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FIG. 5. Southern blot of the PCR products from Fig. 4. Ampli-
fied sequences were transferred to nitrocellulose and probed with
end-labeled primer 385, which binds to a sequence found in both
b-crystallin transcripts. The slower-migrating band in lanes C and D
did not comigrate with the unprocessed 82-crystallin standard. On
the basis of electrophoresis of these products in alkaline agarose
gels, this band may be a heteroduplex between unprocessed b-crys-
tallin sequences and the PCR products produced from processed
b-crystallin RNA from the first round of PCR amplification (19). On
the basis of similar experiments, the faster-migrating bands appear
to have been amplified from partially processed b-crystallin tran-
scripts (19). The smaller amount of unprocessed b1-crystallin prod-
uct in the control sample compared with that of the density-labeled
sample is probably due to competition in the PCRs between the large
amount of processed b-crystallin mRNA and the smaller amount of
unprocessed sequences.

fraction D in both density-labeled and light RNA. No evi-
dence of a 82-crystallin transcript was seen in the PCR
products.

Figure 5 is an autoradiogram of a Southern blot hybridiza-
tion of the PCR products from Fig. 4. The probe was a

32P-end-labeled oligonucleotide which binds to identical se-

quences in 81- and 82-crystallin mRNA. The abundant PCR
product comigrating with the 486-bp 81-crystallin marker
hybridized to the probe. Little or no RNA comigrating with
the 82-crystallin standard was detected in these experiments.

It was noted that relatively more unprocessed b-crystallin
mRNA was amplified from fractions A and B than from
fraction C or D. This result was the opposite of what was

seen when mature mRNA was amplified (Fig. 3). Unproc-
essed mRNA is expected to have a relatively short half-life.
Therefore, the unprocessed mRNA detected after 4 h of
labeling was probably synthesized during the latter part of
the labeling period. Since it also takes time for the nucleo-
side triphosphate pools to become saturated with density-
labeled precursors, RNA synthesized at the end of the
labeling period should contain the greatest percentage of
density label. This interpretation predicts that RNA that is
rapidly turned over would distribute to the densest regions of
the gradient. Thus, mature mRNA would first accumulate in
fractions of intermediate density, while unprocessed mRNA
would be most abundant in the densest fractions.
DNA did not appear to contaminate the RNA samples that

were amplified in our studies. DNA would not be expected in
the density-labeled RNA samples at the bottom of the
gradient, because DNA has a lower density than RNA.
However, because the gradients were fractionated by pass-
ing a micropipette through the gradient from the top, we felt
it was important to rule out contamination by DNA. There is
one copy of each of the 8-crystallin genes in the chicken
genome (15). If DNA had been present in our samples, both
b-crystallin sequences would have been detected. This phe-
nomenon is illustrated by the &-crystallin markers seen in
Fig. 4, lane G, which were prepared by PCR amplification of
chicken genomic DNA using this same primer set used for
amplifying unprocessed &-crystallin mRNA (primers 999 and
139). However, only sequences comigrating with the 81-

crystallin band were detected in fractions A and B in these
studies. In further tests, RNA samples pretreated with
RNase-free DNase showed similar results to those presented
in Fig. 4 and 5 (19). Therefore, the methods outlined in this
study permit the analysis of unprocessed mRNA or mRNA
from intronless genes, without the need to pretreat samples
with DNAse.

Quantitation of b-crystallin sequences in density-labeled
RNA. The absence of detectable unprocessed 82-crystallin
transcripts in fractions A and B suggests either that the
81-crystallin gene is transcribed much more efficiently than
the 82-crystallin gene, that 82-crystallin transcripts are
quickly degraded after transcription, or that 82-crystallin
mRNA is processed much more rapidly than 81-crystallin
mRNA. We, therefore, compared the levels of mature,
newly synthesized 81- and 82-crystallin sequences in frac-
tions A to D by quantitative PCR amplification with gene-
specific primers. Figure 6 illustrates the approach used in
these studies. b-Crystallin sequences were reverse tran-
scribed with primer 139, and the resulting cDNA was serially
diluted in steps, with each step a fivefold dilution. The
resulting dilutions were then amplified by PCR with gene-
specific primers in the presence of 32P-labeled dCTP. PCR
products were separated by agarose gel electrophoresis, cut
from the gel, and counted, and the results were plotted as
shown in Fig. 6. This procedure gave an estimate of the
relative abundances of the two b-crystallin mRNAs in the
initial sample. The ratios of the 81- and 82-crystallin RNA
sequences found in the dense fractions of the gradient shown
in Fig. 2 ranged from 12.5 to 13 for fraction A, 25 to 50 for
fraction B, 35 to 100 for fraction C, and 33 to 57 for fraction
D (values from four separate experiments). Mature 81-
crystallin sequences were significantly more abundant than
82-crystallin sequences in fractions A to D. However, unlike
the data shown in Fig. 5, 82-crystallin sequences were
present in this newly synthesized, processed RNA. These
data and the consequences of small differences in the effi-
ciency of the 81- and 82-crystallin specific PCR primers are
addressed in greater detail in the Discussion.

Levels of processed and unprocessed 81- and 82-crystallin
mRNAs in different regions of the lens. The preceding data
suggested that differential expression of the two b-crystallin
genes might be regulated at the level of transcription. To
explore this possibility further, we compared the relative
concentrations of processed and unprocessed b-crystallin
RNAs in regions of the lens known to accumulate different
proportions of the two gene products (30). Total RNA was
isolated from central epithelial cells, equatorial epithelial
(annular pad) cells, cortical fiber cells, and central fiber cells
of 14-day-old embryonic chicken lenses. These different
regions of the lens contain cells at different stages of lens cell
differentiation, from mitotically active, cuboidal epithelial
cells to terminally differentiated, highly elongated lens fiber
cells. The ratios of processed and unprocessed mRNAs from
the two b-crystallin genes were determined as described in
the legend to Fig. 6. Unprocessed b-crystallin transcripts
were again amplified with primers 999 and 139, and mature
sequences were amplified with the gene-specific exon prim-
ers shown in Fig. 1.
The 81-crystallin mRNA/82-crystallin mRNA ratios from

these regions of the lens are shown in Table 1. The 81-
crystallin/82-crystallin ratio of unprocessed (presumably
newly synthesized) RNA was similar to the ratio in mature
mRNA in each of the different lens regions in which both
forms were detected. These data again suggest that the
differential expression of the two b-crystallin genes is regu-

MOL. CELL. BIOL.

-filu.
wli-:.'

 on January 26, 2021 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 



TRANSCRIPTIONAL REGULATION OF b-CRYSTALLIN EXPRESSION 3287

3.0 -

2.5 -

_ 2.0 -

0

0-
0

1.5 -

1.0 -

0.5 -

0 -

* 82.\ ;.............._
rrrrT-r-*

.1 .01 .001 .00011

DILUTION FACTOR
FIG. 6. Demonstration of the method used to estimate the relative abundances of sequences transcribed from the two B-crystallin genes.

Extracted total RNA was reverse transcribed using the common 3' oligonucleotide, primer 139. The resulting cDNA was serially diluted in
steps (each step a fivefold dilution) and amplified with the gene-specific 5' PCR primers (primer 513 or 492) in the presence of 32P-labeled
dCTP. The products were separated by agarose gel electrophoresis, and the bands were cut out of the gel and counted. The RNA sample used
for this illustration was obtained from the annular pad of the lens. About 30 times more b1-crystallin than 82-crystallin sequences were
detected.

lated at the level of transcription. Differential mRNA degra-
dation or processing would be unlikely to account for these
results.

In the central fiber cells, there was about 100 times more
mature b1-crystallin mRNA than 82-crystallin mRNA and
unprocessed b-crystallin sequences could not be detected in
this region. These data are consistent with the observation
that fiber cell nuclei become pyknotic and begin to degener-
ate in the center of the 14-day-old lens (20). Thus, mRNA
synthesis has probably ceased in these cells. The lower
b1-crystallin mRNA/82-crystallin mRNA ratio for the central
part of the lens compared with that for the cortex is also
consistent with the developmental history of these cells.
Central lens fiber cells are made at an earlier stage of
development than those in the cortex. Since the a1-crystallin
mRNAIb2-crystallin mRNA ratio is lower in the lenses of
younger embryos than in lenses from 14-day-old embryos
(30), the lower 81-crystallin mRNAI/2-crystallin mRNA ratio
for the lens center probably reflects b-crystallin mRNA
production at the time when the fiber cells were produced.

TABLE 1. Ratios of processed and unprocessed 81- and 82-
crystallin sequences found in different regions of E14 lenses

81-Crystallin mRNA/82-crystallin mRNA
ratio (range)a

Lens region
Processed Unprocessed

(mature) mRNA mRNA

Central epithelium 7-10 7-9
Annular padb 22-55 20-61
Cortical fibers 270-625 333-625
Central fibers 87-100 ND

a Ranges represent the values obtained in four or more experiments. ND,
not detectable.

b The annular pad is a thickened epithelial layer near the lens equator.

Expression of the B-crystallin genes in cultured lens cells.
Previous investigators found that the promoter and enhancer
sequences of the two b-crystallin genes had similar activities
when transfected into cultured lens cells (4, 5, 30). Because
these data appeared to conflict with the results described
above, we measured 81- and 82-crystallin mRNA levels in
lens cells prepared and cultured as described in these earlier
studies (4, 5, 7, 30). We were surprised to find that unlike
fiber cells in the intact lens, cultured lens cells accumulated
similar amounts of 81- and 82-crystallin mRNA. In all cases,
the 81-crystallin mRNA/I2-crystallin mRNA ratio was the
same or lower in cultured lens cells than in freshly dissected
lens epithelial cells (Table 2). Thus, even though cultured
lens cells expressed many of the characteristics of differen-
tiated lens fibers, including cell elongation, the absence of
cell division, and the formation of lentoid bodies, the cul-
tured cells did not accumulate the increased relative
amounts of 81-crystallin mRNA that are characteristic of

TABLE 2. Ratios of 81- and 82-crystallin RNA sequences in lens
cells cultured under conditions favoring the formation of "lentoid
bodies" or the differentiation of cells that resemble lens fibers

Ae Culture 81-crystallin
(dAges) style Culture mediuma RNA/82-crystallin(days)style ~~~~~~~RNAratio'
11 PLE" D-MEM + 10% FBS 0.4
14 PLE 0.3
14 Explants Ham's F-10 4
14 Explants 50% vitreous humor 3
14 Explants 20% FBS 6
14 Explants Coon's modified F-12 1
a D-MEM, Dulbecco's modified Eagle medium; FBS, fetal bovine serum.
b The &1-crystallin RNA/62-crystallin RNA ratios for freshly dissected lens

epithelia and fibers were approximately 6 and 300, respectively.
c PLE, primary "patched" lens cells (5).
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lens fibers. In some cases, there was even less 81-crystallin
mRNA than 82-crystallin mRNA in the cultured cells (Table
2). These results suggest that one explanation for the obser-
vation in previous studies that 8-crystallin promoter and
enhancer constructs were expressed in similar amounts in
cultured lens cells was because the endogenous B-crystallin
genes are expressed at similar levels in these cells.

DISCUSSION

b-Crystallin gene expression in the embryonic lens. Previ-
ous studies have demonstrated that transcriptional regula-
tion plays a major role in the control of crystallin gene
expression in the lens (26). However, until now there has
been little evidence for transcriptional regulation of the 81-
and 82-crystallin genes (28, 30). The studies presented above
strongly suggest that the differential expression of two
B-crystallin genes is regulated largely at the level of tran-
scription. This conclusion was derived from the following
lines of evidence.

(i) The density labeling experiments showed that newly
synthesized, unprocessed 82-crystallin mRNA was not de-
tected under conditions in which unprocessed 81-crystallin
mRNA was easily assayed. Thus, either the 81-crystallin
gene is transcribed more efficiently than the 82-crystallin
gene, 82-crystallin mRNA is selectively degraded during
synthesis or 82-crystallin mRNA is processed much more
rapidly than 81-crystallin mRNA.

(ii) In density labeling experiments, significantly more
processed 81-crystallin mRNA was detected in the dense
region of the gradient than b2-crystallin mRNA. This result
suggests that the difference in the accumulation of the two
mature 8-crystallin mRNAs is not primarily due to differ-
ences in their stability or rate of processing.
However, on the basis of these data, the possibility

remains that differential processing and/or differential
mRNA stability play lesser roles in determining the 81-
crystallin/82-crystallin ratio of mature mRNA. The 81-crys-
tallin/82-crystallin ratio found in density-labeled lens fiber
RNA was almost 10 times less than when total RNA from
lens fibers was assayed (ratios of 12 to 50 compared with 100
to 300 [see "Quantitation of 8-crystallin sequences in densi-
ty-labeled RNA" and Table 1]), which could be the result of
more rapid processing of the 82-crystallin transcripts. If this
interpretation were correct, longer labeling times should
produce 81-crystallin mRNA/82-crystallin mRNA ratios that
resemble those seen in freshly dissected lens fibers. Alter-
natively, the 81-crystallin/82-crystallin ratio for density-la-
beled, processed RNA may accurately reflect the rate of
synthesis of these two genes. In this case, the larger relative
amounts of mature 81-crystallin mRNA found in lens fibers
could be due to greater stability of the b1-crystallin mRNA.
Finally, it is possible that our measurements overestimated
the amount of 82-crystallin mRNA in the density-labeled
RNA samples.
We compared the efficiencies of the two gene-specific

primers in the PCR reaction. These tests involved direct
amplification of genomic DNA, which contains a single copy
of each gene, and amplification of prepared mixtures con-
taining different ratios of the two B-crystallin sequences
obtained from PCR amplification of unprocessed 8-crystallin
RNA (19). Since intron sequences in our test templates were
amplified with equal efficiency by flanking primers (primers
999 and 139), we assumed that any differences in the
efficiency of amplification of genomic DNA or the test
templates were due to differences in the efficiency of the

gene-specific primers. The b2-crystallin-specific primer was
consistently three to five times more efficient than the
81-crystallin-specific primer under the conditions employed
in our studies (19). In the density labeling studies, there was
a smaller amount of template RNA than in the other exper-
iments we reported. To detect and quantitate this smaller
amount of b-crystallin mRNA, more extensive amplification
was required. Because the gene-specific primers were not
equally efficient, the more amplification, the more the 82-
crystallin sequences will be overrepresented in the product.
The different efficiencies may account for the lower 81-
crystallin/82-crystallin ratios in newly synthesized, density-
labeled RNA compared with those found in RNA directly
extracted from fiber cells.

(iii) Additional evidence for transcriptional control of the
b-crystallin genes came from comparison of the 81-crystallin/
82-crystallin ratios for unprocessed and processed RNAs
from different regions of the lens. In all regions in which
unprocessed B-crystallin RNA could be measured, the 81-
crystallin/82-crystallin ratios were similar to those found for
mature, processed RNA. While these data might be ex-
plained by postulating that most of the 82-crystallin tran-
scripts were degraded during or immediately after synthesis,
the simplest explanation is that the differential expression of
two b-crystallin genes was largely due to different rates of
transcription.

(iv) Northern (RNA) blot analyses of mature 81- and
82-crystallin mRNA levels in the different regions of the 6-
and 14-day-old embryonic lens gave 81-crystallin mRNA/82-
crystallin mRNA ratios that were similar to those obtained
by us and by Thomas et al. (30) using PCR (19). This result
indicates that PCR methods gave reasonable estimates for
the accumulation of mature b-crystallin sequences. In their
experiments, Thomas et al. (30) found a 81-crystallin mRNA/
b2-crystallin mRNA ratio of about 100 in lens fibers from
14-day-old embryos. In the present experiments, we found
81-crystallin mRNA/82-crystallin mRNA ratios of about 300
to 600 for superficial (cortical) lens fibers and 90 to 100 in
central fibers. These data indicate that the 81-crystallin
mRNA/82-crystallin mRNA ratio in the whole lens fiber mass
increases with development and that this increase is due to
extreme specialization for 81-crystallin mRNA accumulation
in newly formed fiber cells during the latter half of develop-
ment. Since Thomas et al. (30) measured the 81-crystallin
mRNA/82-crystallin mRNA ratio in the whole fiber mass,
their estimate of 100 for the 81-crystallin mRNA/82-crystallin
mRNA ratio is in reasonable agreement with our values of 90
to 100 for central fibers and 300 to 600 for superficial fiber
cells. The study by Thomas et al. (30) did not compare the
relative efficiencies of their PCR primers, which could also
have contributed to the differences in the observed 81-
crystallin mRNA/82-crystallin mRNA ratios in the two stud-
ies.

Cultured lens cells or epithelial explants have been used
successfully to study the regulation of the crystallin genes
(28). In these culture systems, lens cells behave in many
ways like differentiated lens fibers. They elongate, cease
dividing, and accumulate increased amounts of crystallin
mRNAs (25). We were surprised, therefore, that these
cultured cells had 81-crystallin mRNA/82-crystallin mRNA
ratios that either closely resembled those found in freshly
dissected lens epithelial cells or that were inverted, with
larger amounts of 82-crystallin mRNA than of 81-crystallin
mRNA. On the basis of these data, conclusions about the
activities of B-crystallin promoter and enhancer sequences
derived from studies of transfected, cultured lens cells
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should be confirmed by examining the intact lens. At
present, although our data suggest that the expression of the
b-crystallin genes in regulated by differential transcription,
no reliable data are available on the regulatory sequences
responsible for this differential expression in intact lenses.
The promoter and enhancer sequences examined in previous
studies may be sufficient to regulate b-crystallin gene expres-
sion, or other sequences or other mechanisms, like DNA
methylation, may play important roles.

Using density labeling to measure mRNA metabolism. Lev-
els of specific mRNAs in the cytoplasm are regulated by
changes in their rates of synthesis, modification, processing,
transport, and degradation. In most cells, the details of many
of these mechanisms are understood only to a limited extent.
One reason for this lack of knowledge is the lack of adequate
techniques with which to isolate an individual step in RNA
metabolism from those that precede or follow it (1). These
limitations present the greatest difficulties when only small
numbers of cells are available.
The level of a specific mRNA in cells can often be

accurately determined by Northern blotting, ribonuclease or
Si protection assays, or quantitative PCR. However, if the
amount of this RNA changes, it is often difficult to determine
whether the change was due to alteration of its rate of
synthesis, processing, or degradation, or a combination of
these processes. Inhibitors of RNA synthesis and modifica-
tion are often used to study the mechanisms controlling
mRNA levels. However, these drugs disrupt the metabolism
of all mRNAs in a cell and, therefore, may have deleterious
effects on cell function. These drugs also may directly alter
the rate of translation or degradation of mRNA in some
cases (12, 18, 21, 29). The reliability of these agents should
be established in each system in which they are used.
However, for the reasons mentioned above, this is often
quite difficult.
Methods to measure the synthesis (run-on transcription)

or degradation (pulse-chase analysis) of specific mRNAs are
available. However, these methods often require homoge-
neous preparations of large numbers of cells and/or the use
of high levels of radioactivity to adequately label a single
species of mRNA.
We believe that combining density labeling with PCR

addresses these problems. In this approach, newly synthe-
sized RNA is first physically separated from preexisting
RNA. The exceptional sensitivity of the PCR technique can
then be used to detect differences in the relative or absolute
amounts of two or more RNA sequences. Density labeling
has been used previously, in conjunction with in vitro
translation, to determine mRNA stability in differentiating
cultured cells or in whole embryos (6, 32). Addition of the
PCR technique simplifies this method and provides added
sensitivity and specificity.

In our studies, we focussed on the relative expression of
the two B-crystallin genes, but this approach should be
generally applicable to the study of different RNAs in a
variety of cells and tissues. Only knowledge of the sequence
of the gene or genes under study and the ability to supply
density-labeled ribonucleosides as precursors for RNA syn-
thesis are required. Because PCR has such high sensitivity,
the method can be applied in circumstances in which only
small numbers of cells are available. The high sensitivity of
PCR should permit the study of mRNA synthesis, process-
ing, and degradation in embryos, clinical specimens, cells
isolated with a fluorescence-activated cell sorter, groups of
cultured cells injected with expression vectors, microdis-

sected tissue samples, and other cases in which the number
of cells is limiting.
The utility of this approach was illustrated in the present

studies. Two fiber masses dissected from 14-day-old chicken
lenses were the source of newly synthesized, B-crystallin
mRNA. Each fiber mass is made up of approximately 1.3 x
105 cells (30). However, cells in the central region of the lens
have stopped synthesizing RNA, because unprocessed
b-crystallin mRNA could not be detected there (Table 1). In
addition, although 8-crystallin mRNA accumulates to very
high levels in the lens, it appears to be synthesized more
slowly than some other messages, like myc, fos, and p53
(34). Thus, we expect that this method should be readily
applicable to the study of moderately abundant mRNAs in
fewer than 105 cells and may be useful for mRNAs that are
of lower abundance and for samples with even fewer cells.
Our data also suggest that density labeling-PCR analysis

will be useful for revealing precursor-product relationships
in RNA. After a 4-h labeling period, unprocessed, presum-
ably newly synthesized mRNA was found preferentially in
the densest regions of the gradients. In these same gradients,
newly synthesized, mature mRNA was most abundant at
intermediate densities. This distribution was probably
caused by the time needed to saturate the nucleoside triphos-
phate pools. This relatively long time assured that before
saturation of the pools, mRNAs with the shortest half-lives
would predominate in the densest fractions. Pulse-chase
experiments in which the density label is replaced by excess,
unlabeled ribonucleosides should increase the utility of this
method for following the kinetics of RNA metabolism.

Limitations of the density labeling method. The relatively
long time needed to saturate the nucleoside pool, at least in
the lenses used in our studies, is a disadvantage of this
method for the study of rapid events in RNA metabolism.
Pulse-labeling and pulse-chase studies of RNA metabolism
are most sensitive when the nucleoside triphosphate pools
become saturated rapidly. Although we have not tested this
approach, more rapid saturation of uridine precursor pools
in cultured cells has been accomplished by incubating cul-
tured cells in glucosamine (17), which stimulates the forma-
tion of UDP-glucosamine, thereby increasing uridine uptake
and the turnover rate of the UTP pool. This strategy or one
similar to it might be used to increase the rate and extent of
uptake of density-labeled nucleosides.
Among the other limitations of this method are the lengthy

centrifugation required to separate heavy RNA from light
RNA, the care needed to quantite RNA levels with the PCR
method, the incomplete separation of dense RNA from light
RNA, especially after short labeling periods, and the lack of
a commercial source for the density-labeled nucleosides. We
are currently developing methods to produce density-labeled
nucleosides at reasonable cost in an attempt to circumvent
the latter problem.

In spite of the potential difficulties mentioned above, the
physical isolation of newly synthesized, unmodified RNA
and its detection and quantitation by PCR can have many
advantages over the methods currently available for study-
ing RNA metabolism. We anticipate that this approach will
find applications in many areas of molecular biology.
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