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ABSTRACT Cadmiun-resistant (Cdr) variants of the
~inese hanster cell line, CHO, hav~ been derived by
stepuise selection for growth in mdiun containing

These variants show ooordin~tely increesed
~j;~tion of both metallot~ionein (MT) I and TI and
were stably resistant to Cd + in the absence of
continued selection. Genomic DNAs from the~e Cdr
sublines were ●naljzed for both MT gene oopy nunber and
MT gene organization, using oDNA sequence probes
specific for each of the two (%Inese hamster
Isometallothioneins. These analyses reveale$ coordinate
mtplification of MT I and II genf: in all Cd variants
whioh had Increasad oopies of MT-encoding sequences. In
situ hybridization ~f an MT-enooding probe to mitotic —
~moaomes of a ~ variant, which hn~ amplified MT
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Series●t least 14-fold, revealal a single ohrcxnsanal
site of hybridization. lbese results suggest that the
IsMTs oonatitute a frictionally related gene oluster
uhioh amplifies coordinately in response to toxic ❑etal
atreas.

INTRODUCTION

lbe phenomenon of gene anpllfioation has been observed
in both baomrio~age and bacteria [ reviewed in (1 )] and in
eukarptio cells in VIVO ●nd in cult~e [reviewed in (2)1.——
Speoifio gene ●mplification has been reported for
developmentally regulated genes (3-6), genes conferring drug
reststanoe (7,8), oallular homologs of viral oncogenes (9),
and genes conferring resistance to heavy metal toxioity
(10-12).

In the ccntext of reslatanoe to heavy ❑etal toxicity, we
have exmined the regulation of metrnllohionein gene

k
ex~ession in the oadmlun sensitiv? (@ ) Chinese hamster
line, CHO, and in Cd-resistant (Cd ) variants derived fran
these 0011s. ?roduotion of high ●ffinity metal-binding
proteins, the metallothioneins (MTs), has ~een sho~ to be a
major faotor contributing ti the stable M phenotype
(10-16). It is of interest that synthesis of tuorm&jor
Isometallothioneinsis induced coordinately in U variants
i,flres~nae to s*toxi2 ex~aures to (MCl or ZnC12 (15).
In this paper w exmine the role of ampl?ficat.ionof the
genes enooding the tw major iao’4Tsvlnregulation of isoMT
expression and In conferring the M phenotype. Re~ul~~ of

pe:.lminary studies on th ohranosanal organization of these
genes, ex-lned in one M

F
variant, may provioe insight

oonoernlng the ooordLnate regulation of the i.sdlTs and the
stability of the C21-resist.anoe phenotype.

RESULTS

~d2’-resistant CHO sublines have been derived by
●x~awe of tho CHO oell in monolayer culture to stepuise
itIOMa SeS in Cdc12 levels (1~,14). After oontinwus growth
in mdim i30ntainingstepuise Inoreases in UJ2+
oonoentration, U-r@sistant (~r) variants wre oloned and
oharaoterlzad fbr (●) utabili~~ of the (llrphenotype in the
of ●oleotive prosswo, (b) Cd uptake ●nd intrsoellular
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partitioning, and (c) metallothioneln (FIT)expression (13,
14, 16)F Renotyplc characteristics of’the CHO cell and
four U variants resistant to MC1 concentrations from 2
to 200 PM in $ell culture mediun ar$ aunmarizeclin2>ble 1.
All of the ~ variants are stably resistant to Cd ddring
long-term growth (up to 135 population doblings) in the
absence of selective pressure.

TABLE I

Phenotypic characterist~cs of CHO Cells and Cdr CHO Variant~

Msal Maximal~
Toxic Threshold MT InclucW’

for G5C1 Expsure Synthe@s MT Synth~sis
Cell Line Q.lfl?IIC12) Rate Rate

CH? 0.2
Cd 2C 10 2,0
G5r20F4 26
ur30F9 40
~dr200Tl 145

c c-- .-
C

-c.-
C

28.3
60.6
41.7

40 320

a~thods for the measuranent of toxic threshold fsP U (H2

expsure have been published (14).

b
Relative MT synthesis rtitemeasuramer,t and calculation has

been described (15).

CMT synthesis uas undetectable in these oells under the
conditions given.

Increased production of MT in res~nse to Ufz+ ●xposure
(both rate of induotion and maximal level of expression) is
● major faohr in develo

F
ent of increased aellular

Cd2+-resiatanoem The C 3(F9 variant Ms an interesting
●xoeption to the ~orre!.ation between increaaed MT exriession
and tncreasd C/ -resistance (14). Nondonaturlng
polyaorylmnide gel electrophoresis revea ed coordinate

4
induotion of both major iaoMTs in all M valiiants(Fig 1,
15). Given the metal-loac/ingaapaoity ●nd moleoulsr wl~ht
of MT, measuranents of M’+ uptake into MT indioate that in
maximally-induoed &l 200T1 oells, MT oould represent at
least 2% of total oytoplamnio protein.
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FIGURE 1. Nondenaturing ~lyacryl amide gel
el~trophoresis of cytoplasnic fractions from CHO cells and

v~riants. Cells ware ●xposed ~ indicated concentrations
of CdCl and ~lse-labeled with 3

8
S-cy~teine for 30 minutes

prior t the time of maximal MT synthesis (lLI-16).

To de ermine whether the MT overproducticflphenot>$e of
$

of the t%l variants was a consequence of genot.ypic altera-
tion in the gefiesencoding either or ~oth of ~90MTs , genomic
DNA fran CHO cells and each of the Cd variants was purified
and analyzed for MT gene organization and copy nunber.
IIIeseanalyses used specific HT-encodinC and 3’ non-coding
sequence probes derived from recombinant cDNA clones for the
two major Chinese hmster isoMTs [pCHMTl and pCHMT2, (17)].
Figure 2 diagrams the strategy for derivation of DNA se-
que,lceprobes for MT protein encoding regims ar?dfor 3’
non-ooding regions speoiflc for MTI and HTII genes. In
ctontrolexperiments, filter hybridlzation analyses of lirl-
●arized plasmid pCHMTl and pCHMT2 DNAs uair,gthe MT protein
coding reg~on probe derived fYan pCl#lT2provided cross-
hybridization with pCtU4Tlunder oondicions of high string-
@nay (> 80% hanology out-off) as expected from tne 81Z
nmleotide sequence homology in the protein ooding region.
In oontrast, under the acne hybridization stringency con-
ditions, protes derived from the 3l-untranslated regions of
pCIMTl ●nd pCtFlT2showed hybridization to their hanologous
plaamids but no oross-hybridization to their nonhomoloqous
plasnids. The properties oi these pClt4T1-and pCl#4T2-dfrived
oINA probes permitted anaiyeis of both the organization and

dosage of MT genes in the CHO oella ●nd in the Cd2+-
reaistant variants.
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FIGURE 2. Strategy for derivation of C%inese hamster
MT-encoding and 3 l-untranslatednucleotide seque~ce probes.
heavy solid lines indicate regions u~ed for probe con-
struction. Numbers in parentheses under heavy lines rep
resent sequence hanology between pC1-B4Tland pCHMT2 In the
designated regions (17).

SequelIcerepresentation of MT ,tructural genes in CHO
cells and the CHO Cd variants uere estimated 1) by nucleic
acid reassociation kinetic analyses using the MTII-encoding
structural gene probe (Fig. 2) as tracer driven by gencxnic
DNAs isolated from the different cell lines, and 2) by
%uthern blotting and filter hybridization analysis using
the settleprobe and DNAs from the same variants. The
reassociation kinetics of Chinese hamster pCHMT2 DNA with
total genomic DNA from the CHO cell and each of cadmiun
resisthnt variant oells Is shcwn in Fig. 3. Similar results
were been obtained using an independently purified set of
genanic DNAs sinda 63 nucleotide HlnfI-HpaII restrlotion
fragment from pCHMT2 (Fig. 2) as tracer. When genomic DNA
WFS unitted frcm tne reaction mixes , the rate of pCHMT2 DNA
self-reassociation was slow relative to that measured in the
presence of CHO DNA indicating that traoer self reassocia-
tion does not significantly affect the hybridizatic~ kine-
tics observd in Fig. 3, Based ufmn extrti~lation frw Cct
1/2 values of the respective hybridization reactions, MT-
like gene sequence~ are amplified approximate f lx, 7x, 3x,
and 14x in the genomes of rMr2C10, CdI’&OF4,Cd 30F9, and
Cd]200T1 respective’v, relative to their abundance in the
genomc of th? ciadmiun-sensitive, parental CHO cell. By
comparison with the rate of reaction of the slowest kinetic
aamponent in 300 nucleotide long total, genomio (%inese
hamster DN}.(10), we estimate that the complement of MT
genes in CHO oells is near single-oopy levels.
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Ecot

FIGURE 3. Nucleic acid reassociation Pinetic analypes of
PC~T2 yith gwomic DNAsrfrom CHO (0), Cd 2CI0 (0), Cd 20F4
(~. w 3W9 (~, a~d ~ 200~ oells ~. Methodg for ex.
traction, shearing, annealing, and hydroxyl~patite chroma-
tography of Chinese hanster cell DNA have been described
(10).

To investigate further how theramplified MT genes are
organized in the genanes of the CA variants, elecLro-
phonetically-resolved,re~triction gndonuclea e digests of

?
genomic ENA frcxnCHC oells and eaoh of the U variants were
analyzed by filter hybridization ulth the MT-~oding region
probe (Fig. 2). Two major bands of hybridizatj.on, at ‘2.3
kb and ‘17-}9 kb, were ~bserved in the HindIII digests of
tir20F4, C213CF9 and U 20W1. his result s~gested that
these tw hybridization bands r?ayrepresent MTI and 11 ~enes
sinoe MTI end 11 ooding regions share extensive hcmolo{y
(17). Further, the !e!~ultsin Fig. 4 indiaate Lhet the MT
genes are amplified coordinately.
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FIGURE 4. Filter ~fbridizatlon analysea of genunic DNAs
from CHO cells and Cu variants. DNA was digested with
HindIII according to oonditivns specified by the supplier,
electrophoretically resolvd in a 11 agarose gel,
transferred b Gene &reen filters [New England Nuclear
tirp.), and hybridized with the pCHMT2 protein-coding region
probe (Fig. 2). Hybridization was for 24-48 hr at 600C
according to procedures specified for Gene Screen by New
England Nuclear Cbrp. Filte- washes were alao performed
according to procedures specified by the supplier. Xn
independent digests the high molecular we ght fragment$
(17-19 kb) is alw observed in CHO and U 2C1O CR1lS. The
lower intensity observed for the 1’7-19kb fragment may
refleot comparative specificity of the pCHMTIT probe for the
2.3 kb fragment. Alternatively, legs efficient transfer of
high tnoleoularweight DNA fragments may explain this result.
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lb test the hypothe~is Gf coordinate esnplification,
genomlc NA from the U 200T1 was digested with different
restriction endonucleases (H.lndIII, WnH1, and GoRI) and
analyzed by filter hybridiv.tion with both MT-encodiPg
structural gene probe and the MTI- a~d 14TII-specific cDNA
probes obtained from the 3‘ retranslated regions of pCHMTl
and pCNT2 inserts. The results of these filter hybridi-
zation analyses (Fig. 5A) reveal tw primary bands of
hyb~idizatlon (of approximately equal intensity) with the
MTII protein-encoding region probe in each of the digests
described a~ove. In contrast, when digested with Hind III
or BamHI Cd 200T1 DNA yielded tm fragments which hybridized
differentially to the MTI- and MTII-specific 3’ untranslated
region probes (Fig. 5B) probes. ‘Ihesefragments were of the
sane apparent size as the HindIII and BmHI fragments which
hybridized with MT coding region probes (Fig. 5A). The tw
fragments generated by Eco RI did not show differential
hybridi=tion to the isoMT-specific probes. The results
with HindIII and BanHI demonstrate that the gencmic DNA
sequencesrencoding MTI and MTII are amplified coordinately
in the U 200Tl subline. Further the similarity of fragment
sizes hybridizing the MT-protein coding region probe in both
HindIII (Fig. 4) and BanHI (data not shown) digests of all
Cdr variants indicates that the MTI and II genes are ampli-
fied coordinately in all of these cell lines. In indepen-
dent filter hybridization measurements, comparison of hy-
bridization of the MTII encoding probe with CHO genmic DNA
and dilutions of Cdr20C#TlgenomicDNA revealed that the MT
ge~e copy nunber in U 200T1 may be as high as 40-50 fold
greater than the copy nunber in the CHO cells (Fig, 4) .
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FIGURE 5. Alalyses of genomic DNA fran Cklr200Tldigested
with the indicated restriction endonuclease, electro-
phoretically resolved in a 1% agarose gel, transferred to
filter and hybridized with MT coding region probe (A, lanes
B4) or 31 untranslated region probe fran PCHMT1 (B, lanes
A-C) or 3’ untranslated e ion probe from pCHMT2 (B, la~les
D-F).

~~pglabeled
Lane G contains - HindIII digested

markers. Filter hybridization and wash procedures were
described in the legend b Fig. 4.

Tbe coordinate amplification of the MTI and MTII en-
c:ding genes }n Cdr200Tl, coupled with th observd stabil-
ity of the M phenotype suggested that the ~mpliflcation
event(s) may be localized b a specific chrunoscrne(s). In
situ hybridization (21,22) of the MTII protein coding re~on
me with mitotic chranosanes fran the Cdr200Tl cell line
revealed a single chromosomal site of hybridi~tion (Fig.
6). This observation sup~rts the protposalthat MT genes
are closely linked. Interestingly, further cytogenetic
analyses have shohn that the region of hybridization in
these cells corresponds to a translocatlon breakpoint on a
large rearranged chranosane in the Cd 200Tl karotype.
Further molecular genetic and cytogenetic analyses are
directed tiward revealing the genunic arrang~ent( s) and
ohromosomal location(s) of the isoMT genes In the Chinese
hmste,’.
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FIGURE $. In situ hybrIdization of mitotic chrcxnosanes.—
$~y me U 200T1 cell #.th an MTII-encoding sequence probe.

IdCTP-labeledt4’rII-encodingprobe was hybridized with the
Cdr200Tl metaphase plates according to established proced-
ures (21,22)0 Arrow designates consistently labeled region
on a large, rearranged chromosome.

DISCUSSION

Specific gene amplification is one mechanism by which
eukaryotic cells respnd to ❑etabolic stresg [reviewed in
(2)1. In the cases studied most extensively inhibitors of
specific target enzynes have been used to select cells
containil,gincreased copies of the gene(s) encoding the
target enzyne (7,8). in other cases, cellular resistance to
~etabolic inhibitors arises through amplification crf genes
enccding products not directly ,Sslatd to the action of the
inhibitor (18-19). ‘%llular resistance to heavy metal toxi-
city falls into the latter category.

Inoreased prodwtion of metallothionein in Q1-resistant
cells hns been identified as a major factor in conferring
the resistant phenotype (13-16). By virtue of their hig$
affinity Cd-biding oapacity, oytoplasuic NTs sequester
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the toxic Cd2+ Ion, thereby reducing access of this
inhibitory heavy metal ~ intracellular targets (14, 16).
Illthis study,rincreased production cf both major isoMTs was
observ- in ~ f%lnese hamster ce 1s. In the clonal

$+variants resistant to 20-200 H Cd (ar2w4, mr30F9,
Glr200Tl), coordinate amplification of both MTI- and
MTII-encodir~ genes occurred at levels _’7-,3-, and 14-fold,
respectively, above the gene copy nunber in CHG by
re ssociation kinetics aaalyses, and up to 50-fold in
P

Cd 200T1 by filter hybridization analyses. hradoxically,
both the degree of gene amplification, as well as MT in-
duction capacity, do not correspo:ldquantitatively with
increased Cd-resistance suggesting that other mechanim

24possibly metal-inducible (20), operate in conferring Cd -
resistance (14,16).

l%e stability of the Cdr phenotype reported here for
~r-CHO variants suggest~ that the mplified MT genes were
stably chromosome-associated (2). m all C2irvariants which
maintain amplified MT genes, the G1 DNA content Is indis-
tinguishable from the parental CHO cell (data not shown).
This finding is in contrast to that of Gick and PkCarty (12)
who demonstrated that.~r CHO cells with amplified MT genes
also displayed an abundance 0$’tetraploid cells, as well as
partial instability of the Cd phenotype. In the context of
the relationship between stability of the Cdr phenotype and
chromosomal or extrachramosomal location of amplified genes,
the in situ hybridiution analyses shoun here indicate a.—
chromosornally-integrated site for the ampllfied MT genes.
This localization of MT-encoding sequences to a single
chromosome is consistent with our observation of the
coordinate amplification of Chinese hamster MTI and II genes
suggesting their close linkage. Further analyses of the
organization of the unit(s) of amplification, the linkage of
the }T genes, and the chromosomal location of the rlTgenes
in both CHO and euploid Chinese hamster cells are in
progress.
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