that maybe this is a technique that places at risk
the transfer of mitochondrial disease.

M tochondria are maternally inherited so in egg
donati on you have mitochondria 100 percent fromthe
donor. There are no known cases of mnitochondri al

di sease after egg donation. Certainly, when you
use ten percent of the mitochondria fromthe donor

woul d there then be suddenly an indication that
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there is an increased risk factor of nitochondri al
di sease?

I will quickly go through the risks, the
potential risk factors. Mechanical damage has been
raised as a risk factor. Wile it is an ICS
derived procedure, the survival rate with this
procedure was better than 90 percent. However, it
is slightly higher, in our lab at |east, than the
average damage rate to eggs after 1CSl just
injecting a sperm

Cytoplasmic transfer, the fertilization
rate is over 65 percent. So, we think that is a
normal fertilization rate. Wth ICSlI there have
been 100, 000 babi es born. The pre-inplantation
devel opnent with ICSI seens like |IVF and the
mal formation rate seens like IVF. Certainly, with
the bare minimumresults we have, we think that the
mal formation rate from our procedure al so resenbles
that of | VF.

So, what are other risks potentially to
of fspring? Inadvertent transfer has been raised as
a potential issue. If you have uni que organelles
you don't want to transfer those and boost them
Li ke the centriole spermderived, centriole is

separately placed in the cytoplasm The spermis
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intactly placed in the cytoplasm So, it is
unlikely you will lose that.

Avoid the spindle, and if you cannot avoid
it there should be cytokinetic analysis. So, one
thing we do is every egg, every donor egg from
whi ch cytopl asm has been taken, we give it to the
cytogeneticist that is specialized in single-cel
cytogenetics to confirmthat the chronmosones are
still there. In tw cases we couldn't confirmthis
in two eggs and the next day we, indeed, saw things
that we call subnuclei. These are basically small
nucl ei that were present in the periphery of the
egg, not in the middle but in the periphery,
confirm ng that the cytogeneticist was right. So,
it is a good thing to have a cytogeneticist around,
ot herwi se one should do very detailed study of the
zygote, or one could use a mcroscope that wll
visualize the spindle at the tine of piercing, as
Dr. Lanzendorf has done.

Enhanced survival has been raised as a
potential risk to the offspring. The enbryo is now
better and, therefore, you will get higher
i npl antation rates and inplantation of enbryos that
woul d have normal ly, under normal |VF/|CS

condi tions not have been i npl ant ed.
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Aneupl oi dy is comobn. Aneuploidy is the
i ssue that has raised a |lot of concern in this
particul ar group of patients. Aneuploidy is
common. |t has been found that this is enhanced in
| CSI by one percent, nore or |ess one percent. The
nost conmmon anonaly that is found in ICSI and al so
in the natural population is XO This is exactly
what we found in two patients that this in early
pr egnancy.

Then heteroplasny, is that a risk to the
of fspring? Well, we have confirnmed three
pol ymorphisms in three births. W think that these
are comon in the population, or simlar
pol ymor phi sms are conmon in the population. In
general though, heteroplasmy is very conmmon in
early human enbryos when we studied this
experimentally in the spare material. Fromthe
ani mal experinmentation, there is no evidence of
ri sk between outbred individuals in the sane
species. There are clearly anomalies that have
been shown in the literature when you don't use the
sanme species, or when you use highly inbred
i ndi vi dual s of the same species.

What are the risks to the mother? An

el evated incidence of chronpbsonal anonmaly shoul d be
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considered a risk, if there is such a thing. There
is no statistical evidence for this so far. As |
said, aneuploidy is extremely conmon, and XO is the
nost comon form

What cell issues can there be? Should
t here be donor screening? If we do that for this
procedure, | don't know the conplexity of that. |
don't know the cost factors associated with it.

Abnormal zygotes, fertilized eggs, | used
the mtochondria fromthere to inject back into
anot her zygote. But that has been done. It has
been reported by a group in Taiwan. | think this
was rai sed here before, can you nmaybe | ook at ot her
cells and get mitochondria fromother cells? That
has been done as well. If | have a little bit of
time later, | will get back to that. Actually,
there has ben one abstract, where mtochondria were
taken from granul osis cells, the cells that
surround oocytes. These were then injected into
the patient's eggs.

W vi deot ape the whol e procedure for |ater
evi dence that we transferred the cytoplasm Can
one use frozen oocytes? W have not used frozen
oocytes. The disadvantage of our procedure is that

you have to sinultaneously stinulate and nonitor
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the patient and the recipient and retrieval and

mat uration of the egg has to occur on the sane day.
That is not sinple. That is actually quite a

chal  enge. So, using frozen oocytes would be an
advant age but oocyte freezing by itself is an
experiment we feel, therefore, we stayed away from
this.

W do the chronpsome screen of the eggs
that are used. O course, before you transfer the
enbryo you could al so do anot her chronmpbsone screen
W have stayed away fromthat but we have that
technol ogy because these enbryos are often not well
fornmed, and are already chall enged by the procedure
and taking another cell out of the enbryo before it
is transferred may be detrinmental in this
particul ar group of enmbryos, not necessarily in
ot her groups of enbryos.

So, what further non-clinical
experinmentation should be done? Well, we should
| ook at costs. | amnot sure that the primate
nodel is a good nmodel for human reproduction but
ot hers probably dispute that. The nopuse nodel we
are using. Although there are profound genetic and
profound differences with the human, that is nore

af fordabl e and results are very rapidly obtained.
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The issue with ooplasmc transplantation
and the way we have done it and Dr. Lanzendorf's
group has done it is that that is just one
particul ar application. There is a host of
applications that are waiting that, in one way or
anot her, involve ooplasm c transplantation, not
necessarily for the same purpose as | have
described here. One of themis treating
m t ochondri al disease. You could replace the whole
cytopl asm or ooplasm of a donor egg in a patient
that is at risk of transferring m tochondrial
di sease to offspring. That is one potenti al
application.

There are other applications as well,
avoi di ng aneupl oidy by going into very i mmature
eggs and changi ng the regul ation of how mosis
occurs by trying to maintain regular ploidy rather
than aneuploidy. It is obviously under cytoplasnic
control. So, if you were to do this early, at
| east in theory we believe you could avoid
aneupl oidy. That would be inportant particularly
since aneuploidy is the biggest problemarea in our
field. There are other applications as well.

Here are the two babies that had benign

heteropl asny. This picture was taken two years ago
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so they are alnost four years old and they are both
doi ng fine.

Finally, just a few words about
transferring mtochondria, this was reported in an
abstract last year. This was shortly after
Septenber 11 so | was waiting in the roomfor that
particul ar presentation but they never cane to the
country and this neeting was very poorly attended
because this was only a few weeks after Septenber
11. Anyhow, the abstract argues that there is a
single course for ooplasm c problenms, and that is
the mtochondria. There is absolutely no
confirmation for that. M tochondria obviously may
have a higher rate of nmutation but there is no
proof that this is the only problem They used
somatic mitochondria which is an interesting idea,
but the isolation process could be an issue, for
i nstance formation of free radicals.

Age-rel ated mutation should be considered
since these are mitochondria fromsomatic cells and
may have, or very likely will have age-rel ated
nmut ati ons. They are also replicating mtochondria.
What will happen in the recipient cells? That is
an interesting question that will come up.

M tochondria in eggs do not replicate. They do
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that after inplantation. So, they are actually
somewhat dormant in that respect. Somatic

nm tochondria are very different. Somatic

m tochondria have nultiple nmitochondrial genomes
per mtochondrion for instance, whereas oocyte
m tochondria only have one genone. So, they are

very different although they seemsinilar

That is all | have to present. Thank you.

Question and Answer
DR. SALOMON:. Thank you very nuch, Dr.
Cohen. bviously with the changes in this
nmorni ng's schedule we are not quite follow ng the
time line here but this is such an extraordinarily
rich presentation in ternms of questions that |

think we are just going to have to spend sone tine

to address these. | think this and Dr.
Lanzendorf's are kind of pivotal. So, | do realize
that we are not on tine but we will deal with this

inalittle bit.

| have a lot of questions but let ne just
start with one little part and then turn it over to
sonme of the others, as | amsure | won't be al one.
You know, the one theme that we picked up in Dr.
Lanzendorf's presentation is what is the basic

sci ence background for doing this? Then we will go
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on to tal k about what is the clinical evidence for
doing this, and you have given us a lot to think
about .

So, going back to the basic science
evi dence of it, you presented two kinds of basic
sci ence argunments for ooplasmtransfer, i.e., kind
of a rationale. One was this PED phenotype. The
ot her was sone data on Mad2 nmRNA transcript nunbers
and maternal age. Again, it is okay if it is not
convincing but | didn't find that either of those
was clear to ne or convincing.

Wth respect to the PED gene phenotype,
didn't understand how you rel ated sl ow and fast
enbryos back to a PED gene phenotype, and then how
that had anything to do with ooplasmtransfer
Simlarly, you inplied that gene arrays and ot her
t echnol ogi es have shown differences in gene
expression as a function of maternal age in terns
of inplantation failures, and that certainly nakes
sense to ne in sone of the functional genomcs we
do in angiogenic stemcells. But how do you relate
a change in transcript nunbers to transferring
10- 15 percent of ooplasn? | mean, what evidence is
there that 10-15 percent of ooplasmtransfer

provides an increase in, in your exanple, Mad2 nRNA
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transcripts, and does that increase themto a |eve
that is equal to nore successful inplantation
phenotype? So, | guess those are the kinds of
questions | would |like you to address since those
are your argunents.

DR. COHEN: | have a short nenory so
will start with the last one, why ten percent? It
seens so little. If it was a blood cell it would
be little, but the human egg is the |argest cel
that exists. It is an enormous volunme and it is
known that you can | ose 75 percent of the vol une
and still get a human. So, 75 percent of the
vol ume can be destroyed and since you have to have
sonme uni que organelles |ike chrombsones and a
centriole, it is likely that you can reduce that
vol ume even further. So, ten percent is not little
at all, and we have calculated it is about 10,000
m tochondria for instance. So, it is a huge
amount. That is considerably higher than the
nunber of mitochondria in nouse eggs for instance
that are smaller.

So, coming back to the PED, | think what
is different in other devel opnental sequences is
that in mammualian fertilization early devel opnent

t he enmbryonic genone is not active yet. It is al
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dependent on what is present in the egg. So, when
you sequentially look at a transcript like actin
and you look at it one day and the next day and the
next day, you will see it dimnished to |levels that
you could alnost call starving, if that would be
the right word for it, but it really dramatically
di m ni shes and then at the activation of the genone
the enbryo starts taking care of all this and you
can see that going up.

So, what this shows is that these |evels
of expression are so different between cells of the
same stage that it is naybe not direct evidence but
it is likely that there is a physiologica
di fference between these individuals. | think Mad2
is very likely because there it is a spindle
regulating factor and it is related to naternal
age, and we know that in nmaternal age not only is
there an increase in aneupl oidy but the typical
non-di sjunction formof aneuploidy in nosaicismis
also related to maternal age in the human in early
developnent. So, | think it is very plausible.

In PED, in the nmouse at |east, a human
honol og has never been found. | was just
indicating that there is a phenotypic simlarity.

We are | ooking for hunan honol ogs and they are
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probably in the HLA system

DR. SALOMON: But | amjust pointing out
to you that to make your case what you need to do
is show us that if you transmitted 10-15 percent of
t he ooplasmthat therein would be contai ned enough
messenger RNA from Mad2 to alter the
transcriptorsone of the recipient in such a way
that at |east you wouldn't have to denobnstrate in
the first set of experinments that it was
functional, but just denonstrate that even
nunerically the transcriptorsome would be altered
significantly enough to bring it into a range.
Then, of course, the next set of experinments would
be to show that it is functional

DR. COHEN: Would you give nme perm ssion
to do this in the human?

DR. SALOMON: We will get back to that,
but I think what we are all trying to do is
respectfully sit here and say, okay, what is the
data? What is the data basic? What is the data in
ani mal studies and what is the data in clinical?
was just starting with the basic. You have nade a
very intelligent start by saying, okay, |ook, here
are changes in transcriptosone, changes in

nmessenger RNA levels. M response is, okay, you
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know, | amfollow ng you but | amsaying it is not
convincing. | nean, you have to give us a little
bit more to justify this at this basic level. |If

the data is not there, the data is not there.

DR. VAN BLERKOM Just to clarify
somet hi ng, you are not saying that the enbryo from
fertilization to, let's say, the four-cell stage is
transcriptionally inactive, are you?

DR COHEN: No, it is not. There is sone
| eakage, yes.

DR. VAN BLERKOM Because, in fact, things
i ke actin, etc. are made of f maternal --

DR COHEN: Sure.

DR VAN BLERKOM Even in the nouse where
it had been earlier thought that mjor genone
activation occurred around the two-cell stage, in
fact it has been brought back earlier to the
pronucl ear stage. |In fact, there is probably
enbryoni ¢ genonmi ¢ activation very early, but the
maj or genonic activation, that is the major switch
fromthe maternal stores to a whol e enbryonic
programis probably at about the four- to
ei ght-cell stage, but it is not transcriptionally
i nactive.

DR. COHEN: Yes, thank you for explaining.
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DR. NAVI AUX;: How | ong woul d you expect to
be able to detect transferred RNA in the enbryo?
What is the half-life?

DR. COHEN: The half-life is very short |
t hi nk.

DR. NAVI AUX: Wbuld you expect it to be
equi valent to the RNA already in the oocyte?

DR. COHEN: The experinment that hasn't
been done is to take an oocyte and then take one of
the two-cell blastoneres and then take one of the
other cells of the two-cell blastonere and | ook
sequentially like that. It is done by indirect, by
| ooki ng at popul ations and then conparing the
different stages. It is very clear that it
di m ni shes fromstage to stage. It is very
sensitive. It dimnishes very rapidly.

DR. NAVIAUX: | was trying to get a fee
for the wi ndow of opportunity for other potenti al
genetic events to occur fromthe transferred
nucl ei ¢ acid, including potentially the
retrotransposition of this.

DR. COHEN: | have no evidence for that.
It is certainly possible.

DR. SALOMON: Dr. Sausville, Dr. Milligan

and Dr. Van Bl erkom
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DR. SAUSVILLE: The concern | have about
the direction of the conversation that is happening
now and, again, | congratulate you on a very
t houghtful presentation but | think it does
hi ghl i ght one of the issues, that nitochondria have
been put on the table as one explanation for a
benefit. | guess we are going to hear nore about
m t ochondri al physiol ogy in which, hopefully, there
will be some clear and direct evidence that
m tochondria night do such a thing.

But we have just heard of another class of
nmol ecul es, your presentation brought up a
particul ar class of nRNAs, forgetting the whole
i ssue of MRNA in general. | mean, this points to a
key difficulty that I think we have in thinking
about this in that one of the components of an IND
is actually a definition of what actually is the
subst ance under investigation in an IND. | ama
little concerned, even if one believes there is an
effect and we heard earlier this norning that there
really isn't any evidence that there is an effect,
is howwe would define the potential basis for
i nvestigational activity with this. Are we going
to have ooplasmthat has a particular type of nmRNA

or a particular nunber of mitochondria or a
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particul ar class of mtochondrial genones? | would
be interested in your thoughts on how one woul d
define, in essence, the focus of the IND
application in this regard.

DR. COHEN: | asked that question to the
FDA representatives a few nonths ago and | didn't
get an answer because | don't think they understand
that either.

DR. SALOMON: | think that is why we are
here.

DR COHEN: Yes, so | wouldn't know how to
do this. | have no idea.

DR SAUSVILLE: Well, if you don't--

DR. COHEN: Personally, | have not
experienced this IND process. Looking at the | ND
process, it is so different, the psychology of it
is so different fromthis type of typical nedica
i ntervention approach that it is extrenely
difficult to come up with a solution

DR SIECEL: Just froma historical
perspective, there are certainly plenty of
precedents in biological devel opnent in particular
for products whose active ingredients are not well
identified. Sone of the earliest biologics,

regul ated as biol ogics, were horse antisera and,
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you know anti-venonms and toxins and so forth. O
course, over the last couple of decades the field
has moved to nuch nore highly purified products
which are, therefore, easier to ensure that you
don't have unwanted material s and where you can
guantitate what you have. W certainly support
that area of devel opnent, but there is nothing
about an I ND process per se that requires that you
have a handl e on what component it is of what you
are testing that is the potential active conponent.

DR. SAUSVI LLE: Ah. But, on the other
hand, my understanding is--and those are good
exanpl es actual ly--that despite that |ack of
definition there is, nonetheless, a very precise
assay that will tell you that your material is
functioning as you think it is functioning.
Correct?

DR SIEGEL: That is right, and we
certainly require by the tine of licensure a
potency assay. That is required by regulation and
that requires devel opment of information. In fact,
it is the case for many that we now have under | ND
However, the devel opment of the potency assay often
occurs concurrent with the early clinical studies

because it requires identification of markers that
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can be neasured that, hopefully, then can be
validated to be predictive of the desired clinica
effect.

DR. SAUSVILLE: So, that then actually
does play back to the question | asked. You
pointed to the limtations appropriately of the
ani mal nodels that are around for this type of
wor k. Nonetheless, it would seemthat such nodel s
nm ght be the place to begin to develop this type of
i nfornmati on that could be a basis for conveying
confidence at the very least, forgetting the IND
process, that you would be able to advise a
particular patient that the procedures that are in
pl ace are likely to be productive of sone normative
standard of activity through the process.

DR. COHEN: Yes, and | think that the body
of literature is not enornous, but particularly the
work of Larry Smith is very convincing and this is
done in outbred mice going through 15 generations
wi th apparently normal devel opnent, nornmal grow h.
What el se are you | ooking for?

DR, SAUSVILLE: | would like to know what
conveys that normal growth. Wat is the physica
basi s of that normal growh?

DR. COHEN. That is nore than a textbook
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| mean, that is the whole field of early
enbryol ogy. You are |ooking at an extrenely
difficult process that is hindered by all sorts of
factors in terns of how we can study it. | amas
curious as you are. So, | appreciate the concern
but that is looking at the oocyte like a product;
| et's understand the product, and | think what is
being attenpted here is to take sonething this
conplicated and then put it in the formof IND. |

have no idea how to do that.

DR SALQOVON: I think we will return to
that this afternoon. I think the issue that has
ben well articulated nowis what--1 nean, we can

al ways take every one of these questions and get
down to these really big, fundamental scientific
guestions and we all know around the table that you
are not going to know every single thing about how
you create a nornmal enbryo before you do these
studies. No one is holding you to that sort of a
standard. But it will be really interesting to
tal k about what it is we want to know, and what
kind of scientific questions will be answered even
whi | e perhaps certain clinical studies are going on
just to make sure that there is devel opnent al ong

the right lines in the field. Dr. Milligan?
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DR. MJLLI GAN: Can you give us a sense of
how you test for fragmentation of either
nm t ochondrial DNA or nucl ear DNA and then transfer?
In principle, if you such out the cytoplasmthere
is sone chance for fragnentation of both of those
DNAs, and it would be, | think, very inmportant to
see if that does occur because once you have ki nd
of disrupted the normal mtochondrial architecture
it is like doing gene transfer, that is, it is like
injecting fragments of DNA and there is every
expectation that there would be uptake by the
chronosormal DNA like normally occurs. So, have you
| ooked at ways in a single cell?

DR. COHEN: | would be nore concerned
about it in the isolation process of mtochondria,
but here is a package of cytoplasmthat is noved
fromone cell to another cell within seconds in a
synchronous fashion. So, | don't think that
concern is really valid. It would certainly be
valid I think in the work that was done by the
Tai wanese where mitochondria were isolated and then
processed in ways we don't know yet, but they were
processed, isolated fromgranulosis cells and then
injected into the recipient cells. | think there

that is a concern because you do true isolation
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process of an organelle. 1In our case we are
transferring cytoplasmintact.

DR. MJLLI GAN:  Yes, but | thought you said
there is a risk of actually getting contami nation

DR. COHEN: Sure.

DR. MIULLIGAN: So, in principle that has
the potential for fragnentation, and isn't that key
to see whether or not there are detectable bits and
pi eces of genom c DNA?

DR. COHEN: No, we have just done
cl assi cal cytogenetics. W |ooked for whole
chrompsones; we have not | ooked for bits.

DR. MJLLI GAN:  You nentioned that you have
a good cytogeneticist who can detect things, that
is, the nbst gross assay for a microbiologist to be
able to detect things nuch easier

DR. COHEN: Yes.

DR. VAN BLERKOM  Maybe you coul d cl ear up
sone points on what you said. As | recall, in the
initial births the anbunt of DNA that was
detectabl e was a trace anount.

DR. COHEN: There was nothing in the
original, right.

DR. VAN BLERKOM Now you are sayi ng that

Carol has seen up to 50 percent. Was that fromthe
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ori gi nal sanples using another assay, or is the
nm t ochondri al DNA expandi ng?

DR. COHEN: No, they are all the sane
sanples and, | amsorry, | just gave you the wong
answer because in the first births we were not able
to confirm heteroplasny; we found a honopl asny
condition. 1In the births since then, with regular
sequenci ng, we found levels, we found levels up to
20 percent.

DR. VAN BLERKOM At birth?

DR COHEN: At birth. That includes the
pl acenta. Placenta seens to be al ways hi gher
Wth the new nethod those sane sanpl es were
reassayed and there we found levels up to 50
percent.

DR. VAN BLERKOM So, it is very likely a
sensitivity issue. So, you don't have evidence
that there is an expansion of the mtochondria from
birth.

DR COHEN: No, | don't have evidence of
it yet but I have always been interested in that.

DR. VAN BLERKOM The ot her question then
is if you ook at the process of cytoplasm
transfer, which | don't think is an issue rel ated

to mtochondrial danage just fromthe | ogistics of
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the transfer process, in at attenpt to standardize,
and | know you have done this so maybe you shoul d
tal k about the data where you have actually taken

t he sane anount of cytoplasmfromdifferent
portions of eggs and then counted the nunmber of

m tochondria, and there are differences.

DR COHEN:. Yes.

DR. VAN BLERKOM So, mmybe you can talk a
little bit about the extent of differences that you
get that is location dependent, and how that ny
refl ect on what you are putting back, what you know
and don't know about the nagnitude of the donated
m tochondri a.

DR. COHEN: The procedure is standard,
however, ooplasmdiffers fromegg to egg. There
are physical properties that are different. So,
you want to pick up cytoplasmjust using suction.

It is certainly not conparable fromone cell to the
other. So, in sone cases the procedure differs
fromother cases. Al so, the cytoplasmis not

sanpl ed statically. | should have brought a
videotape. It is actually sanpled throughout the
whol e area opposite the polar body rather than one
area. It is a good, valid point. It is known that

the egg is very dissimlar fromarea to area so we
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try to sanple a relatively large area of the egg
W have al so varied the ampunt of cytoplasmthat we
transfer. Al | can say about that is that if you
| ook at the higher anmpunts, the higher vol unmes of
cytopl asmthat has been transferred, the nore
likely it is that the procedure is unsuccessful
for reasons | don't understand but that is what the
findi ng was.

DR. SCHON: Just a clarification, Dr.
Mul I'igan, | am gathering that the question about
fragnmentation--1 won't tal k about the nuclear
transposition events, but at |east for the
nm tochondrial DNA transposition events, my guess is
that, first, there would be very few fragnmentation
events to begin with. It is atiny nolecule. It
is stuck in nucleoids inside the nitochondria. |If
you vi sualize what is going on, it probably
woul dn't happen that frequently. Let's say it
does, and it does go into the nucleus, first, the
worry woul d not be whether that transfected DNA
woul d actually do something because it has a
di fferent genetic code. Wether it would transpose
into sone other gene, it may but again the likely
hood woul d be | ow because there are at |east a

t housand and maybe nore nucl ear enbedded
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pseudogenes of mtochondrial DNA to begin with so
it would probably go in by honol ogous reconbination
into places that are genetically quiescent--1 don't
know how else to put it. So, it could happen but
woul dn't give a huge probability for it.

DR MJLLIGAN: Yes, | would think the risk
woul d be cytoplasnmic DNA actually integrating in
the incorrect location. | would very much doubt
that you woul d get what you say, honol ogous
i ntegration into pseudogenes or mitochondri al
sequences. So, it would be the risk of insertions
conparable to a retrovirus insertion. It is like
thinking of injecting a plasnmd DNA. | guess what
I didn't know is what the chances that the intact
m tochondria woul d actual ly, by whatever vortex
when you are trying to suck out the cytoplasm wth
there is danmage such that you would actually get,
you know, naked DNA. But the other half of it, of
course, was the nuclear DNA which | think would be
much nore likely to have the sane potential for
integrating in some incorrect |ocation. And,
think it is very, very tough fromall we know with
gene transfer to assess the efficiency of the
process. It is very amazing how different

approaches to gene transfer can dramatically give
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you different efficiency. So, even severa

nol ecul es, you know, if they are given by a fancy
method like this, this could be the nost efficient
met hod we have relative to other systens.

DR. SCHON: Then, could I just comment to
Dr. Sausville? | actually think that trying to
figure out the exact active ingredient, if you
will, of the ooplasmnmay well w nd up being a
bottom ess pit. It is the ooplasmitself that may
actually be doing it. There is not evidence that
it is mtochondria. |If you were to nerely just put
in mtochondria or sone subfractionation el enent,
you mght get nothing also. | think there is so
much synergi sm goi ng on that nerely doing pair-w se
anal yses, each al one mi ght give no outcome whereas
oopl asm where we have no evidence that there is
out come yet, might give an outcome, and it should
be borne in mnd.

DR. RAO Just a couple of clarifications
for what you tal ked about. You nade a point about
sayi ng you disagreed with germine transm ssion
Was that because it hasn't been tested in germ na
cells or is it because you want to wait for F2? |
nmean, what is the reason?

DR. COHEN. Also the nodification. It is
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not a nodification and it has not been proven to be

heritabl e.

DR RAO So, because it is not heritable.

DR. COHEN: Not proven to be heritable.

DR. RAO The second question was on the
poi nt that you nade about somatic mtochondria, was
this ooplasm c mtochondria, and you said one big
difference was in the rate of cell division. But
do you think there is any other major difference?
The ot her point you nade was about it is a nultiple
genone. Did you nean that it is because it had
i nherited nutations and that is why it was nore
t han one genone?

DR. COHEN: Yes, it is all those things.
There are multiple genomes and mtochondria from
somatic cells, anywhere fromtwo to ten | think
In eggs the ratio is very close to one. So, that
is different. The other difference is that
m tochondria and oocytes and enbryos do not
replicate, whereas somatic mitochondria do. So,
that would be a different control situation. It is
an interesting suggestion.

DR. RAO The last question is that there
seens to be a suggestion that there won't be a

whol e ot of mtochondrial transfer that woul d have
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occurred, at least it was a surprising result that
you had in nmitochondrial transfer. What is the
basis? | nean, | am not absolutely sure why people
t hought that you woul d not get mitochondri al
transfer and maybe you can tell ne.

DR. COHEN: Well, if I had this discussion
several years ago it may have been a different
story, but we use it as a marker. W are just
interested to see what happened to these
m tochondria, and this is the outcome of it. But
it was the advantage of hindsight. You are totally
right, | mean, it is not surprising.

DR CASPER. | want to go back to Dr.

Mul I'igan's point again. W do have sonme experience
in creating mtochondrial preparations from

granul osis cells, from nouse enbryonic stemcells,
from human unbilical cord blood to henatopoietic
stemcells and al so from human | eukenia cell 1ine,
and it is actually quite easy to do it. There are
sone technical issues that took us a while to
actually figure out, but norphol ogically at | east
when you | ook at the preparations they seemto be
pretty pure, intact mitochondria. So, the actua
nor phol ogy at |east of the mitochondria |ooks

normal. W have injected these mitochondri al
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preparations into nobuse oocytes and zygotes.

There is a stain of mice called FVB nice
that have a mitochondrial defect and oocytes
fragment in vitro, and with both granul osis cell,
so somatic cell mtochondrial injections and with
stemcell mitochondrial injections we have been
able to prevent at |east 50 percent of the
fragmentation rate in those oocytes. W have al so
injected mtochondria into nouse zygotes and we
have found that, contrary to there being any
detrimental effect, it does seemto advance or
speed up the rate of blastocyst formation in those
m ce.

Those are prelimnary results so far but
we certainly didn't see any detrinmental effect
unl ess we actually let the mitochondri al
preparations sit for a while on the bench, and then
what we think is happening is that you are starting
to get | eakage and cytochrone C which could
actually be detrinental at that point. So,
certainly froma cytoplasm c transfer point of
view, | don't think you are going to danage the
m tochondria at all because we are actually
nmechani cal ly di srupting the cell nmenbrane of these

cells and centrifuging the contents to separate out
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the mtochondria, and we don't seemto do any
damage to the mitochondria in that situation

Let me comment on the prior comment. |
t hi nk you woul d have been surprised had there been
honopl asnmy; you woul d have expected heteropl asny.
In fact, we were the group that analyzed Dolly for
heteropl asny and we did not find it. It was
honopl asmi c. Those were sheep, and if you | ook at
cows, they are heteroplasnic all over the place.
So, it is the expectation to be heteroplasmc and
it is sonmething to worry about.

DR SAUSVILLE: You referred to the

experience with ICSI, which | interpret to be
i ntracytoplasnic sperminplantation. |Is that
correct?

DR. COHEN: Injection

DR. SAUSVILLE: Injection. Just froma
sort of standard practice of this field, what would
be the expected rate of nmjor abnormalities
resulting fromICSI as a process?

DR COHEN: In the literature there is a
range from 2 percent to nine percent. But a |arger
study, a study fromthe Bel gi um group who
originated the procedure, with 3000 babies born, |

think there was 3.4 percent, sonething around
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there, and showed a significant increase in the
rate of XGs.

DR SAUSVILLE: But still that rate didn't
go beyond a three percent sort of range?

DR. COHEN:  No.

DR. SAUSVI LLE: Thank you.

DR. COHEN: There is one publication that
shows a rate of nine percent, but it was the sane
in the | CF popul ation that was studied. That was a
recent paper in The Journal of Medicine, in March
It was based on a small sanple size but that is the
only really high rate I know of.

DR SALOMON: Dr. Mpos?

DR MOOS: First a conment on several of
the remarks that have dealt with the
characterization of the active principle. Cel
bi ol ogi sts and bi ocheni sts have been fractionating
very conplex systens for well over a hundred years
to see what part does what, and we are nowhere near
the bottomof the pit. Nevertheless, even though
we are shy of finding out where is the final proton
and what it does, we have amassed a trenendous
amount of very useful information.

So, | submit that a sensible way to | ook

at it is to do the sorts of experinents that are
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feasi bl e and reasonabl e not just to enhance our
understanding or to prove that this is good and
that is bad, but to allow us to be able to devel op
sone sense of what is necessary to keep consi stent
for a product to performin a way that we can
under stand and predict.

A specific question that extends a point
that was raised by Dr. Sal onbn and yourself, Dr.
Cohen, since you brought up specific mRNA
transcripts, has anyone eval uated whether injection
simply of RNAs encodi ng sonme of the candi date genes
you mentioned or pools of candi date genes has a
beneficial effect on enbryo quality?

DR. COHEN: (bviously none of those
studi es could be done in the human at this point.

I amnot sure that work |ike that was done
Certainly interference with nRNA was done, just the
opposite, interfering with a specific RNA but | am
not aware of injecting.

DR. SALOMON: Dr. Murray and then Dr. Van
Bl erkomand we will finish there.

DR. MJRRAY: Dr. Sausville's questions
about abnormalities associated with I1CSI, | believe
one of the studies, recently published, indicated

the risk of Iow birth weight was al so roughly

160



© 0 N o o b~ W N P

N NN N NN RBP R R R R B R R R R
O A W N B O © 0 N © 01 A W N KL O

double, and that is after testing for nultiple
pr egnanci es.

The question | have for Dr. Cohen, | am
asking for help in maki ng sense of sone of the
nunbers you presented about the incidence of
het eropl asny. You gave us a nunber--we don't have
copi es of your slides so this is from
menory--sonething |ike evidence of heteroplasmnmy in
10- 15 percent in a hypervariable region in the
popul ation. Am1 recalling that correctly? The
gquestion is if you were to think about risk,
obvi ously one of the ways one woul d think about
risk is to say, you know, does this occur nore or
| ess often in the popul ation that has been exposed
to this particular intervention, ooplasmtransfer,
than the general population? | assune the
hypervari abl e region is a non-coding region. |Is
that correct?

DR COHEN: Yes.

DR. MJRRAY: Therefore, you know, it may
not be clinically significant. But here we have a
het eropl asny that is perhaps in a coding region, |
assune if you are doing ooplasmtransfer, so
woul dn't we want al so to have data that gave us

sone i ndi cation about heteroplasmnmy in coding
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regi ons?

DR COHEN: That has not been done, and
that would be interesting. The work that has been
done has all been on the hypervariabl e area.

DR. MJURRAY: So, the 10-15 percent nunber
doesn't tell us very much. It doesn't tell nme very
nmuch.

DR. COHEN: No, but one thing that cones
out is that it is an evolving field. Going by the
literature, five, six, seven years ago the
i nci dence was considered to be--well, there was no
nunber but it was very rare to see this. So, now
with new sensitive assays it is apparently nuch a
hi gher frequency.

DR. MJURRAY: But again, nutations in
hypervari abl e non-codi ng regi ons are presunmably not
clinically significant, whereas what we woul d be
interested in is evidence of nutations--

DR. COHEN: You shouldn't call it a
mutation. It is hypervariable; it is not a
mut ati on

DR. MJURRAY: Fair enough

DR. SCHON: Can | just say sonething
because | think I can clear this up? You transfer

t he whol e nol ecul e when you transfer mtochondrial
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DNA, and you and | differ at 50 different bases in
our mtochondrial DNA.  Sonme of them happen to be
in hypervariable region and some of themare in
coding regions. So, you can't speak about
mut ati ons in nitochondrial DNA as being different.
You get the whole molecule. |If | transferred your
m tochondrial DNA to ne, | would get 50 different
base substitutions on average. Sone of them would
be in the non-coding, some in the coding region

So, the notion that 15 percent of babies
that are born with heteroplasny in a hypervariabl e
region is just wong. It is wong. There is no
evidence for it at all. The evidence is that
somatic rmutations, if you | ook at individuals and
sanpl e nuscle or heart, for instance, you can find
het eropl asny in about 15 percent of those
i ndi vi dual s perhaps at an extrenely |low |l evel and
it isinasinglecell. It has nothing to do with
the gerniine.

DR. SALOMON: So, it is not a safety

i ssue.

DR. VAN BLERKOM Just two questions. The

donors were not mitochondrially typed. Right?
These were random donors or did you type the

m t ochondri al DNA?
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9

COHEN: No, we didn't do that, no.

3

VAN BLERKOM  So, this was after the
fact?

DR COHEN:. Yes.

DR VAN BLERKOM Then the second
guestion, maybe you can provide some basis or
explanation as to why transferring a relatively
smal | amount of cytoplasmwoul d gi ve you what you
now see as 50 percent heteroplasnmy, and do you
think there is an upper limt on that? In other
words, what is the upper lint?

DR. COHEN: The upper lint is 100
percent.

DR. VAN BLERKOM  So, as your techniques
for sensitivity increase, is it possible that, in
fact, it will be above 50 percent?

DR. COHEN: It is certainly possible, and
it is certainly possible that there would be a
drift over tine.

DR. VAN BLERKOM  So, how coul d you
replace this fairly sizeable replacenent?

DR. COHEN: It is an enigma of the
bottl eneck, the mitochondrial bottleneck. That is
where | think sone of the clues Iie. Replication

doesn't take place until inplantation of
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m tochondria so the nunber of mnitochondria that are
suggested to be passed on is relatively small. |
think Dr. Schon did sonme work on that, and | think
it is avery small percent, less than 0.1 percent
of the nmitochondria in the oocyte that wll
actually nmake it to clonal expansion

So, if you look at it that way, | think
mat hematically anything is possible. But it is
certainly possible that there is a positive effect
here. Everybody always |ikes to enphasize negative
effects. Maybe there is a positive effect here and
these are sinmply coming froma population that is
nore fit. That is a possibility. One thing
think Dr. Murray raised which is interesting is
that we only found 3/13 and it |ooks very sinmlar
to maybe ratios that you woul d expect. So, it
could just be a chance phenonenon as well .

DR. SALOMON: Thank you all very much.
Even though we are off schedule, | don't think I
would do it any differently, and that is just part
of going into these very new areas where there are
just a lot of really inmportant issues that | think
need to get set on the table early in order for us
to do our job. So, | think this is fine. W wll

just have to deal with it alittle later, and we
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will. There is no free lunch in life, and
certainly not on this committee.

But speaking of lunch, | am going to nake
an executive decision that we go to | unch now and
then kind of put all the mitochondria stuff
together after lunch. It is 12:50 essentially. If
we can try and do this in half an hour and be back
here--if you can just sort of eat and come back, we
will start as soon as possible, as close to 1:20 as
possi bl e. Thank you

[ Wher eupon, at 12:50 p.m, the proceedi ngs

were recessed, to resunme at 1:40 p.m]



© 0 N o o b~ W N P

N NN N NN RBP R R R R B R R R R
O A W N B O © 0 N © 01 A W N KL O

AFTERNOON PROCEEDI NGS

DR. SALOMON: If we can sit down again.
Not that | amsurprised, this is classic, we should
have been back at 1:15 and here we are at 1:45.
Anyway, | amsure there will be a couple of other
peopl e bopping in as we go along but we do need to
get started.

The next speaker this afternoon is Dr.
Eri c Shoubridge, fromthe Mntreal Neurol ogica
Institute, to tal k about transm ssion and
segregation of mitochondrial DNA. That will be
followed by Dr. Van Bl erkom talking about
m tochondrial function. So, we are going to kind
of focus on mitochondria now.

Transm ssi on and Segregati on of nt DNA

DR, SHOUBRIDGE: | think my brief here is
to tell you a little bit about what we understand
about how mitochondrial DNA sequence variants get
transmtted fromgeneration to generation, and how
they segregate in somatic cells and in the germine
after that.

Most of what | amgoing to talk about is
in the nouse nodel, a nouse nodel that we generated
inm ow lab, but I will try and relate it as nuch

as | can to the human experience.
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So, just so that we are all on the sane
page, a few people have nentioned the basic
principles of mitochondriogenics but | just want to
go over themvery briefly. 1t is a 1000 copy
genone in nmost cells. It is strictly maternally
i nherited. As has been nentioned, the nale
contribution gets into the zygote but it is
destroyed by mechani snms that are still not wel
understood. The ganetes are special cells, if you
will, but the oocyte contains about 100, 000 copies,
at | east 100,000 copies of mtochondrial DNA, and
they are thought to be organi zed at about one copy
per organelle, and the sperm contains about 100.

Germ ine and somatic nmutations can produce
m t ochondri al DNA heteroplasny. So, at birth, it
i s thought, that nost individuals that are not
carrying a disease nmutation that they have
i nherited fromtheir nom are honoplasnmc. That is,
every single nmitochondrial DNA in the body has the
sane sequence. Nobody has really |ooked at this in
great detail in thousands of individuals, but it is
t hought that npst babies have in their bodies the
sane sequence in every cell, in every mtochondria.
It is a highly polynorphic genone so each one of us

at this table differs by about 50 base pairs on
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average between our nitochondrial DNA sequences.

How does it segregate? It segregates for
two reasons. One is that the replication of the
genone is not very tightly linked to the cel
cycle. In fact, it is not tightly linked to the
cell cycle. Wat that neans is that tenplates can
either replicate or not during a cell cycle. So,
what is controlled in a cell specific way is the
total nunber of copies of mtochondrial DNA.  So,
neurons have different nunbers than nuscle cells,
than fibroblasts and cells in the kidney, but they
are turning over by nechanisns that we don't
understand even in post-nmitotic cells. The copy
nunber is maintai ned but who replicates and who
doesn't is not very well controlled or even
under st ood.

So, in cells that are dividing there is an
additional feature, that nitochondrial DNA is
randonmy partitioned at cytokinesis. So, we have
two nmechani snms that segregate sequence variants,
both in cells that are nmitotic and cells that are
post-nitotic. That leads to this process that we
are all interested in, called replicative
segregation and the fact that the mitochondri al

genotype you get at birth, if you happen to be
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heteropl asnic, can be different in space and can
change in tine.

You already saw this picture that was
produced in a review by Bill DeMaro, and we know
now that rmutations in mitochondrial DNA are
important in a large variety of diseases. There
aren't very nany things we can say this, except
that they can occur at any age and affect any
tissue. That is sort of the worst case
interpretation of this picture here but, in fact,

t hese di seases generally affect the central nervous
system the heart and the skeleton nuscle, tissues
that rely heavily on ATP produced oxidatively.

The two questions | want to answer today
are how is mtochondrial DNA transmitted between
generations? The second one is what controls the
segregation of nitochondrial DNA sequence variants
in different tissues of the body?

It has been known for some tinme that
nm t ochondri al DNA sequence variants segregate
rapi dly between generations. This was first
established by Bill Houseworth and his coll eagues
in pedigrees of Holstein cows. Wat | want to show
you, which is typical of the human situation, is a

| arge pedi gree that was published by Neils Larson
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from Sweden probably about ten years ago. It is a
five generation pedigree that is segregating a
particular mutation in tRNA It is a point
nmutation that is associated with this phenotype
called MERF and it has these clinical features.

There is a single person that is affected
by this diseases in this five generation pedigree
who has all of these features. Wat | want to
point out here is if we just look at this Iine of
the maternal |ineage here, the nunbers that are
associ ated--and | amsorry, you can't see them from
t he back--the nunbers that are beside these are
measur enents of heteroplasny in the bl ood of these
individuals. It turns out for this particular
mutation, but it is not generally true, that what
is in the blood correlates reasonably well with
what is in affected tissues. It is always a little
bit | ower.

VWhat | want to point out is this nmom
here, who had a daughter with 73 percent of this
mutation but a son with nothing. So, in a single
generation there is nearly conpl ete segregation of
this mtochondrial sequence variant which happens
to be pathogenic and produced a di sease.

This mom here, gave 73 percent to her nmom
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and then she had four boys, one of whom had quite a
| ot, 88 percent, enough to produce the disorder
and some who were asynptonmatic even though they
were carrying |large proportions of the nutation
t hat produces the disease phenotype. That is
because of this so-called threshold phenonenon
here. These guys were not affected because they
didn't have enough nutant mitochondrial DNAs to
produce a biochemnical defect in the cells. So,
anot her principle of mtochondrial genetics is that
you have to exceed a threshold of nutants in a cel
in order to produce a biochenmi cal and, therefore a
clinical, phenotype.

It turns out for the vast nmpjority of
mut ati ons that we know about that that threshold is
very high. So, if you have 70 percent or 80
percent of these mutants you can soneti nes | ook
conpl etely normal, depending on how they are
di stri but ed.

In order to study this, a postdoc in ny
| ab, Jack Jenuth, decided to make a nouse nodel .
There are no known natural heteroplasmc variants
in the inbred nouse popul ati on that we know about
so we had to construct one. The way we constructed

it was nuch along the sane |lines that we have been
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tal king about earlier today in humans. W found
two different common inbred strains of mice, one
which is called BALB and one which is called NZB
that happen to differ at about 100 base pairs, 100
nucl eoti des between the two genonmes. W sinmply
made, and we did this in both directions, a

cytobl ast fromone of them W injected that under
the zona pelucida of the zygote here, and then we
el ect r of used.

We don't know exactly how nuch cytopl asm
we have put in here, but probably sonething on the
order of 10-15 percent, which are the numbers which
have been bandi ed around today. W fully expected
to get transmi ssion of this mitochondrial DNA that
we put in here. In fact, we did.

So, we did this in a |large nunber of
animals. | just want to point out that these are
the amino acid substitutions that are predicted by
t he sequence differences between these two strains.
Here is NZB and here is another so-called old and
inbred strain which is the sanme as BALB. They are,
for the nobst part, at non-conserved sites in
evolution, and for the npbst part conservative
substitutions at those sites. So, in short,

pol ymor phi sns. The only one that is not is this
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cystine for what is either an arginine or a | eucine
in this particular one, here. The rest |ook pretty
much | i ke pol ynor phi sns.

So, we thought we were putting in neutra
sequence variants. | nust say, this is exactly
kind of parallel to the situation in ooplasmc
transferred hunans. You are putting in a
m tochondrial DNA that night differ at 50 or 100
positions in the whol e genonme. You are putting in
t he whol e genone and this is very different than
mut ati ons that arise in the gernline or somatic
cells where you will get a single nmutation on the
sanme hapl otype background. So, it is quite a
different situation.

This is the first litter we got from one
of our founders. W isolated several female
founders. | can't remenber exactly the range
because it is a few years ago that we got, but this
was pretty typical. W would get sonething like 3,
5 to 10 percent or so. Ten percent | think is the
nost we ever saw of the donor mitochondrial DNA in
the founder fenales. W got that in nost females.
So, the expectation is if you put in, at least in
t he nmouse nodel, 10-15 percent of cytoplasmyou are

going to get out sonething which is not so
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dissimlar fromthat. It is alittle bit |ess.
Again, this is just a real eyeball estimte. W
haven't neasured anything in ternms of how much
cytoplasmwe put in.

What we saw, and this is a very typica
pedi gree, is that sone animals had conpletely | ost
that mtochondrial DNA and other animals in fact
| ooked like they had amplified it. In fact, | wll
show you they don't amplify it, it is just a
stochasti c phenonmenon. So, in one single
generation, froma very snall anount of
m tochondrial DNA that is added to this, and this
woul d be anal ogous to the human situation that we
are tal king about, you could in the next generation
conpletely lose it or it can becone nore frequent
in the offspring fromthat nom

This pretty much parallels what we have
seen in terms of transm ssion of pathogenic
nmut ati ons in human pedigrees with di sease. So, we
wanted to sort out what the basis for this was, and
the way we did it was using single-cell PCR W
sinmply went back in the female germine to find out
what the level of heteroplasnmy was in mature
oocytes versus primary oocytes versus the

prinordial germcells that were going to give rise
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to the entire female gernmine.

The conventional wi sdomwas, as we knew
fromthe observations, that there nust be a
bottl eneck here sonmewhere because it |ooked |ike
t he 100, 000 copies of nitochondrial DNA in the
mat ure oocyte were not being transmitted to the
next generation, if you will, because you coul dn't
possi bly get rapid fixation for a nmutation if the
sanmpl e size of every generation was 100, 000;
100,000 is a huge sanple size. So, if ten percent
of those were carrying a particular mutation and
you sanpl e the 100,000 in the next generation you
are going to get about ten percent, plus or mnus a
little bit. So, it was pretty clear you nust be
sanpling, effectively sanpling a nuch smaller
nunber and we wanted to determni ne what that nunber
was.

I will just show you two pieces of data
fromthat because it has been published years ago.
Using single-cell PCR we neasured the proportion
of heteroplasmy fromthe donor genone. In this
case we have added the BALB genonme on the NZB
background. Here we are conparing what we see in
the mature oocytes sanpled fromthe femal e that

produced these offspring. So, these are offspring
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and oocytes fromthe sanme femal e nobuse. You can
see that the distributions pretty much overl ap
meani ng that by the time you are a mature oocyte
there is no significant segregation of the sequence
variant that we put in, that we donated to create
the founder up to the point of the offspring being
bor n.

W then went back a step further and we
| ooked at primary and mature oocytes in the sane
animals by doing a little trick, and you can see
here that the distributions also overlap. So, even
by the time the primary oocytes are set aside,
whi ch happens in fetal life, all of the segregation
of the sequence variants, of the heteroplasny that
is going to happen, that is going to be inportant
in the babies that are born fromthis experinent,
has happened. So, if you were to neasure the
heteropl asny in the prinmary oocyte popul ation, it
woul d predict what it would look like in the
offspring. O, if you were to nmeasure it in the
mat ure oocytes, it would also predict what it would
| ook Iike in the offspring.

I won't give you the rest of the data, but
we went back and collected prinordial germcells

and what we saw was that there was not that nuch
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variation in the prinordial germcells, but by the
time they reached this stage, the primary oocyte
stage, all of the segregation has happened.

This is just a sunmary slide of what we
think is the life cycle of nmitochondrial DNA in the
female germine. It is worth probably just
spendi ng a couple of mnutes to work through it,
just to refresh your nenory about the things | have
told you.

The mature oocyte, at least in the nouse,
contai ns about 105 mtochondrial DNAs. The sperm
brings in 100; they are conpletely destroyed. So,
the zygote still has 105 mitochondrial DNAs and
then, as has been nentioned before, there is no
application of nmitochondrial DNA in the early
stages of enbryogenesis. So, up to the bl astocyst
stage where the inter-cell mast cells are set
aside, there is a reduction in copy nunber of
m tochondrial DNA from about the 105 that is in the
oocyte, here, to about 103, 1000 per cell which is,
if you will, about the somatic nunber of
m tochondrial DNAs in your average, if you can say
there is an average, cell. But it reduces it from
the very large nunber that is in the oocyte to

here.
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Then, when this inplants we don't really
know what happens, but we suspect mitochondrial DNA
replication still doesn't restart and a snall
popul ation of cells, called the prinordial germ
cells, are set aside. |If you |ook at pictures of
these cells in all nmammal s where it has been done,
which is now in several species, they contain about
10 mitochondria. So, the mature oocyte had 100, 000
copi es of mitochondrial DNA and there are about 10
in these cells. So, this is where the bottleneck
is. It is a natural physical bottleneck in the
femal e germine. A very small nunber of
m tochondria with a small nunber of mnitochondri al
DNAs, we think certainly |less than 100 copies, are
transmitted outcone the next generation.

These cells then start migrating from
where they arise in the enbryo to the general
ridge, and they give rise to the conplete germine
popul ation, called primary oocytes here, and at
this stage, here, all of the segregation that is

goi ng to happen of the heteroplasnic sequence

variants has happened. It is not going to be
i mportant further on. In nouse this might be
40, 000 or 50,000 cells and six or seven nillion in

humans. Most of those die by atresia and there has
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been sone thought that perhaps that cell death
m ght be related to mitochondria, but | amgoing to
argue in a mnute that | don't think that that is
i mportant.

That is the state in the nobuse. You can
actually use sone statistics to calculate the
ef fective nunber of transmitting units between
generations, but it depends on what nodel you use.
So, that is just a statistic; it doesn't have any
physical reality.

What happens in humans? Here are siXx
common nutations, point mutations that occur in
humans. Patrick Chittering and his col |l eagues in
Newcast| e anal yzed the transm ssion of these
nmutations in all the published pedigrees, and
think this was published in the year 2000, all the
pedi grees that they could find in the literature.
They got rid of the proban so that they woul dn't
i ntroduce a big ascertainnent bias, and if the
transm ssion of the pathogenic mutations were the
sane as the neutral polynmorphic mutations that we
saw in the nmouse, what you woul d expect is a
symretrical distribution around zero, which would
be telling you that nomis just as likely to give

nore nmutant mtochondrial DNAs to her children as
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| ess.

In fact, that is nore or |ess what you see
here. It is a bit difficult to analyze this. This
is not a random sanple. These are people who show
up in genetics clinics. The proban has been
elimnated to get rid of some of that ascertai nnment
bi as but you can't conpletely get rid of it.

So, the point is that even though these
mut ati ons are pathogenic, it |ooks like the
transm ssion of these nutations through the fenale
germine is stochastic, just like it is for the
neutral mutations that we studied in the nouse.

There is a single good exanple in the
literature actually | ooking at the distribution of
het eropl asny in oocytes froma woman carrying a
pat hogeni ¢ nutation, and here is what you find.

The nean proportion of this particular mutation of
the momin her oocytes was sonething around 14
percent, and you can see that a | arge proportion of
her oocytes have conpletely lost it. Some had very
little and sone had nore. | could take any of the
m ce that we | ooked at and plot the sane thing
here, and these distributions would absolutely
overlap. |In fact, if you used a statistic to

calcul ate the effective nunber of segregating units
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that could give rise to this distribution, it is
i ndi stinguishable in the nouse and human.

So, what we find in the nmouse, as far as
we know, | ooks pretty sinmlar to what is in the
human. So, the transm ssion of sequence variants
bet ween generations appears to be largely
st ochasti c.

The effective nunber of mtochondrial DNAs
inthe germine is small because of the bottl eneck
that happens at the prinordial germcell stage.
That causes rapid segregati on of sequence variants.
So, if an individual were to get, from whatever
mechani sm mnitochondrial DNAs from a donor
i ndi vidual, the next generation would now rapidly
segregate those. So, some of her offspring may
contain a lot of that particular sequence variant;
some nmy contain none.

I think the evidence that pathogenic
nmutations are largely transnmitted in a stochastic
fashi on, which is al st indistinguishable from
what we see in the nmouse, suggests that there is no
strong selection for mitochondrial function during
this process. So, what we are tal king about here,
one of the aspects of what we are tal king about

here today is whether the additional boost, if you
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will, that could be given to a zygote froma small
amount of extra mitochondria there, | don't think
in the disease cases there is any reason to suspect
that that is true because there are |ots of babies
born who are perfectly normal, who later get into
trouble, and they might get into trouble even in
the first few nonths of |ife but they may be
carrying 90 percent or 95 percent of mnutant
m tochondrial DNAs. |If those nmutants are organized
as one per mtochondrion, then certainly those
nm tochondria have very little function. So, |
think the point is you don't need much
m tochondrial function either to go through
oogenesis or to go through fetal |ife and have a
perfectly normal baby. Later on things can happen
and they do in disease.

What about segregation? Wat about after
in post natal life? Well, if you | ook at human
di sease, there are any nunber of patterns of
segregation of pathogenic nmutations. Let just
focus on two that | have on this slide, two common
nutations in tRNAs that are associated with
wel | -recogni zed clinical phenotypes. One is the
point rmutation in lysine that is segregating in a

pedi gree that | showed you earlier on. Here, it
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| ooks like the affected individuals have high
proportions of this nutation in their skeletal
nmuscl e, always over 85 percent. There is also a
hi gh proportion in the bl ood which is usually about
ten percent less than what is in the nuscle.

If you contrast that with another nutation
that is again a point nutation in the tRNA that
produces a conpletely different clinical phenotype,
it is all over the map in the blood, the proportion
of these nutations. There is a high proportion in
rapidly dividing epithelial cells and they can
collect in the urine. W don't know what t hat
| ooks like for this particular nutation, and it
decreases with age in the bl ood, whereas here we
don't really have any evidence that there is much
of a change in the proportion of these nutants with
life.

So, here are two different tRNA point
nmut ati ons. They have been worked on quite a |ot.
W know that they produce translation defects in
m tochondria and, yet, the segregation of these
sequence variants, the pattern of segregation is
very different. You wouldn't really predict that
if the segregation pattern depended upon function

m tochondrial dysfunction, if you will, in sone
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way. The pattern of segregation we know
determ nes, in nuscle at | east because this is the
ti ssue we have the npbst access to, what the nuscle

phenot ype | ooks |ike.

Here are nmuscle biopsies fromtwo patients

that are carrying this tRNA lysine nutation that is
associated with MERF. One of themhas this very
typi cal pathology called ragged red fibers. These
are grossly abnormal muscle fibers. [If you stain
them for cytochronme oxidase activity, which is one
of the enzymes in the mitochondrial respiratory
chain, they are conpletely negative. They have
absolutely no activity. And, you have huge
proportions of these mutants here.

There was anot her patient who had
conpl etely normal muscl e biopsy, but the
proportion, if you just took a piece of mnuscle of
the mutation in both biopsies they are virtually
identical. So, how they distribute in nuscle and
presunably other tissues determnes, to a |large
extent, what the phenotype or how serious the
bi ocheni cal phenotype is and presumably that

determ nes sonme of the clinical picture.

If we | ook again, conparing these same two

nmut ati ons with age, and Here Joanne Pulsion, in
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Oxford, first did this plot and she said, well, if
there is no real pattern to what is going on in the
bl ood of patients carrying this particular 3243

nmut ati on, naybe what is happening is that it is
changing in the blood and it is changing in the
nmuscle as well. So, the difference between what
you find in the nuscle and the bl ood m ght be
linear with age. In fact, that is, indeed, what
she saw. Subsequent studi es have shown that this
nmut ati on does decrease in age with the bl ood and
probably increases with age in the nmuscle. The

mut ati on they tal ked about at 8344 doesn't do
anything with time. It is absolutely flat. So,
the evidence there is that what you get at birth
det erm nes how sick you will be, whereas things can
change with other nutations.

So, that is all extrenely confusing. You
are probably confused so here is the concl usion
there is no sinple relationship between the
oxi dati ve phosphoryl ati on dysfunction and the
pattern of segregation. There are lots of
different patterns and we don't understand what it
is. It could be sone subtleties associated with
the mtochondrial dysfunction that nutations

produce, or it could be that sone ot her nucl ear
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genes are controlling this whole process, and that
is what | want to talk about in the last little
bit.

To cone back to our nouse nodel of
segregation, when Jack Jenuth was in the |lab and we
had sorted out the transm ssion we thought, well
that is kind of neat. W expected to see sonething
that was different and stochastic and we didn't and
we thought let's look in the tissues and see what
we see. W expect it would just be randomthere,
just like it was in the female germine; there
woul dn't be any particular pattern and sonetines
the proportion of this sequence variant would go up
and sonmetinmes it would go down, and whatever tissue
we neasured, it would be all over the map.

In fact, we saw sonething conpletely
different. If we |ooked at rapidly turning over
cells, Iike colonic crypts, we found out that that
was the segregation which turned over in the nouse
about once every 24 hours. That was conpletely
random |If we then | ooked |later on at age, what we
found was that nobst of those crypts had conpletely
lost the nmutation but a few were goi ng towards
fixation of the nutation.

So, this is a picture |like you could see
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in a population in a textbook, and this is the
probability of fixation of a rare neutral nutation
in a randomy mating popul ation, and this shows it
par excellence. So, the proportion of crypts that
shoul d be fixing the mutation should be directly
proportional to the initial frequency of the
genotype in that population, which was about six
percent and that is about what we saw here. About
six or eight percent, | can't renenber the exact
nunber were fixing but nost of themhad lost it by
pure random genetic drift so there was no sel ection
at all involved here.

If we | ooked in the brain, the heart and
skel etal nuscle we couldn't even see any evidence
for that in the lifetinme of the animal. Very
surprisingly, if we |ooked at a few other tissues
like the liver, the kidney, the spleen and the
peri pheral bl ood we saw a very strange phenonenon
that had never been described before, and that was
ti ssue-specific and age-dependent selection for
di fferent pol ynorphic mtochondrial DNA genotypes.
So, the liver and the kidney w thout exception
woul d select for the NZB nmitochondrial DNA and the
BALB in the spleen, wthout exception would sel ect

for the BALB, the opposite nitochondria in the sane
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animal .  So, we didn't know what that neant.

Then a graduate student came to ny | ab,
Brendan Battersby, and picked up on this and he
wonder ed what was goi ng on, what was sel ecting for
this particul ar sequence variants that we woul d
have predicted woul d not have functiona
consequences, and that were transnitted through the
femal e germ ine as conpletely neutral variants in a
conpl etely stochastic fashion.

So, he did sone sing-cell PCRin the liver
and basically wanted to measure what the increased
fitness was for the NZB mitochondrial DNA which, as
| mentioned, always selects inthe liver. By 18
nmont hs, nost of the hepatocytes in the liver are
fixed for that, and it doesn't matter where they
started--they could start at one percent or two
percent, if you |l ook a year and a half later, they
are fixed. So, it happens at a constant rate. It
i s i ndependent of genotype frequency, which is very
mysterious if it were a function but it is not what
you woul d predict because of these threshold
phenonena.

Initially we said, well, that can't be
related to function. So, we neasured this relative

fitness sinply by conparing the initial and final
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genotype frequencies in animals. The way we got
the initial frequency was to | ook at tissues where
these things weren't segregating. So, we assumed
that is what the animals were born with. By the
way, we have pretty good evi dence--we have data
actually to show that at birth all tissues are
pretty nmuch the sane in ternms of the |evel of
het eropl asny of these patients. So, if you get two
percent or five percent or ten percent, every
ti ssue has the same anmpbunt and you woul d predict
t hat ammi ocytes woul d have the sanme anmount too.
There is a little bit of data in humans to suggest
that that is true.

So, if we nmeasured this relative fitness
for this thing at two, four and nine nonths of age
we pretty nmuch got the sane answer. So, there is a
constant advantage for this genotype in the liver.
Every tine nitochondrial DNA turns over this
particul ar genotype has a 14 percent advantage.

So, if you wait |long enough, no matter where you
start, it will fix for that mtochondrial DNA
genot ype.

If you | ook at oxygen consunption, a
fairly crude way to | ook at function of

m tochondria, this neasures Vmax of the respiratory
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chain and we couldn't see any difference. So, we
put essentially a very high proportion--we couldn't
get 100 percent at the tine we did these
experiments, NZB mitochondrial DNA on a BALB
nucl ear background or 100 percent BALB on a BALB
nucl ear background, and these are just neasures of
m tochondrial respiratory chain function, and there
was no difference, which is what we al so woul d have
pr edi ct ed.

We t hen thought naybe it is just
replication, although the base substitutions in
these two different nolecules did not affect any of
the known regul atory sites that have been defined
inthe literature, but we thought maybe we will
nmeasure replication and see if there is a
di fference anyway. So, we did an in vivo
experiment where we injected with BrdU to | abe
m tochondrial DNA. W isolated nmitochondrial DNA
and did a Southwestern analysis. So, the idea here
is that we are | ooking at incorporation of BrdU in
the mtochondrial DNA. W strip this and then we
just do a straight Southern to | ook at how nmuch
m tochondrial DNA is there.

W have two di fferent sequence variants

that we can recogni ze because there are restriction
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fragments here. So, we have the NZB or the BALB
nm tochondrial DNA. These are five different
ani mal s obvi ously because we had to sacrifice them
at different tinmes during the experinment, but the
nunber to conpare is this versus this. So, if
there is no replicative advantage in this
experiment for this nolecule, for the NZB nol ecul e
over the BALB, then the incorporation rate of BrdU
shoul d reflect the proportion of the genonme that is
there and that is, in fact, the case. So, we have
no evidence that this is based on replication

If you take hepatocytes out of these
animals and culture themyou get exactly the
opposite effect. They now select for the BALB
nm t ochondrial DNA and not the NZB nitochondri al
DNA- - conpl et el y unexpected. W don't know why this
happens. It turns out it is not so easy to grow
nmouse hepatocytes so | am not going to pursue that,
but you can actually calculate the relative
fitness. The copy nunber of mtochondrial DNA
drops when hepatocytes start to proliferate in
culture and the relative fitness goes up by about a
factor of two, but for the opposite mitochondri al
DNA.

So, this was all very nysterious. W got
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a smal|l advantage for the this NZB thing, not based
on function as near as we can tell. It is not
based strictly on replication. |f we change the
node of growth in the genotype the selection can be
opposite. So, what we concluded fromall of this
was that selection nust be acting at the I|evel of
the genone itself. It doesn't have anything to do
with the function. It is not acting at the |evel

of the cell or the organelle; it is acting at the

| evel of the genone.

So, we hadn't made any progress with the
bi ochemni stry here so we needed to do sonet hi ng
el se, and nmy son sumed this up very well. He was
working with his momin the kitchen one day. He
was meki ng a cake and he turned around and he said,
"Daddy, you know, every experinent has a wet part
and a dry part."

Here is the dry part, the genetics. W
had to turn to genetics. So, the idea now was to
see if we could tease out a gene, a quantitative
trait locus that woul d deterni ne whether or not you
woul d sel ect for the BALB or the NZB mitochondri al
DNA in a tissue-specific way.

So, here is the breeding strategy but it

is a pretty typical thing you do in genetics. In
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nouse genetics you just breed two inbred strains
together and look in the F2 generation and see if
t he phenotype, and the phenotype here is

ti ssue-specific directional selection of

m tochondrial DNA, see if it segregates. In fact,
it does.

I will just show you the exanple in the
liver in the interest of time. This is a random
collection of about 50 animals. Actually it is a
little bit less, they are not all in the liver
here; frommuscle in animals at 3 months or 12
nmont hs of age. These are F2 mice in this
experiment. The nuscle is not doing anything

i nteresting but you can see that at 3 nonths there

is kind of a binmpdal distribution in the |liver, and

by 12 nonths they are conpletely fixed to that
genotype. | won't show the other tissues in the
i nterest of tine.

We then cal cul ated the relative fitness

usi ng the same neasure that we used before in these

animals and it | ooked to us like in the F2 aninals
there were sonme that | ooked |ike the parents that
were sel ecting, strong selectors for the NZB

genotype; there were others that were weak

selectors for the NZB genotype; and then there were

194



© 0 N o o b~ W N P

N NN N NN RBP R R R R B R R R R
O A W N B O © 0 N © 01 A W N KL O

sonme in the mddle. This kind of |ooked |ike a one
to one distribution to us, which is suspiciously
Mendel i an, and we thought maybe there is a single
strong gene that underlies this effect, a nuclear
gene which is controlling segregati on behavi or

The idea would be that in the BALB ani mal s
are behaving like a parent, and the aninmals that we
bred themw th, which are actually a subspecies
cal l ed npbos-npos casteni us, were honozygous for the
castenius. So, we tested that. W did genone
scans that were done on all the tissues. | amjust
going to sumuari ze the data rather than going
t hrough how we did this genetically because | don't
t hi nk anybody is particularly interested in those
details and if you are, you can ask ne.

We did a genone scan at three nonths in
the liver, and what we found was a | ocus on nouse
chronosonme 5, which a giant LOD score which, those
of you who know about LOD scores, that is pretty
big; | haven't seen too many that are bigger, that
expl ai ned al nost 40 percent of the variants of that
genotype. |In the kidney we saw another |ocus on
chronosonme 2 that explained less. This acted in a
dom nant way; this one was recessive. At this

stage we couldn't really score the phenotype in the
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spl een accurately so we didn't really pick up any
I i nkage.

If we ook at 12 nonths of age we don't
see any linkage in the liver because all the
animals are fixed so the segregation has al
happened. That is telling us that the BALB allele
is presumably a strong allele than the castenius
allele but eventually the castenius alleles catch
up. But we saw the same |ocus in chronosonme 6 that
could account for 15-20 percent of the variants in
the kidney and the spleen and it was the sane one,
the sane locus. |If you remenber, these are going
in opposite directions. So, this is selecting the
NZB mitochondrial DNA; this is selecting the BALB
nm t ochondri al DNA

We ended up with three quantitative trait
loci that explain a fair proportion, especially in
the liver, of this variation that seemto contro
the selection of what we think are neutral variants
of mitochondrial DNA. How that happens is a
conplete nystery so far. W don't know what they
| ook Iike. They are probably not nol ecul es that
are involved in the replication of it because it
| ooks like the replication is the sane. So, we

think they nmay be codes for nolecules that are
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involved in its naintenance.

So, this is a sumary of the three
different loci on three different chronbsones. One
of them in the liver, is very highly significant;
the other ones are significant by the normal
criteria used in quantitative trait analysis.

I will just conclude, just to sumthis
whol e thing up, the transm ssion of these sequence
variants in the germine, as | said, looks like it
is conpletely stochastic to us. There doesn't seem
to be any bias one way or another. W have now
actually bred aninmals conpletely in the other
direction. So, we have put in a couple of percent
of the NZB or the BALB--now we are just doing it
with NZB on a BALB background into founder fenales
and we can get 100 percent if we just breed for a
few generations of NZB on a BALB backgr ound
starting out with two. So, it doesn't matter where
you start from Because it rapidly segregates
through the germine in a stochastic way, you can
just pick animals that have a high percentage and
the offspring fromthose nothers are going to have
a hi gher percentage, and in about three or four
generations you can get 100 percent the other way.

There is tissue-specific nuclear genetic
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control of this segregation process which does not
seemto be based strictly on replication of the
nmol ecul es or on function of the nol ecules, which is
very surprising, and we think, but this is not just
hand wavi ng, that perhaps the genes that code for
t hese nol ecul es m ght be involved in the
organi zation of mitochondrial DNA in the nucl eoid.
There could be a ot of other things and we are now
trying to clone those.

In closing, | just want to acknow edge the
two people in ny | ab who have done nobst of this
work, two very talented students, a graduate
student, Brendan Battersby and a postdoc who
started it, Jack Jenuth. Thanks very nuch.

DR. SALOMON: | never know whether to clap
or not, but as we didn't clap before--

[ Laught er]

--that was a very nice talk. Just in
terns of trying to be efficient with tine, given
that the next talk is also about mitochondria and
you are sitting on the panel wth us, unless
soneone has a question which just totally be out of
context and they just have to ask it now-1 don't
see anyone junpi ng up because of the way | put

that, | guess--1 would like to go on and have Dr.
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Van Bl erkom give his talk and then what | think we
need to do is stop and talk a little bit about what
does this tell us now about mtochondria and how
this specifically relates back to safety and ot her
i ssues with respect to ooplasmtransfer
M tochondrial Function and |nheritance Patterns
in Early Human Enbryos

DR. VAN BLERKOM  Thank you very much.
Let's see if | can put a nunber of different
aspects of hunman devel opment and nitochondri al
function, other than necessarily respiratory
function, in the context of what this is all about,
which has to do with cytoplasnic transfer. So,
would like to talk a little bit about the oocyte,
since we are really dealing with the human, and the
types of infornmation that we can gather from
avai | abl e studi es on the behavior of oocytes and
t hei r bi ol ogy.

In the hunman this is what we deal with
initially in the IVF lab, which is the nast cells,
the cells surrounding cell structure, about 100
mcrons in dianeter, which is the oocyte. You can
see it right here. Wat we know now froma fairly
substantial anmount of biochen cal and physi ol ogi ca

studies is that, in large neasure, the potential of
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this oocyte that is here, its devel opnental
conpetence is largely determ ned by factors that
have occurred before this egg has even been

ovul ated. So, influences to which this oocyte is
exposed in the follicle during oogenesis actually
largely deternine its conmpetency after
fertilization. W know this from studies of

bi ocheni stry on follicles, the physiol ogy of blood
flow, some of which have been used as predictors of
oocyte conpetence in trying to select oocytes such
as these frommany that may be retrieved from an

| VF procedure.

The next slide shows a picture of an
oocyte, and here is the problem | nean, when you
| ook at this egg here, this human oocyte it is
normal in appearance. It has a polar body and
everything else that it should have. Mst eggs
| ook equival ent but their potential is different.
We know t hat sonme of these eggs will be conpetent
to go on and divide normally and inplant. Ohers
that |1 ook the sane don't. This is the notion of
why you night want to rescue the cytoplasm or
there nmay be a cytoplasmic defect of some sort in
t hese eggs that render them i nconpetent.

One of the things that Jacques Cohen

200



