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Abstract. Total cellular RNA was extracted from cultured keratoconus and normal human
corneal stromal cells. The translational activity of these RNAs was examined in a cell-free
translation system derived from reticulocyte lysate. Results indicated that keratoconus cells can
be separated into two groups, as has been shown previously. Group I keratoconus cells
contained the same amount of total RNA as normal cells. RNA activity and the rate of mRNA
synthesis in this group of keratoconus cells were also normal. By these criteria it seems that
the protein synthesizing system is functioning properly, and group I keratoconus cells should
have a normal rate of protein synthesis. These results correlate well with previous findings.
Group II keratoconus cells, in contrast, contained more RNA than normal cells. The
translational efficiency of RNA was so markedly reduced that the elevation in RNA content
did not compensate for the decrease in translational efficiency. It is likely that the reduced
protein and collagen synthesis in this group of cells is related to the reduction in the RNA
activity. An inhibitory component was present in the keratoconus RNA which affected synthesis

of all proteins and suppressed translation of normal RNA.

Medicine.
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Keratoconus is a slowly progressive and
potentially blinding corneal disease whose
pathogenesis is unknown (1). Histopathologic
and structural studies (2-5) have demon-
strated that, in the early stages of the disease,
fragmentation of the epithelial basement
membrane occurs together with disintegration
of Bowman’s membrane and fibrillation of
the anterior stroma. In later stages, the central
cornea is thinned, with destruction of Bow-
man’s membrane and stromal scarring. In
more advanced cases, the central portion of
Descemet’s membrane is ruptured with
edematous clouding of the cornea.

Previous biochemical studies of kerato-
conus have suggested abnormalities in colla-
gen crosslinking (6), in lysine hydroxylation
(7), in hydroxylysine glycosylation (7), in
collagen content (7, 8), and in collagenase
activity (9, 10). However, data have been
conflicting (11), and no clear mechanism of
pathogenesis has been presented. Very re-
cently, we have reexamined the biochemical
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properties of keratoconus corneas and have
investigated the synthetic activities of kera-
toconus stromal cells in culture (12). We
have demonstrated that keratoconus is a
heterogeneous group of diseases. This heter-
ogeneity may explain the contradictory data
that exist in the literature.

We have demonstrated at least two
subgroups of keratoconus corneas. Group I
has a normal collagen content, while group
II contains less collagen than normal corneas.
Both groups have a reduced protein content.
In tissue culture, group 1 keratoconus stromal
cells seem to have a normal rate of protein
and collagen synthesis. Conversely, group II
cells show reduced levels of both protein and
collagen synthesis.

Based on these data, we have hypothesized
that the defect in group I corneas may not
be related to protein synthesis. The defect in
group II corneas, however, appears to be
related to a reduction in total protein syn-
thetic activities of corneal cells.

To determine whether the variation in
synthetic activities seen in group II kerato-
conus cells is under transcriptional control,
the present study was conducted. Total cel-
lular RNA was extracted from both group I
and II keratoconus cells and from normal
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control cells and their translational activities
were measured. This investigation provides
information on the molecular-level defect in
a pathologic condition.

Materials and Methods. Cell cultures.
Corneal buttons from 15- to 67-year-old pa-
tients with typical clinical symptoms of ker-
atoconus were obtained following transplan-
tation. Normal human corneas from individ-
uals 4 to 65 years old were obtained from
the Illinois Eye Bank.

Descemet’s membrane with the attached
endothelium was stripped off from these cor-
neas (13) and the superficial epithelial-stromal
layer was removed. The mid- to posterior
portion of stroma was then cultured by stan-
dard procedures (14) in Eagle’s minimum
essential medium (MEM) containing 10%
fetal calf serum (FCS, GIBCO Laboratories).
After 4-5 weeks, when cultures were con-
fluent, cells were trypsinized and subcultured.

Extraction of total cellular RNA. Cultured
corneal stromal cells were treated, as previ-
ously described (15), with 3 ml of 1% sodium
dodecyl sulfate (SDS), 5 mM EDTA, 10 mM
Tris, pH 7.5 (SET buffer) containing 65 ug
proteinase K/ml per T-75 flask. Cells were
lysed with a Dounce homogenizer and the
mixture was incubated at 37°C for 1.5 hr.
Triton-X (0.01 vol), 10% deoxycholic acid
(DOC, 0.1 vol), and 4 M NaCl (0.1 vol) were
added, and subsequently samples were shaken
with 0.5 vol of phenol saturated with 0.5 M
Tris—-HCI, pH 7.5, followed by 0.5 vol of
chloroform. The two phases were separated
by centrifugation and the aqueous layer was
removed and reextracted two more times.
The RNA was precipitated by adding 2 vol
of ethanol at —20°C. The precipitate was
collected by centrifugation at 12,000¢ for 20
min, washed two times with 0.04 M NaCl in
66% ethanol to remove traces of phenol, and
lyophilized. RNA was redissolved in water,
and then was precipitated by the addition of
3 vol of 4 M sodium acetate, 5 mM EDTA,
pH 7.0. The precipitate was washed twice
with 3 M NaAc, 5 mM EDTA, and once
with 0.04 M NaCl, 66% ethanol. After lyoph-
ilization and a further ethanol precipitation,
the RNA was dissolved in water and stored
in liquid nitrogen. The concentration was
determined from absorbance at 260 nm,
assuming that an absorbance of 20 is equiv-
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alent to 1 mg RNA/ml. DNA was determined
as previously described (16) by a fluorometric
method using 3,5-diaminobenzoic acid.

In some cases, confluent cultures of kera-
toconus and normal human corneal stromal
cells were labeled for 2 hr with 8 uCi [5-
H]uridine (New England Nuclear Corp.,
25.2 Ci/mmole)/ml MEM containing 10%
dialyzed FCS and 50 pg/ml of ascorbic acid.
RNA was then extracted as described above.

Cell-free translation. RNAs derived from
keratoconus and normal control cells were
translated in a nuclease-treated rabbit retic-
ulocyte lysate (Amersham, N-90) system.
Each 15-pl translation mixture contained 12
ul of lysate, 5 uCi [2,3-*H]proline (New
England Nuclear Corp., 27.3 and 32.2 Ci/
mmole), and RNA isolated from keratoconus
or normal control cultures. Incubation was
conducted at 28°C for 60 min. Translation
was terminated by the addition of 1 N NaOH
and H,0, (20/0.8, v/v) to deacylate the trans-
fer RNAs. After a further 15-min incubation
at 37°C, the [*H]proline incorporation was
determined by precipitating 3-ul aliquots with
10% trichloroacetic acid (TCA) final concen-
tration, and filtering onto 25-mm glass-fiber
filters. The filters were washed with 5% TCA
and 95% ethanol, and counted in toluene-
Liquifluor in a Beckman scintillation counter.

For collagenase assays of cell-free transla-
tion products, a larger reaction (60 ul) was
prepared. The RNA concentration was 60,
120, and 60 wg/ml for group I keratoconus,
group II keratoconus, and normal control
cells, respectively. Following translation, col-
lagenase digestions were carried out at 400
units (Advanced Biofactures, Form III)/ml
at 37°C for 3 min (17) and proteins were
precipitated with TCA-tannic acid. Assays
were performed in duplicate.

Gel electrophoresis of RNA. Radiolabeled
RNA samples obtained from normal human,
group I and group II keratoconus cells were
electrophoresed through agarose gels to ex-
amine their molecular sizes. In each case,
equal aliquots (containing approximately
60,000 cpm) of RNA were incubated for 1
hr either at 4 or 30°C. The samples were
then denatured and electrophoresed on form-
amide denaturing 1.5% agarose gels (18). The
gels were stained with ethidium bromide,
destained, photographed, soaked in Enlighting
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(New England Nuclear Corp.), and dried.
Kodak XAR film was opposed to the gel at
~20°C for 8 days and then developed.

Messenger RNA (mRNA) isolation. Con-
fluent cultures of keratoconus and normal
human corneal stromal cells were incubated
with [5-*HJuridine for 2 hr as described
above. After labeling, the medium was re-
moved, and the cells were washed, lysed,
suspended in SET buffer, and incubated with
proteinase K (65 ug/ml) at 37°C for 1.5 hr.
Aliquots of the cell mixture were precipitated
with 10% cold TCA, and the total radioactiv-
ity incorporated was determined.

To the remaining cell mixture, Triton-X
(0.01 vol), 10% DOC (0.1 vol), and 4 M
NacCl (0.1 vol) were added. This mixture was
subsequently passed through an oligo(dT)-
cellulose (T-2, Collaborative Research) col-
umn (0.6 ml) as described (19). Binding and
wash buffer contained 0.4 M NaCl, 10 mAM
Tris, pH 7.5, 1 mM EDTA, and 0.5% SDS.
The poly(A)-mRNA fraction was eluted with
1 mM Tris, pH 7.5, | mM EDTA, and 0.1%
SDS. The eluate was adjusted to 0.4 M NaCl,
heated to 80°C for 5 min, rapidly chilled,
and recycled through the column. The radio-
activity associated with poly(A)-mRNAs was
assayed by counting a 20-ul aliquot of the
final eluate in a 3a70b cocktail (Research
Products International Corp.).

Results. Total cellular RNA was extracted
from both group I and group II keratoconus
cells and from normal control cells to ex-
amine the RNA metabolism in corneal cul-
tures. The grouping of keratoconus stromal
cells was based on the synthesis data shown
in a previous report (12). The RNA content
(expressed as ug/ug of DNA) in group I
keratoconus cells was similar to that found
in normal control cells (Table I). Group 11
keratoconus cells, however, contained a sig-
nificantly (P < 0.001) higher amount of
RNA. The concentration of these RNAs was
determined from absorbance at 260 nm. The
ratio of absorbance at 260 nm to that at 280
nm varied from 1.85 to 2.0, indicating a
minimal contamination with proteins. The
DNA content in the RNA preparations
ranged from 0.2 to 1.0%. It was not signifi-
cantly different among the group I and group
II keratoconus and normal samples.

RNA METABOLISM IN CORNEAL STROMAL CELLS

TABLE 1. RNA CONTENT IN KERATOCONUS
AND NORMAL HUMAN CULTURES

RNA
content
Age of donor (ng/ug
Sample (years) DNA)
Keratoconus
Group I 28 2.0
30 32
33 2.6
2.7
33¢ 37
2.3
2.8 +0.6°
Group 11 15 5.0
17 42
51¢ 44
4.5 + 044
Normal 4 3.0
3.0
31
5 2.5
53 3.1
55 2.0
56 1.8
58 2.5
65 3.0
2.5
27105

Note. The data are presented as means + SD. Each
line represents an individual experiment.

2 This cornea was analyzed biochemically and had a
normal collagen content.

® Compared to control, N.S.

¢ This cornea was analyzed biochemically and had a
reduced collagen content.

4 Compared to control, P < 0.001.

The ability of RNAs extracted from corneal
cells to direct protein synthesis was assessed
using a cell-free translation system derived
from rabbit reticulocyte lysate. The RNA
used was prepared individually from different
cell lines. The extent of *H incorporation
was linearly proportional to the RNA added
throughout the concentrations tested (up to
approximately 60 ug/ml in the case of group
I keratoconus and normal cells, and 180 pg/
ml in the case of group II keratoconus cells).
RNA from group I keratoconus cells and
normal control cells showed comparable ac-
tivity in terms of total protein synthesis (Fig.
1). In contrast, the translational efficiency of
RNA from group II keratoconus cells was
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FIG. 1. Translation of RNA isolated from keratoconus
and normal control cells. RNA was translated in a
nuclease-treated rabbit reticulocyte lysate system. The
translation mixture (15 ul) contained 12 ul of lysate, 5
uCi of [*H]proline, and RNA isolated from keratoconus
or normal control cuitures. Incubation was conducted at
28°C for 60 min. Translation was terminated by the
addition of 1 N NaOH and H,0, (20/0.8, v/v) followed
by a [5-min incubation at 37°C. The radioactivity
incorporated into proteins in 3 ul aliquots was measured
after TCA precipitation. RNA was from (¥) group I
keratoconus cultures, (@) group II keratoconus cultures,
and (O) normal control cultures.

markedly reduced (Fig. 1) and did not always
show a linear response to an increase in
RNA concentration. However, linearity is
difficult to access when the incorporation is
as low as it was with this RNA.

The radiolabeled collagenous protein syn-
thesized in the cell-free system was quanti-
tated by digesting the translation products
with purified bacterial collagenase. Table 11
shows that the percentage of collagenase-
labile proteins present in the products trans-
lated from group I and group II keratoconus
RNAs was comparable to that found in
normals.

Cell free translation was subsequently per-
formed with a mixture of 30 ug/ml each of
RNAs from group II keratoconus cells and
from normal cells. Parallel experiments were
also performed with the same concentration
of RNAs from each cell type. As shown in
Fig. 2, the extent of *H incorporation was
not additive with the mixed RNA prepara-
tion. In fact, incorporation was less than that
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observed with the normal RNA alone. It
appears that the RNA from group II kerato-
conus cells inhibited protein synthesis, sug-
gesting the possible presence of an inhibitory
component in these RNAs. In two additional
experiments, similar levels of inhibition were
observed (data not shown).

In order to eliminate the possibility that
the observed inhibition and the poor trans-
lational efficiency were due to ribonuclease
contamination in the RNA preparations from
group 1I keratoconus cells, RNAs from both
normal and keratoconus cells were examined
by gel electrophoresis. Samples were incu-
bated for 1 hr at either 4 or 30°C and then
electrophoresed on denaturing agarose gels.
Figure 3 shows the fluorogram of these RNAs.
Incubation at the temperature used for trans-
lations did not alter the size or distribution
of RNAs in any of the samples. This result
indicates that none of the RNA preparations
contain significant levels of ribonuclease.

TABLE II. COLLAGENASE DIGESTION OF THE in Vitro
TRANSLATION PRODUCTS

Total TCA-
precipitable Percentage
products collagen
Sample (cpm X 1073  synthesis®
Experiment |
Keratoconus Group 11 6.0 1.9
Normal 49 2.1
Experiment 2
Keratoconus Group [ 4.7 4.7
5.7 6.2
Normal 6.0 5.6

Note. The cell-free translation was carried out as
described in Fig. 1 except that a larger reaction (60 ul)
was prepared. The RNA concentrations were 60, 60, and
120 ug/ml for normal, group I, and group II keratoconus
cells, respectively. Following incubation, four aliquots of
the reaction mixture were transferred to glass test tubes
for collagenase assays. Calcium chloride, N-ethylmalei-
mide, Tris buffer, and collagenase (400 units/ml) were
added to two samples. No enzyme, but an equal volume
of the buffer was added to the other two samples. Tubes
were incubated at 37°C for 3 min and proteins were
precipitated with TCA-tannic acid. Each value is the
average from duplicate experiments. Different lots of
reticulocyte lysate were used for Experiments 1 and 2.

2 Collagen synthesis is expressed as a percentage of
total protein synthesis after correcting for the 5.4-fold
enrichment of proline in collagenous proteins.
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FiG. 2. Translation of RNA mixed from group II
keratoconus and normal control cells. The experimental
conditions for cell-free translation were the same as
described in Fig. 1. Radioactivity in 15-ul translation
mixtures is presented. The bars represent the range of
the values from duplicate experiments. RNA was from
(m) group 1l keratoconus cells, ((J) normal control cells,
and ((J) a mixture of either 30 or 60 ug/ml of each cell

type.

The percentage of [*H]uridine-labeled
poly(A)-mRNAs relative to total RNA was
determined after pulse-labeling corneal cells
for 2 hr. The values in both group I and
group II keratoconus cultures were similar to
those found in control cultures (Table III).
Since mRNA is a short-lived species, and the
relatively short incubation period used pref-
erentially labeled mRNA, our data suggested
that the rate of mRNA synthesis by both
groups of keratoconus cells was normal.

Discussion. The present study confirms
our previous finding that keratoconus is a
heterogeneous group of diseases. In addition
to the cell synthetic activities shown previ-
ously (12), cellular RNA content and RNA
template activity may also be criteria for
segregation of keratoconus corneas into two
subgroups. Medical histories in terms of du-
ration of disease, size and shape of the cone,
degree of scarring, and the presence of other
systemic diseases were examined. No differ-
ence in these clinical factors, however, could
be identified between the two groups of ker-
atoconus corneas.

Group 1 keratoconus cells contained the
same amount of RNA as normal cells. The
RNA activity in terms of directing total
protein synthesis, and the rate of mRNA
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synthesis were also normal. This suggests that
the protein synthesizing system in group I
keratoconus cells functions properly, and
correlates with the normal level of protein
synthesis observed in culture (12).

In this group of corneas, a reduced level
of noncollagenous proteins was noted (12).
The accumulation of macromolecules in a
cell and in the extracellular matrix is a net
sum of synthetic and degradative processes.
The synthetic processes depend, in part, on
the levels of mRNA and the efficiency of
translation by the protein synthetic apparatus
of the cell. Since the mRNA synthesis, the
RNA level, and the RNA translational effi-
ciency were all normal in group I keratoconus
cells, the reduction in noncollagenous protein
may result from an alteration in the protein
degradative processes (12). This hypothesis,
however, awaits to be tested.

Group II keratoconus cells appear to have
a different defect. They contained almost
twofold more total RNA than control cells
(Table I), but the translational efficiency of
the RNA was reduced approximately three-
fold (Fig. 1). Thus the elevation in RNA

FIG. 3. Fluorogram of RNAs isolated from keratoconus
and normal control cells. RNAs were incubated for 1 hr
at either 4° or 30°C, denatured and electrophoresed on
formamide denaturing 1.5% agarose gels (18). Lane 1,
normal RNA, 4°C; Lane 2, normal RNA, 30°C; Lane
3, group I keratoconus RNA, 4°C; Lane 4, group I
keratoconus RNA, 30°C; Lane S, group II keratoconus
RNA, 4°C; Lane 5, group II keratoconus RNA, 30°C.
All lanes contained approximately equal quantities of
radioactivity. Positions of origins (Ori) and 18 S and 28
S ribosomal RNAs are indicated.
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TABLE III. PERCENTAGE OF Poly(A)-mRNA RELATIVE
TO TOTAL RNA SYNTHESIZED BY KERATOCONUS
AND NORMAL CONTROL CELLS

Age of donor Number of % Poly(A)-

Cell (years) subcultures mRNA

Keratoconus
Group 1 28 10.7
9.8
13.1
11.0

13.0

115 = 1.5¢
10.3
6.6
7.9
12.0
9.3

30

W oW = AN

Group II 15
51

67

(VU R

9.2+21°

Normal S

P
el
R WD W W R W

Note. Confluent cultures of corneal stromal cells were
labeled with 8 uCi/ml of [S-*H]uridine for 2 hr. After
labeling, cells were separated from the medium and were
then suspended in 10 mAM Tris, pH 7.5, 5 mM EDTA,
1% SDS and incubated with proteinase K (65 ug/ml) at
37°C for 1.5 hr. Total radioactivity incorporated was
determined by precipitating aliquots of the cell mixture
with 10% cold TCA and filtering onto glass-fiber filters.
The poly(A)-mRNA fraction was isolated by oligo(dT)-
cellulose column chromatography. Percent poly(A)-
mRNA relative to total RNA was determined. Each line
represents an independent experiment. In each group,
no significant differences were associated either with age
of donors or number of passages.

4 Compared to normal, N.S.

content does not compensate for the decrease
in template activity, and the reduced protein
and collagen synthesis observed in this group
of cells is possibly related to the reduction in
RNA activity. A decrease in translation efhi-
ciency might be caused by a decline in
mRNA. However, this explanation is un-
likely. When keratoconus RNA is combined
with the normal RNA in a translation assay,
there is a suppression of synthesis from the
normal template (Fig. 2). These observations
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appear unrelated to a ribonuclease activity,
since no change in size or distribution of any
RNA samples (Fig. 3) was observed by in-
cubating RNAs at the temperature used for
cell-free translations (30°C). The data argue
that keratoconus RNA contains an inhibitory
factor that affects the protein synthesizing
mechanism. All proteins appear to be equally
affected, since we found that the percentage
of collagenous material in products synthe-
sized from the RNA obtained from group II
keratoconus cells was close to that obtained
from normal control cells (Table II). The
presence of an inhibitory factor rather than
a defect in the mRNA per se is supported by
the normal level of mRNA synthesis (Table
III) observed in these cells. At present, the
identity of the inhibitor is unknown.

The mechanism that produces a higher
than normal RNA content in group II kera-
toconus cells (Table I) is also not clear, nor
is it known whether the excess RNA is
poly(A)" or poly(A)~. Further studies are
required to identify the inhibitor and to
determine whether a translational control
factor exists in group II keratoconus cells.
Determination of collagenase and other pro-
tease activities in keratoconus cell cultures is
also underway in our laboratory. A full un-
derstanding of the molecular mechanism in-
volved in keratoconus must wait completion
of these studies. In any event, it seems that
the changes in some cases of keratoconus are
related to changes in RNA metabolism.
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