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Unique Behavior of Abnormal Chromosomal Distribution
Exhibited by a Human Ch.21 YAC

Tatsuo Kai®, Kazue Tatsuguchi™”

< Abstract>

A unique clone was found in the genomic library specific for human chromosome 21 that was con-
structed by us previously. The YAC (yeast artificial chromasome) clone exhibited unusual chromosomal
distribution as described below. It showed several bands that were considered as artificial chromosomes
by means of karyotype analysis with CHEF. Human specific short-repetitive-sequence, Alu hybridized to
the bands. It was doubtful whether different clones are contaminated, since a single yeast cell usually
does not contain several artificial chromosomes. Thus single colonies were isolated from the original clone
and CHEF analysis was performed for them through six generations. As the result, it was shown that
four different karyotypes including the original clone itself are penerated from the original one. A clone
expressing such a unique chromosomal behavior has not ever been reported before. The original clone is
considered to be lacking in the function of regulatory {actors for normal chromosomal distribution. [t
might be possible that novel factors would be identified from this unique clone. We report in this article

the analytical results of abnormal behavior in chromosomal distribution of this clone.
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INTRODUCTION

Homologous recombination of DNA is essential
for maintaining the eukaryotic cell life. Studies
using a budding yeast provide the most recent
knowledge of the mechanism on DNA recombina-
tion event as follows. Meiosis involves the for-
mation of homolog pairs of DNA, and then the
chromosomes are connected by a specific struc-
ture: the synaptonemal complex. The interaction
between homologs includes recombination at the
DNA level, which is initially introduced by
double-stranded break (DSB) of DNA. An inter-
esting fact is that the meiotic recombination
event called as crossover is sirictly regulated to
occur on more than one place of a single chromo-
some (obligate crossover). And also the event oc-

curs on only few places of a single chromosome®

(crossover interference). Defects in the genes re-
lated to meiotic recombination are lethal for
most of the organisms., For human, defects in
these essential genes cause critical disorder in
chromosome number and its structure, but in
most cases embryos fall in death with several ex-
ception such as Down syndrome (trisomy or par-
tial deletion of chromosome 21), Turner syndrome
{trisomy of chromosome X), Klinefelter syn-
drome (monosomy of chromosome Y) and so o

?. In a somatic chromosome division, homolo-

n
gous recombination contributes to repair DNA
damage of DSB during the cell division cycle be-
tween late S-phase and G2-phase”. Non-homolo-
gous end-joining {NHEJ) is another rescue system
from DNA damage caused on between Gl-phase
and early S-phase. These facts suggest that ho-

mologous recombination is essential for both
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meiosis and mitosis. One of the hallmarks of
tumor cells is their highly rearranged karyotypes
with respect to both chromosome number and the
structural integrity of each homologous pair. And
there are also several human diseases caused by
chromosomal rearrangements. These chromosomal
rearrangements are consequence of the loss of fi-
delity in repairing D5Bs. These dangerous lesions
are corrected by two primary pathways of NHEJ
and homologous recombinational repair (HRR).
Ataxia telangiectasia, Ni)megen breakage syn-
drome, Bloom syndrome, Werner syndrome, and
Fanconi anemia are the chromosome instability
disorders that are defective in the genes involved
in the DSB repair pathways®. Recent studies em-
ploying mouse models have shown that the ab-
sence of either pathway leads to genomic
instability, including potentially  oncogenic
translocations®, Disruption of the genes such as
RADS1, MRELl, RADS0 and NBS1 that are re-
lated to homologous recombination are lethal in
mammalian®,

For pursuing the causative factors on some
human diseases, yeast is an excellent tool for
analyzing the gene and protein function, resulting
in primary understanding of the biological regula-
tion systems that are conserved in human. Com-
parative merits on yeast genetics are as follows,
many analytical techniques are accumulated, cell
generation time is 2hrs which is adequate for ex-
periments, even the function of essential genes
can be studied with the use of a diploid strain,
meiosis can be easily introduced in yeast cells and
most meiotic factors are conserved in human,
more than 70 primary phenotypes are convenient
to identify pleiotropic phenotypes associated with
primary or suppressor mutations®, and several
useful Databases are constructed by the efforts
of international projects and are available for
anyone. Those databases are genomic sequence
database” , proteome database® , micro-array
database”, two-hybrid database™, and gene dele-
tion database'. The availability of the full
Saccharomyces cerevisiae genome offered a perfect
number  of

opportunity for revising the

homologues to human disease-related proteins. It
was identified that 285 yeast proteins were simi-
lar to 155 human disease-related proteins'®, We
have been aiming to obtain useful mutants to
identify novel factors associated with homologous
recombination event. In this report, as a candi-
date for our targeting mutants, we show the be-
havior of a unique clone exibiting unstable
chromosomal distribution., The clone was identi-
fied from a human chromosome 21 equivalent
library'® which was constructed from a line of
human-rodent somatic hybrid cells with Alu selec-

tion by conventional hybridization techniques".
MATERIALS AND METHODS

Yeast strains, plasmids, and chemicals.

Saccharomyces cerevisiae strain AB1380 (Mat-a,
ade2-1, canl-100, 1ys2-1, trpl, ura3, hisb[psit]),
pYACS5, and the HY-1 YAC clone (125-kb DNA
fragment from EB virus transformed human pe-
ripheral lymphocytes™. Chemicals were purchased
from Sigma Chemical Co., St. Louis, MO, USA
except ones indicated below.

YAC selection.

Single colony that possesses YAC was isolated
on the double selection medium (Ura" and Trp),
SD agar plate. The composition of SD medium is
0.17% yeast nitrogen base without amino acids,
0.5% ammonium persulfate, 0.056% amino acid
mix without uracil and tryptophan'®, 2% glucose
and 2% agar (pHb.8).

Contour-clamped homogenous electric field
(CHEF) gel electrophoresis,

CHEF gel electrophoresis was performed as de-
scribed elsewhere™, using a CHEI-DR HI system
(Nippon Bio-Rad Laboratories, Fukuoka, Japan).
The 1% agarose gels in 0.5XTBE {(45mM Tris-
borate, 46mM boric acid, ImM pH8.0EDTA) were
prepared by pouring 100 ml agarose (Agarose
NA, Pharmacia AB, Uppsala, Sweden) into a 12
¥12er frame. Electrophoresis was carried out in
(0.5XTBE as running buffer at a constant tempera-
ture at 14°C, which was maintained by re-

circulation of the buffer through a Theat
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exchanger, at a constant voltage of 170V for 20
hrs. The stepped switching interval was 60sec for
the first 12hr and 90sec for the next B8hrs,
Preparation of agarose embedded yeast DNA.

A single colony on YPD (1% yeast extract, 2%
peptone, 2% glucose, pH5.8) agar plate was in-
oculated into 2 ml YPD broth. After grown for
20hrs to stationary growtih phase, the cells were
collected by centrifugation at 5000%g, 5min, at
25°C. The supernatant was decanted and the celis
were re-suspended in 1ml SE {75mM NaCl, 25mM
pH74EDTA). Cells were collected again by cen-
trifugation at 5,000%g, 5min, at 25%C. 501 of SE
and 150 1 of agarose suspension buffer (ASB)
which was equilibrated to 55°C in a water bath
were added. ASB was freshly prepared in each ex-
periment. 2001 of ASB was mixed with follow-
ing four solutions, 500 1 of 3.5% low melt
agarose (BRL, Gaithersburg, MD, USA) which
was equilibrated to 55°C in a water bath after
autoclaved in SE for Imin at 121°C, 20u] of 1M
DTT (filter-sterilized after dissolved in water),
10p] of Img/ml Zymolyase (Kirin 1007, Kirin
Brewery Co. Ltd, Tokyo, Japan) suspended in
sterile water, and 470 ¢l of SE. After immedi-
ately combining the cell mixture, transfer the
mixture plug mold and solidify for 8min at -20
°C. Each solidified agarose plug was pushed into
a well of 20 well micro plate and 80 ¢l of 1M
DTT (filter-sterilized after dissolved in water),
40l of Img/ml Zymolyase (Kirin 100T, Kirin
Brewery Co. Ltd, Tokyo, Japan) suspended in
sterile water, 188011 of SE were added into each
well, After incubated for 1hr at 37°C, each
agarose plug was washed with ES (0.5M
pHI.5EDTA, 1% sodium sarcosinate) twice for
10min. Iml ES and 501 of proteinase X (Merlk,
Darmstadt, FRG) solution (i0mg/ml in 50%
glycerol) was added to each well and incubated at
55°C for 20 hrs. After proteinase K treatment,
each agarose plugs were washed with 1XTE
(20mM Tris-HCl, lmM EDTA, pH7.4) twice for
20min and stored at 4°C until use.

Southern blot analysis.
CHEF gels were treated with 0.25N HCI for 15

min, then with a solution of 0.4N NaOH and
0.6M NaCl for 15min, and finally with a solution
of 1.5M NaCl and 0.5M Tris-HCl {pH 7.5), before
transfer to nylon membranes (Pall, Glen Cove,
NY, USA) as described elsewhere™. Hybridization
was carried out in a solution of 1M NaCl, 10%
dextran sulfale and 1.0% sodium dodecyl sulfate
with 100 ¢ g/ml yeast tRNA as carrier and ap-
proximately 10° cpm/ml of ®P-labeled probe. The
probes used were a 280-bp BamHI fragment of
BLUR-8 (Alu probe)™, 2670-bp Puull/BamH1 di-
gest of pBR322 (left arm probe) and 1692-bp
BamHI/Puull  digest of pBR322 (right arm
probe), radiolabeled with [®*P]dCTP with an
kit (Pharmacia-LKB).

Membranes were washed twice with 2%SSC at

oligopriming  labeling
room temperature for 10min, then once with 2x
S8C, 1% SDS at 65°C once for 30 min, and finally
once with 0.1%SSC at room temperature once for
30min. Autoradiography was performed at -80°C
for a day. Filter was served for re-hybridization
after labeled probe was completely washed off
with the treatment of boiling for 30min in 0.1X
SSC.

RESULTS AND DISCUSSION

The YAC (yeast artificial chromosome) cloning
system allows the cloning of large fragment of
exogenous DNA that is several hundred kilobases
in length"™, The schematic view of the cloning
system is shown in Fig.l. The vector incorporates
all necessary functions into a single plasmid that
can replicate in Eschericia coli, This plasmid is
called as a "yeast artificial chromosome” (YAC)
vector. Cleavage at BamHl sites adjacent to the
TEL sequences produces termini that heal into
functional telomeres in vivo. And ARS (ARS1)
and a centromere (CEN4) enable the inserted
DNA fragment to replicate as a normal yeast
chromosome, During the characterization of YAC
clones from the genomic library of human chro-
mosome 21, we found a unique clone denoted as
EG12C6 whose artificial chromosome changes in

size at every event of single colony isclation on
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SD medium. This was a novel mutant not ever re-
ported before, In order to examine whether it was
just the result of different yeast contamination
or there was a regulatory pattern in the unstable
chromosome distribution on each single-colony
isolation stress, we repeated single colony isocla-
tion and the karyotype analysis by CHEF electro-
phoresis through six generation. A hundred single-
isolated colonies were analyzed In  each
generation, and we confirmed that there are four
types of clones including the original clone gener-
ated from EG12C6 (named as Original, Type 1,

Type 2 and Type 3).
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Fig. 1. Yeast artificial chromosome (YAC) cloning sys-
temn. Since the EG12C6 YAC clone was selected with Alu
probe from the pool of genomic library that was con-
structed with a mixed Chinese hamster and human ¢hro-
mosome 21 genomic DNAY, Alu sheuld exist in the
cloned insert fragment even if the genomic nucleotide se-
quencing has not yet be performed. Thus, the position of
Alu sequence is drawn on the inserted fragment at ran-
dom. “LA"™ and "RA” indicate the probe position on
the left arm and right arm of the vector, respectively.

Fig.2. shows the result of CHEF gel analysis
and southern hybridization for the {our types of
clones obtained from the EG12C6 YAC clone. The
HY-1 marker strain has an artificial chromosome
of 125-kb size derived from human genome and
three probes (Alu, LA and RA) hybridized to the
125-kb band, suggesting that this clone was a sta-
ble and a typical YAC clone. Original showed two
extra bands of 200-kb and 280-kb on the stained
gel as shown in Fig. 2, A. The extra 280-kb band

overlapped with the yeast host chromosome VI
(280 kb). The reason why the extra band was ex-
ogenous 15 that the eye-inspected intensity of the
280-kb band was obviously stronger than the
other host’s chromosomes and the extra band was
slightly smaller than the yeast host chromosome
VI, showing slightly smear broadness in the 280-
kb band, and also that three probes (Aly, LA and
RA) hybridized to the extra band, indicating a
normal YAC. Alu probe hybridized to both of the
two extra bands, but the eye-inspected intensity
of the autoradiogram was obviously different,
showing stronger signal on the 280-kb band. This
suggests the human DNA might be integrated
into the yeast chromosome VI, and then two
chromosomes, both a YAC and an abnormal
yeast chromosome VI containing human DNA
might exist within one cell, resulting in stronger
signal on Southern blot probed with Alu. Abnor-
mality of this clone was that a faint signal was
shown at the position of 125-kb band on the
Southern blot probed with Alu, but no trace of
signal was seen even after overexposure (data not
shown) at that 1253-kb position on the Southern
blot probed with LA and RA (Fig.2, B, C and
D). The reason that causes these phenomena is
unsolved. However, a possible explanation could
be that there was a different clone generated in
very little ratio and the clone possesses the 125-
kb human DNA lacking vector arms, probably
also lacking the vector telomeres. In this specula-
tion, the 125-kb chromosome must have func-
tional telomeres acquired by Iintegration from
some chromosomes of the yeast host. It is unclear
whether two types of cells that contain the 200-
kb YAC and the 280kb YAC have grown as
mixed in liquid culture, or one cell contains both
of the YACs. Single colony isolation of Original
generates all four types of clones including Origi-
nal itself as shown on Fig.3, A. The ratio of oc-
currence is 14% for Original, 49% for Type 1,
12% for Type 2 and 25% for Type 3.

Type 1 showed two extra bands, the 200-kb
vivid and the faint 125-kb band. The faint band

might indicate that the extra smaller
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Fig. 2. CHEF gel anatysis of the
EG12C6 YAC clone. A: & gel stained
with ethidium bromide. B, C and D:
Southern hybridization with Alu probe,
LA probe and RA probe, respectively.

Original Type 1
M1 2934567891 M12345¢6784910
| Kb

Type 2

Fig.3. CHEF gel analyses of the each ten single-colonies that
ware isolated from the original clone {shown as Original), Type
1, Type 2 and Type 3 of the EG12C6 YAC clone. Gels were
stained with ethidium bromide. Lane M (marker) is the HY-i
YAC clone. Lane 1-10 are the single-isolated clones from a paren-
tal clone on SD agar plate.

Lane M (marker) is the HY-1 YAC
cione. Lane Qri is the original EG12Cé
YAC clone, Lane 1, 2 and 3 are Type 1,
Type 2 and Type 3 of the EG12C6 YAC
clone, respectively.

chromosome was easily lost during cell division
in liguid culture. Or on the contrary, it is also
possible that Type 2 was generated from Type 1
during liquid cultivation. Alu probe hybridized to
the smaller 125-kb band, but did not hybridize to
the 200-kb band, indicating that the 200-kb band
did not contain human DNA, or at least did not
contain Alu repeat. Possibly some host chromo-
somes might be broken down into the 200-kb size.
Or it is also possible that 200-kb DNA was repli-
cated from a normal host chromosome and ac-
quired replication function by some process,
absorbing the essential fragments of centromere
and telomere., LA probe hybridized both to the
smaller 125-kb band and the host chromosome I
(250kb). This indicates some portion of vector
left arm was integrated into the host chromo-
some [. RA probe hybridized to the three bands,

that is, the 125-kb, the 200-kb and the 280-kb
bands. The 280-kb band might be the host chro-
mosome VI (280 kb) or the same extra band as
seen in Original. Taking thess facts into consid-
eration, the 125-kb band seemed to be normal
YAC possessing human DNA, the left arm and
the right vector arm. Also the vector arms that
might harbor the short sequence of human DNA
lacking Alu, might integrate into yeast host chro-
mosomes, The extra 200-kb band did not contain
human DNA containing Aly and the vector leflt
arm, It is uncertain that this 200-kb chromosome
contained an integrated host telomere on one ter-
mini of the chromosome, since LA probe did not
contain telomere sequence of the vector. Single
colony isclation of Type 1 generates Type 1, Type
2 and Type 3 in the ratio of 72%, 14% and 149%,
respectively. The example of CHEF analysis on
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single-isolated colonies from Type 1 is shown on
Fig. 3, B.

Type 2 and 3 showed typical behavior as same
as a common stable YAC. Alu, LA and RA

probes hybridized to only the extra band shown -

on the stained gel and did not hybridize to any

yeast host. chromosome. These two types .of L

clones were ‘stable .even .after the single colony

isolation on-5D -eéar plate as shown on -Fig.. 3, C

and D. These results indicate that the artificial
chromosomes of Type 2 and Type 3 replicated
normally. o _

These four clones are generated from a single
YAC clone, The questlon 18 the reasons why chro-
mosomal dlstrlbutlon of. Or1gmal and Type 1 was
unstable and ‘why thqs:e__of Type 2 a_nd Type 3
were stable.. The events of _hemeiogous DNA re-
combination .er .DNA -'deIeti.en are cau.sed by co-
operative action of many factors related to cell
division. For example, factors for DNA replica-
tion and DNA repair, cyclins, condensins,
cohisins, adherins, separins, securins, and so on.
The known functions of these factors must be
only a part of the whole event process. Original
and Type 1 are lacking the function of normal
chromosome distribution at the somatic cell divi-
sion, Interestingly, the defect is recovered in Type
2 and Type 3. We speculate that a recombination
hot spot existing in the inserted human DNA is
deleted in Type 2 and Type 3, resulting in stable
chromosomal condition. In this speculation, it is
possible that the récombination hot spot of the
inserted human DNA was associated with the spe-
cific DNA sequence of the yeast host genome, The
gene containing the recombination hot spot could
be identified by means of mRNA subtraction be-
tween stable cells and unstable cells, or by means
of the complementation of the unstable cells.
There are several recombination hot spots re-
ported. One of the hot spots is LCRs™ (low-copy
repeats). LCRs are usually of 10-400kb in size and
exhibit 95-97% similarity in human genome.
LCRs constitute about 5% of the human genome.
LCRs seem to play a major role in both primate

karyotype evolution and human tumorigenesis.

- smgle nucleotide poiymorphmm

Alu repeat clusters also mediate chromosomal re-
arrangements™. Other repetitive . sequences like

SINEs (short interspersed elements) and LINEs

(long interspersed elements) might be playing im-
~portant role. The other hot spot is highly GC rich
“region™. Another hot 'epot s .th'e MHC (major

- -hlstocompatlblhty complex) gene. 1ocus that has a

Mmute analysis

‘on this YAC clone may. leads to find a novel hot

spot for DNA tecombmatlon

It is reported that the deletion of RADS52 en-
hances the chromosomal translocations in budding
yeast®™. RADS2 is the RECA like protein and
plays an essential role on DNA replication, DNA

‘repair, and DNA recombinati_on. The RADS2 gene
1is highly conserved in mammalian genome includ-

~ ing human. It might be possible that the function

of RADS2 or the function of some other proteins
works together with RADS52 such as MREIL,
NBSI, etc is blocked in Original and Type 3
clones for some reason, And the block is possibly
unlocked in Type 2 and 3 clones.

One of the targets for the study on homologous
recombination is to get the clue for tumori-
genesis. Most human cancer cells show signs of
genome instability, ranging from elevated muta-
tion rates to gross chromosomal rearrangements
and alterations in chromosome number, Little is
known about the molecular mechanisms that gen-
erate this instability or how it is suppressed in
normal cells. Intensive studies on genome instabil-
ity using the yeast Saccharomyces cerevisiae have
irnplicated more than fifty genes in the suppres-
sion of genome instability, including genes that
function in S-phase checkpoints, recombination
pathways, and telomere maintenance. Human
homologs of several of these genes have well-
established roles as tumor suppressors®™. This
suggests that the mechanisms preserving genome
stability in yeast are the same mechanisms that
go awry in cancer, In this point, further study on
the EG1206 YAC clone may have a significant

role.

— 100 —
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