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The figure shows 600 M. genitalium sites that were

. unambiguously -mapped onto the M. pneumoniae

genome. The whole-genome alignment method of
Delcher et al. (19) mapped 317 sites, but does not
map sites close to insertion/deletion and rearrange-
ment differences between the chromosomes. An ad-
ditional 201 sites were mapped by searching the M.
pneumoniae genome for matches to short sequences
(200 to 400 base pairs) containing each M. geni-
talium insertion site. An additional 83 sites that were
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not mappable by the above methods (because of
matches to several related M. pneumoniae sequenc-
es) were mapped to the corresponding position with-
in the orthologous M. pneumoniae gene. The M.
pneumoniae-specific regions are from (3), with minor
modifications. Each pink highlighted region contains
a block of M. pneumonjae—specific genes and arbi-
trarily includes the intergenic regions flanking it.
21. In the M. genitalium experiments, the growth medium

is SP-4 supplemented with either glucose or fructose as
indicated. In the M. pneumoniae experiment, the cells
were grown in Hayflick's medium supplemented with
glucose or fructose. Cells were grown five passages
(split 1 to 10) under the indicated condition before
preparation of DNA for PCR templates. This is approx-
imately equivalent to nine doublings.
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Functional Human Corneal
Equivalents Constructed from
Cell Lines
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Human corneal equivalents comprising the three main layers of the cornea
(epithelium, stroma, and endothelium) were constructed. Each cellular layer
was fabricated from immortalized human corneal cells that were screened for
use on the basis of morphological, biochemical, and electrophysiological sim-
ilarity to their natural counterparts. The resulting corneal equivalents mimicked
human corneas in key physical and physiological functions, including morphol-
ogy, biochemical marker expression, transparency, ion and fluid transport, and
gene expression. Morphological and functional equivalents to human corneas
that can be produced in vitro have immediate applications in toxicity and drug
efficacy testing, and form the basis for future development of implantable

tissues.

The cornea comprises three major cellular lay-
ers: an outermost stratified squamous epitheli-
um, a stroma with keratocytes, and an inner-
most monolayer of specialized endothelial
cells. The structure of the cornea allows it to
serve as a barrier to the outside environment
and as a major element in the optical pathway
of the eye (/). The cornea is transparent, avas-
cular, and immunologically privileged (2),
making it an excellent candidate for tissue en-
gineering for transplantation. Various research-
ers have attempted to fabricate artificial cor-
neas or parts of corneas in vitro (3), but there
have been no reports of successfully recon-
structed human corneas that mimic the anat-
omy and physiology of the human cornea.
Our objective was to develop a morpholog-
ical and functional equivalent of the human
cornea. Human cell lines were developed from
cells isolated from the individual cellular layers
of the cornea. Most were immortalized (4) by
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infection with an amphotropic recombinant ret-
rovirus containing HPV16 genes E6 and E7 (5,
6); others were immortalized by transfection
(7) with mammalian expression vectors con-
taining genes encoding SV40 large T antigen,
pSV3neo (8), and adenovirus E1A 12S (9),
separately or in combination. Immortalized
cells had random chromosomal breaks, struc-
tural rearrangements, and, in several lines, an-
euploidy (10); similar chromosomal anomalies
associated with immortalization were reported
in HPV E6/E7 immortalized vascular endothe-
lial cells (6), although random structural re-
arrangements and aneuploidy are also present
in normal human corneal cells (/7). The im-
mortalized cells also had significant telomer-
ase activity (/2) [associated with the immor-
talized phenotype (6)] compared to little or
no activity in nonimmortalized cells.

Before use in corneal equivalents, cell lines
were screened for morphological, biochemical,
and electrophysiological similarities to freshly
dissociated or low-passage corneal cells ob-
tained from postmortem human corneas. Elec-
trophysiological screening of epithelial cells by
means of amphotericin-perforated patch clamp-
ing (13) showed that immortalized cells had
whole-cell currents similar to those of cultured
corneal epithelial cells (Fig. 1, A to F) (I4).
Cells with altered phenotypes and physiology
(transformed cells), however, showed anoma-
lous currents (Fig. 1, G to I). Patch clamping
was also used in screening keratocyte and
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Fig. 1. Representative current
tracings and current-voltage (/-
V) records from cultured human
corneal epithelial cells (A to C),
an immortalized cell line (D to
F), and a line found to be trans-
formed rather than immortal-
ized (G to I). A tail current pro-
tocol (tracings not shown) was
used to determine reversal po-
tentials. Tail currents were ob-
tained by clamping cells at 0
mV, depolarizing to 100 mV,
then hyperpolarizing to voltages
shown on the x axis. Currents
and /-V relations revealed simi-
lar nonselective cation and fe-
namate-activated K* currents in
both cultured and immortalized
epithelial cell lines. Similar cur-
rents were observed in trans-
formed cells, regardless of cell
type. This current is likely a Cl™
or nonselective cation current,
as inferred from reversal poten-
tials of 0 mV in NaCl baths, and
is identical in both NaCl (not
shown) and KCl baths. Pipette
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and 5 mM Hepes. Insets (in A, D, and G) are voltage-clamp protocols.

A

Human
Cornea

Corneal
Equivalent

Fig. 2. (A) Postmortem human cornea with scleral rim (left) and human corneal equivalent with
surrounding pseudo-sclera (right) after 2 weeks in culture. Both retained their transparency, as
indicated by the clarity of the “E” beneath each cornea. Scale bar, 10 mm. (B and C) Cultured
human eye bank cornea (B) and corneal equivalent (C). Both show well-defined epithelial (Ep),
stromal (S), and endothelial layers (En), and acellular limiting Bowman'’s (Bm) and Descemet’s (Dm)
membranes. Interlamellar clefts in eye bank corneal stroma are storage and processing artifacts.
Scale bar, 100 wm. (D) Corneal equivalent with surrounding pseudo-sclera containing microvessel-
like structures (arrowheads), which bound acetylated low density lipoprotein labeled with the
fluorescent probe Dil (red). The cornea (C), however, remained avascular. Scale bar, 500 um. (E)
Corneal equivalent visualized with epifluorescence by confocal microscopy. Epithelial (Ep) and
endothelial (En) layers are distinct (red), and keratocytes (arrowheads) are present in the collag-
enous stromal matrix (S, green). Scale bar, 100 um. (F) Cornea constructed with cell lines deemed
transformed by electrophysiology. The three main layers are not readily distinguishable, and
transformed epithelial cells (arrows) are seen invading the stroma. Scale bar, 100 um. Insets (in E
and F) are hematoxylin and eosin—stained sections of the same tissues.

endothelial lines. Lines with whole-cell cur-
rents closest to those of corresponding normal
cells were identified; phenotypes were con-
firmed by expression of appropriate biochem-
ical markers (15).

After cell lines were screened and chosen,
the comeal tissue layers were constructed. Oth-
er investigators have used natural and synthetic
polymers to produce scaffolds for engineered
tissues (3, 16). For a tissue matrix, we used a
collagen—chondroitin sulfate substrate cross-
linked with 0.02 to 0.04% glutaraldehyde, then
treated with glycine to remove unbound glutar-
aldehyde. Stromal, epithelial, and endothelial
layers were created by mixing cells into, lay-
ering cells below, and layering cells on top of
this substrate, respectively (1/7) (Fig. 2A).
Constructs were typically maintained in tissue
culture medium 199 with 10% fetal bovine
serum, 1% insulin-transferrin-selenium, and
gentamicin. We also used a serum-free medium
(18) for optimal growth under defined condi-
tions. Both media contained protease inhibi-
tor and ascorbic acid (/9) to retard cellular
degradation of the matrix and to stimulate
collagen synthesis. Once the epithelium at the
bottom of the insert was confluent, it was
exposed to air to allow differentiation into
multilayers. Corneal equivalents were also suc-
cessfully constructed in the reverse order
(with corneal endothelium at the bottom and
the air-liquid interface on top) and from low-
passage primary human corneal cells, allow-
ing for future development of transplants. As-
sembled comeal equivalents were allowed to
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Fig. 3. (A) Representative
Southern blots of RT-PCR
products from human corneal
equivalents treated with 5%
SDS or medium alone (Con).
18S internal standards are
shown below each set. (B)
Southern blots of RT-PCR
products from three sets of
human cornea donors (D1 to
D3). One cornea in each pair
was a control (a); the other
was treated with 5%.SDS (b).
185 internal standards .are
shown below each set. (C)
Changes in mRNA expression
in human corneas and corne-
al equivalents with SDS. The
intensity of mRNA bands was
normalized to corresponding
185 bands. Changes in gene
expression are shown as rel-
ative increase over control.
Corneal equivalents, n = 8

L

Con SDS

IL6
- =
" bFGF
- wm
. w9 .= &
- e .VEGF . :
i i | CJComeal equivalent
P .; *‘ coll I * | NI Human
- * : ?

ab ab ab f T T

REPORTS

T I
pi D2 B R R TR P TR T |
Relative Increase/Control

for control and n =9 for treated groups; human corneas, n = 3 for control and treated groups.

*P < 0.05 versus control (t test).

differentiate for 2 weeks before use.

The comeal equivalents resembled human
corneas in gross morphology, transparency (Fig.
2A), and histology (Fig. 2, B and C). Transmis-
sion electron microscopy showed structures of
healthy, actively metabolizing cells (electron-
lucent nuclei, numerous mitochondria, extensive
rough endoplasmic reticulum) (20). Modifica-
tions, such as incorporation of fibrin (21), pro-
duced matrix that supported angiogenesis so the
avascular comea could be surrounded with vas-
cularized matrix to produce a single cornea-
pseudosclera construct (Fig. 2D).

The most successful multilayered corneal
equivalents (Fig. 2E) were constructed from
immortalized cell lines with appropriate ion
channel activities (Fig. 1). Cell lines with cur-

Fig. 4. Human eye bank corneas (A)
and corneal equivalents (B) treated
on their epithelium for 5 min with
100 pl of DMEM (control; left cor-
nea) or 70% dimethyl dialkyl am-
monium chloride (right cornea), an
ocular irritant. Treated comeas show
opacification of treatment areas
(arrowheads). Scale bar, 10 mm. (C)
Treated corneal equivalent stained

with live/dead stain. Red (arrow- D). E-

head) indicates area of dead cells; o (Comrdla b ¢ d e | 5 |Contla b ¢
green indicates live cells. Scale bar, 2 ° I? E%\ ' ol 7

10 mm. (D to F) Changes in light & = 5 T
transmission through (D) rabbit cor- § _ | | § o v

neas, (E) corneal equivalents, and 3 * | & *

(F) human corneas treated for 5 & < s £ 0

min with 100 pl of DMEM (control); & . | B =

(a) artificial tears (0.3% hydroxym- |0 Rabbit comeas £ i B Comeal equivalents
ethylcellulose, 0.1% dextran, poly- = '@ Chamicals - O il

quad preservative); (b) anionic sur-

factant mixture (20% alkyl ethoxysulfate, 5% alkyl sulfate); (c) anionic
surfactant mixture (30% alkyl benzene sulfonate, 15% alcohol ethoxy-
late); (d) cationic surfactant (50% trimethyl alkyl ammonium chloride);
and (e) cationic surfactant (70% dimethyl dialkyl ammonium chloride).
Historical rabbit low volume eye test (24) maximum average scores for

www.sciencemag.org SCIENCE

rents indicating abnormal physiological func-
tion (Fig. 1, G to I) resulted in unsuccessful
constructs (Fig. 2F). Epithelial cells showing
abnormal currents stained positively for epithe-
lial-specific keratin 12, which demonstrates the
need for functional testing of cell lines in addi-
tion to immunohistochemical screening. Elec-
trophysiological screening was therefore effec-
tive for identification of cell lines with phe-
notypes similar to those of low-passage or
freshly dissociated human corneal cells.

To test the physiological function of the
corneal equivalents, we evaluated stromal
swelling, gene expression, and tissue transpar-
ency. Optimal stromal hydration is maintained
in the human cornea by the pumping action of
the specialized endothelium (22). Exposure of

VOL 286 10 DECEMBER 1999

human corneal endothelium to ouabain (100
M) has been shown to disrupt pumping and
increase stromal thickness [by 16% within 2
hours (23)]. Ouabain caused swelling of the
corneal equivalents from 878 pm to 1077 pm,
an increase of 22.7% (n = 5), as measured by
optical coherence tomography (OCT) (24).
Control corneal equivalents showed slight thin-
ning by 44 pm or 5.4% (from 813 pm to 769
wm; n = 4), likely the result of an active pump.
The comneal equivalents were thus similar to
human comeas in both stromal swelling and a
physiologically active endothelium.

We used the reverse transcription polymer-
ase chain reaction (RT-PCR) to examine chang-
es in gene expression in injured corneal equiv-
alents and human eye bank corneas (25). Cor-
neas and comeal equivalents were exposed to
5% SDS, a surfactant that causes mild injury to
the comnea (26). SDS exposure resulted in in-
creased mRNA for genes involved in corneal
wound healing [c-fos; the genes encoding cyto-
kines interleukin-1 (IL-1), IL-6, basic fibroblast
growth factor (bFGF), and vascular endothelial
growth factor (VEGF); and the gene encoding
type I collagen (Coll )] (27) in both fabri-
cated and eye bank comeas (Fig. 3). Fabri-
cated corneas showed greater sensitivity, pos-
sibly because they are healthier tissues than
eye bank comeas available for research.

To further evaluate the corneal equivalents,
we examined changes in light transmission af-
ter exposure to chemicals, comparing responses
to those of human and rabbit corneas [the stan-
dard in ocular toxicology tests (26)]. We ob-
served opacification (Fig. 4, A and B) with
increased cell death (Fig. 4C) (28) within the
treatment zone of all three types of corneas.
Changes in the transparency of corneal equiv-
alents in response to chemicals (29) were sim-
ilar to those observed in human and rabbit

L

'a:_o
-
-l »
il =
. N
~—

r'y
°

-80 i
|
|

-80

| IMHuman comeas

% Transmission change =

—_—

@
8

Chemicals

these substances were 27.2 (b), 55.7 (c), 93.0 (d), and 109.3 (e), where a
higher score indicates a greater degree of corneal opacification. Human
corneas, n = 4 for each chemical; corneal equivalents, n = 5 for each
chemical; rabbit corneas, control group, n = 12; all other groups, n = 17.
*P < 0.05 versus control (ANOVA).
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comeas (Fig. 4, D to F). These results showed
that the comneal equivalents had an active re-
sponse to different grades of injury, an impor-
tant functional characteristic of human comeas.

These engineered corneal equivalents

have immediate applications as human ocular
irritancy models for evaluating new chemi-
cals and drugs, as alternatives to animals
(30), and in drug efficacy testing such as for
wound healing. The corneal equivalents can
also be used in biomedical research, for exam-
ple, to study wound healing and cell-matrix
interactions. This technology provides a
strong basis for the development of tempo-
rary or permanent cornea replacements with
low rejection rates. Future research could
lead to readily available, complex engineered
tissues that reproduce their natural human
counterparts and are suitable for implants,
transplants, and biomedical research.

N
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Mouse Models of Tumor
Development in
Neurofibromatosis Type 1

Karen Cichowski,"* T. Shane Shih,"2* Earlene Schmitt,’3
Sabrina Santiago,” Karlyne Reilly," Margaret E. McLaughlin,*
Roderick T. Bronson,® Tyler Jacks'}

Neurofibromatosis type 1 (NF1) is a prevalent familial cancer syndrome re-
sulting from germ line mutations in the NF1 tumor suppressor gene. Hallmark
features of the disease are the development of benign peripheral nerve sheath
tumors (neurofibromas), which can progress to malignancy. Unlike humans,
mice that are heterozygous for a mutation in Nf7 do not develop neurofibromas.
However, as described here, chimeric mice composed in part of Nf71~/~ cells
do, which demonstrates that loss of the wild-type Nf7 allele is rate-limiting in
tumor formation. In addition, mice that carry linked germ line mutations in Nf7
and p53 develop malignant peripheral nerve sheath tumors (MPNSTs), which
supports a cooperative and causal role for p53 mutations in MPNST develop-
ment. These two mouse models provide the means to address fundamental
aspects of disease development and to test therapeutic strategies.

Neurofibromatosis type I (NF1) affects about
1 in 3500 individuals worldwide (/). The
hallmark clinical feature of the disease is

development of multiple benign neurofibro-
mas, which can be debilitating, severely dis-
figuring, and, in some patients, progress to
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