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Aim. To an a lyze the in flu ence of the pre ma ture ter mi na tion codon on mRNA trans port and sta bil ity.
Methods. Chondrocyte mRNA was iso lated from ho mo zy gous and het ero zy gous nanomelic 17-days old em bryos and ex am -
ined by RT-PCR anal y sis. To an a lyze aggrecan mRNA sta bil ity, mRNA syn the sis was in hib ited with DRB [5,6
dichloro-1-(-D-ribofuranosyl benzimidazole)], a spe cific in hib i tor of RNA polymerase II. Vi su al iza tion of the aggrecan al -
leles was per formed by in situ hy brid iza tion.
Re sults. The level of mu tant aggrecan mRNA within the nu cleus was equal to that of the con trol, but no mu tant mRNA was
ob served in the cy to plasm. RT-PCR re vealed that the mu tant tran script was only de tect able in the nu cleus, com pared with
house-keeping glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene or col la gen type II. A re stric tion site in duced by
pre ma ture ter mi na tion codon TAA al lowed the dis tinc tion of nor mal and mu tant tran scripts in chondrocytes de rived from em -
bryos het ero zy gous for the nanomelic mu ta tion. Af ter the treat ment with DRB, iden ti cal de cay rates were dem on strated for
both tran scripts within the het ero zy gous nu cleus. In situ hy brid iza tion showed no ab nor mal mRNA ac cu mu la tion.
Con clu sion. This is the first ev i dence sug gest ing that the tran script of the mRNA with the pre ma ture ter mi na tion codon within 
an exon does exit the nu cleus.
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Nanomelia is an ex am ple of chondrodistro phy in
chick ens, phenotipically char ac ter ized by limb de for mi -
ties, brachyochephalic head, and a par rot-like beak (1).
Most of the mal formed em bryos die be tween days 18 and 
21. Ge netically, this dis ease is due to a re ces sively in her -
ited pre ma ture stop codon (TAA) of the aggrecan mRNA 
at codon 1513 which is lo cated in the un usu ally large
exon ten (2). The large ag gre gat ing chondroitin sul phate
proteoglycan of the car ti lage-aggrecan is the pre dom i -
nant proteoglycan in car ti lage, which has nu mer ous in -
ter ac tions with dif fer ent com po nents of the extracellular
ma trix. There fore, a mu ta tion in the aggrecan gene may
cause ex ac er bated dam age to the de vel op ing
extracellular ma trix, which re sults in such a se vere phe -
no type.

The pre ma ture ter mi na tion codon in the aggre- can
gene pre sum ably is di rectly re spon si ble for this dis or der,
al though it has not yet been shown how it af fects the sta -
bil ity or trans port of the aggrecan mRNA. Re cent ex per i -

ments con firm that the stop mu ta tion in the aggrecan
gene di rectly low ers the level of the type II col la gen,
whereas type I col la gen and glyceraldehyde-3-phos phate 
dehydrogen- ase (GAPDH) re main at nor mal lev els (3).

Al though a va ri ety of mech a nisms have been put
forth to ex plain how a non sense codon can af fect mRNA
abun dance and trans port, it is still un clear how it hap -
pens. Some of the stud ies un der line the idea that non -
sense codons re duce the amount of mRNA in the nu clear
com part ment (4,5), i.e., that lo ca tion of the non sense mu -
ta tion on cer tain genes may play an im por tant role in its
mRNA sta bil ity. It has been shown that the lo ca tion of
the mu ta tion within the first three quar ters of the
triosephosphate isomerase gene re duces the half-life of
mRNA within the nu clei by more than 20% (6). Re cent
work with yeast showed that a ter mi na tion codon can be
rec og nized and the non sense me di ated mRNA path way
can be ac ti vated if a spe cific se quence, called
down-stream el e ment, is pres ent 3' of the pre ma ture ter -
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mi na tion codon (7). Most of the mod els avail able to day
sug gest that a mu ta tion that even tu ally gen er ates pre ma -
ture ter mi na tion codon re sults in a re duc tion of its rep re -
sen ta tive mRNA. How ever, most au thors pro pose that
the re duc tion of mRNA hap pens in the nu clear com part -
ment rather than in the cy to plasm. Here we pres ent data
which in di cate that a mu ta tion in the aggrecan gene re -
sult ing in nanomelia that gen er ates a pre ma ture ter mi na -
tion codon is han dled dis tinctly from a mu ta tion which
causes a null al lele due to a re tained intron.

Ma te rial and Methods

Cell Cul ture
Fer tile eggs were ob tained from nor mal White Leg horn breed ing 

stocks and Nanomelic breed ing stocks main tained at the Storrs, Ag ri -
cul tural Ex per i men tal Sta tion (CT, USA). Eggs were in cu bated for 17
days, at which time sterna from af fected and nor mal em bryos were dis -
sected free of perichondrium and in cu bated in Ham's F12 me dium con -
tain ing 0.1% col la gen ase CLS2 (Worthington Bio chem i cal,
Lakewood, NJ, USA) for 4 hours. Lib er ated cells were plated at a den -
sity of 106 cells/100 mm2 Petri plate in 9 mL of Ham's F12 me dium
con tain ing 20% fe tal calf se rum and in cu bated at 37°C in hu mid i fied
at mo sphere with 7.5% CO2.

RNA Iso la tion
Con flu ent chondrocytes were scraped from the Petri dishes

with a rub ber po lice man into 10 mL of cold phos phate-buffered sa -
line (PBS) and col lected by centrifugation for 3 min utes at 2,000 G in
15 mL of lysis buffer (10 mmol/L Tris pH 7.5, 10 mmol/L KCl, 1.5
mmol/L MgCl2, 0.25% Tri ton X-100). The pel let was dis rupted by
dounce ho mog e ni za tion with a tight-fitting pes tle. The sus pen sion
was cen tri fuged for 10 min at 2,200 G and the supernatant was trans -
ferred to a 30 mL corex tube (cytoplasmatic ex tract) con tain ing 2.0
mL of a 10X ex trac tion buffer (10% SDS, 0.10 mol/L Tris pH 7.5,
0.05 mol/L EDTA, 500 µg/mL of proteinase K). The nu clear pel let
was re-extracted in 5 mL of lysis buffer with dounce ho mog e ni za tion. 
Sub se quent steps of RNA iso la tion fol lowed the SDS proteinase K
pro to col (3).

RT PCR

Two µg of nu clear or cy to plas mic RNA were tran scribed by re -
verse tran scrip tion to cDNA us ing 2 µg of a core pro tein-specific
primer that ex tended from the codon 2100
(5'GGGTGGGTCTGTGCACGACACCGGGT3') in 50 mmol/L Tris,
pH 8.3, 7.0 mmol/L KCl, 3 mmol/L MgCl2 and 10 mmol/L DTT. The
mix ture was heated at 65°C for 3 min, cooled, and ad justed to con tain
500 mmol/L dNTPs and 500 U M-MLV RT (Gibco BRL, Rockville,
MD, USA). The in cu ba tion lasted for 1 h at 37°C, fol lowed by phe -
nol/chlo ro form ex trac tion and eth a nol pre cip i ta tion. The sam ple was
dis solved in 20 µL wa ter and 1 µL was used in the PCR re ac tion. The
re gion en com pass ing the CS2 re pet i tive do main (codons 1363-1762)
was PCR am pli fied us ing oligonucleotides that flank the re gion (codon
1327: 5'GCCAACAGTTTCACAGGAG; and codon 1735:
5'GCTAACAGCAGGCAGCCCAG).

BsaB1 Re stric tion
The BsaB1 re stric tion frag ment poly mor phism that re sulted

from the nanomelia mu ta tion was de tected in PCR-amplified
genomic DNA us ing the same prim ers that flanked the CS2 re pet i tive 
do main. The prod uct was cut with the BsaB1 re stric tion en zyme for
one hr at 60°C, elec tro- phoresed in 5% acrylamide, and vi su al ized
with ethidium bro mide stain ing.

De ter mining the Half Life of the Nor mal and Mu tant mRNA
Be tween 24 to 30 100-mm2 plates were grown to vi sual con flu -

ence for both con trol and nanomelic cells. One day prior to har vest ing
the cells, they were placed in fresh me dia con tain ing 50 µg/mL of
ascor bic acid. In hi bi tion of mRNA tran scrip tion was be gun by ad just -
ing the me dia to 25 mmol/L 5,6 dichloro-1-(-D-ribofuranosyl
benzimidazole) (DRB) which blocks Pol II elon ga tion and/or ini ti a tion. 
To as sess de cay of the two pop u la tions of core pro tein mRNA tran -
scripts from the nu cleus of het ero zy gous nanomelic chondrocytes, 12
sis ter plates were re moved af ter ex po sure to DRB for 0, 4.5, and 9
hours. RNA was pre pared from the nu cleus and cy to plasm, tran scribed
to cDNA and cut with the BsaB1 re stric tion en zyme, electrophoresed

in 5% acrylamide and vi su al ized with ethidium bro mide stain ing. The
densitometry of the nor mal and the mu tant tran scripts were per formed
by AlphalmagerTM doc u men ta tion and anal y sis sys tem (Al pha Innotec
Cor po ra tion, San Leandro, CA, USA).

Flu o res cent In Situ Hy brid iza tion and 
Immunofluorescence Staining
Cells were pre pared for FISH by wash ing in cytoskeletal buffer

(CSK) (100 mmol/L NaCl, 300 mmol/L su crose, 3 mmol/L MgCl2, 10
mmol/L Pipes, pH 6.8) and in cu bat ing for 5 min utes on ice in CSK con -
tain ing 5% Tri ton X-100 and 2 mmol/L vanadyl ribonucleoside com plex 
(VRC, Gibco) prior to fix a tion (8,9). A fix a tion step in 4%
paraformaldehide 1X PBS (pH 7.4) for 8 min utes im me di ately fol lowed
the ex trac tion. Cells were stored in 70% ethanol at 4°C. A probe cov er -
ing exon 10 was nick trans lated us ing bi o tin-16-dUTP (Boehringer
Mannheim, In di a nap o lis, IN, USA). Cells were in cu bated with the probe 
mix at 37°C for 3 hours to over night. The probes were de tected by
FITC-conjugated avidin (Boehringer Mannheim). A Zeiss Axioplan mi -
cro scope equipped with a tri ple-bandpass epiflu o res cence fil ter (Chroma
Tech nol ogy, Inc., Brattleboro, VT, USA) was used for 2D sam ple anal y -
sis by both stan dard and dig i tal im ag ing mi cros copy. Dig i tal im ages
were cap tured with a Photometrics se ries 200 CCD cam era
(Photometrics, Ltd., Tuc son, AZ, USA) equipped with a cus tom-made
color fil ter wheel, such that three col ors can be cap tured and viewed si -
mul ta neously with no op ti cal shift.

Re sults

Nanomelic em bryos, an a lyzed 17 days af ter in cu ba -
tion, showed gross ab nor mal i ties of the limbs, legs, head, 
and beak in com par i son to nor mal em bryos (Fig. 1).

In our pre vi ous work we dem on strated by RNAse
pro tec tion as says the de creased level of the aggrecan
mRNA in the cy to plas mic com part ment in nanomelic
chondrocytes. At the same time, col la gen type II (mRNA)
was pres ent in equal amounts in both the nu clear and cy to -
plas mic com part ments (1). To ex tend our find ings, we
per formed a more sen si tive anal y sis of the nu clear and cy -
to plas mic mRNA us ing RT-PCR. As a con trol gene in this 
ex per i ment we used GAPDH since it is not known that
any in ter ac tion ex ists be tween aggrecan and this par tic u lar 
house-keeping gene. Finally, we com pared lev els of the
nu clear and cy to plas mic aggrecan mRNA from nor mal
chondrocytes to that of nanomelic chondrocytes.

As shown in Fig. 2, it is ap par ent that the aggrecan
mRNA is not de tect able within the cy to plas mic com part -
ment of the mu tant chondrocytes but is pres ent in the nu -
clear com part ment (lanes 4 and 3, re spec tively). As ex -
pected, aggrecan mRNA was pres ent in both nu clear and
cy to plas mic com part ments of nor mal chondrocytes
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Fig ure 1. Three 17-day old chicken em bryos. The nor mal em bryo 
is at cen ter flanked by ho mo zy gous nanomelic em bryos. The
body of the nanomelic em bryo is ex tremely short com pared with
nor mal lit ter mates, with mal formed limbs, wings, and head with a
par rot-like beak.



(lanes 1 and 2, re spec tively). The level of the GAPDH re -
mained equal in all sam ples (lanes 1-4). Fail ure of the
mu tant aggrecan tran script to ap pear in the cy to plasm
may re sult from im paired ex port to the cy to plasm or to
rapid nu clear or cy to plas mic deg ra da tion. In or der to in -
ves ti gate the mech a nism and lo ca tion of the mu tant deg -
ra da tion, we per formed half-life ex per i ments by us ing a
spe cific in hib i tor of RNA Poly mer ase II, DRB (Fig. 3).
DRB treat ment pre vents new mRNA syn the sis and per -
mits the mon i tor ing of res i due mRNA for both nor mal
and mu tant al leles within the nu clear com part ment. To
an a lyze both mu tant and nor mal mRNA we per formed
this study on het ero zy gous chondrocytes; mRNA was
sep a rately iso lated from the nu clear and cy to plas mic
com part ments, cDNA was syn the sized and am pli fied by
RT-PCR. Since the TAA mu ta tion gen er ates a unique
BasB1 re stric tion site, it is rel a tively easy to dis tin guish
the frag ments ob tained af ter di ges tion (the nor mal un cut
frag ment is 1.3 Kb; the mu tant tran script is cleaved to
700 and 600 bp frag ments). By mea sur ing the in ten sity
of the frag ments ob tained af ter di ges tion with BasB1 en -
zyme, we no ticed that the rate of deg ra da tion within nu -
clei for nor mal and mu tant mRNA (shown by the two ar -
rows) was the same even af ter dif fer ent lengths of tran -
scrip tion in hi bi tion with DRB (0, 4.5, and 9 hours; lanes
1, 3, and 5, re spec tively). How ever, no mu tant mRNA
was ob served in the cy to plas mic com part ment 0, 4.5, or
9 hours af ter in cu ba tion with DRB (lanes 2, 4, and 6, re -
spec tively). When we plot ted the data from the DRB ex -
per i ment as a graph, no dif fer ence in de cay rate be tween
the mu tant and nor mal tran scripts within nu clear com -
part ment was ap par ent (Fig. 4). To be sure that the cy to -
plas mic area of the mu tant nanomelic cells com pletely
lacked aggrecan mRNA, we per formed in situ hy brid iza -
tion, which con firmed its ab sence in chondrocytes iso -
lated from nanomelic cells (Fig. 5, left).

Dis cus sion

Even though a pre ma ture ter mi na tion codon may re -
sult in nu mer ous ge netic dis eases, it is still not clear how
such events are me di ated. The mech a nisms in volved in

the rec og ni tion and de struc tion of the mu tant mRNA are
still un known. Some sug gest the im por tance of a sta bi -
lizer se quence as ex ists in Saccharomyces cerevisiae,
which can in ac ti vate non sense-mediated mRNA de cay
(10); also em pha sized is the im por tance of a down stream 
el e ment that is lo cated 3' of the pre ma ture stop codon,
and whose func tion is to rec og nize mu tant tran scripts as
ab er rant and pro mote their rapid de cay. Thermann et al
(11) have sug gested that com pli ca tions aris ing from the
syn the sis of C-terminally trun cated polypeptides may be
avoided by the ac ti va tion of “non sense me di ated” de cay
path way. They main tain that to de stroy a mu tant tran -
script two sep a rate steps are nec es sary, one of which in -
volves de fin ing the stop codon by the pres ence of a 3'
splice tag, af ter which the mRNA trav els to the cy to plas -
mic com part ment where, dur ing trans la tion, the 3' splice
tag is rec og nized and a mech a nism of non -
sense-mediated de cay is ac ti vated (11). In con trast,
Gersappe and Pintel (12) de scribed the rec og ni tion of the 
pre ma ture ter mi na tion codon in the nu clear com part ment 
in a par vovi rus sys tem.

Nanomelia may be a model sys tem to eval u ate the
ef fect of pre ma ture ter mi na tion codon on the trans port
and sta bil ity of the mRNA. It has been shown that a pre -
ma ture ter mi na tion codon (TAA) at po si tion 1513 on the
aggrecan gene ap pears to be re spon si ble for this le thal
dis ease, where em bryos die around day sev en teen.
Studies pre vi ously per formed have shown that
nanomelic chondrocytes dem on strate the pres ence of a
mu tant mRNA in their nu cleus but not in the cy to plasm
(3). The same study con firmed that the aggrecan tran -
script shows no al ter na tive splic ing. These ob ser va tions
may be of im por tance in dis cov er ing hu man homology
to nanomelia since this syn drome has not yet been rec og -
nized.

In eucaryotic cells the most im por tant steps in
mRNA pro cess ing be side tran scrip tion are splic ing and
trans port of mRNA to the cy to plasm where pro tein syn -
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Fig ure 2. RT-PCR anal y sis of the mu tant nanomelic and nor mal
tran script for the aggrecan and GAPDH gene. M – DNA marker; 
lanes 1 and 2 – nor mal nu clear and cy to plas mic mRNA; lanes 3
and 4 – nanomelic nu clear and cy to plas mic mRNA. Aggrecan
band runs at about 1.3 kb, and GAPDH runs at 300 bp.

Fig ure 3. RNA half-life de ter mi na tion. BasB1 re stric tion di ges -
tion of the CS2 frag ment ob tained by RT-PCR am pli fi ca tion of
het ero zy gous embryous 0 hours af ter in cu ba tion with DRB
(lanes 1 and 2), 4.5 hours af ter in cu ba tion with DRB (lines 3 and
4), and 9 hours af ter in cu ba tion with DRB (lanes 5 and 6). Lines
1, 3, and 5 are the mRNA iso lated from the nu clear com part ment 
while lines 2, 4, and 6 rep re sent mRNA iso lated from the cy to -
plas mic com part ment. Ar rows in di cate two fragmets that rep re -
sent mu tant mRNA.



the sis oc curs. Trans port of the mRNA oc curs through
large multiprotein struc tures and that place may play an
im por tant role in rec og niz ing a pre ma ture stop codon as
well. More over, it has been shown that some vi ruses
have pro teins that are crit i cal for pro tect ing the life cy cle
of HIV-1 vi rus by al low ing trans port for the par tially
spliced mRNA that en code struc tural pro teins nec es sary
for vi ral pack ing (13). This could be a po ten tial mech a -
nism that ex plains how some not fully pro cessed mRNA
can exit the nu cleus. Stover and al (14) showed that
unspliced COL1A1 mRNA that con tains a re tained
intron does not exit the nu cleus at all. Here it was pos tu -
lated that in the case of a do nor mu ta tion U1 snRNA may
bind to the intron, pre vent ing mRNA from ex it ing the
nu cleus (15). It was sug gested that cer tain splic ing fac -
tors in ter act with nu clear struc tures keep ing the
unspliced mRNA se ques tered within nu cleus.

It has been shown re cently that nu clear tran scripts of
cells transfected with the hu man β-globine gene that are ei -
ther nor mal or de fec tive in splic ing or 3'-end for ma tion are 
de tect able only intranuc- learly where the tran scripts
co-localize with the tem plate gene lo cus (16). These data
sug gest that ef fec tive pre-mRNA splic ing is the crit i cal
and rate lim it ing step for the re lease of the tran script from
the site of tran scrip tion. Many stud ies have shown that
non sense or frame shift mu ta tions that cre ate non sense
codon within mRNA re sult in a re duc tion of to tal mRNA
and that the re duc tion takes place within nu cleus (17). We
were not able to ob serve these events in our ex per i ments.

Re cently we re ported on the fail ure of nano- melic
cells to pro duce mRNA within the cy to plas mic com part -
ment (18). We, there fore, in hib ited mRNA syn the sis
with DRB, which blocks Pol II elon ga tion and/or ini ti a -
tion (18). If the nu clear trans port were nor mal and cy to -
plas mic deg ra da tion rapid we would see equal half lives
of both mRNA for the mu tant and nor mal tran script. Our
ob ser va tions were that af ter 4.5 and 9 hours equal deg ra -
da tion rates and ki net ics were pres ent for both nor mal
and mu tant al leles. Fur ther more, vi su al iza tion of the
aggrecan al leles by in situ hy brid iza tion showed no ab -
nor mal re ten tion of the mu tant mRNA within the nu clear 
com part ment. When sim i lar ex per i ments were per -

formed with mRNA iso lated from the pa tient with
osteogenesis imperfecta type I due to a re tained intron it
was shown that mu tant mRNA re mains within the nu -
clear com part ment even 9 hours af ter in hi bi tion with
DRB (15). These data sug gest dis tinct mech a nisms of
deg ra da tion and trans port of mRNA con tain ing a pre ma -
ture stop codon from that con tain ing a re tained intron.
Just what these mech a nisms are re mains to be elu ci dated.
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