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Purrost. The meibum lipidome contains lipids with extremely long chain fatty acid (ELCFA)
residues, longer than C,g. Particular lipids based on extremely long chain (O-acyD-w-hydroxy
fatty acids (OAHFA) are found in all mammal meibum and are proposed to stabilize the tear
film by forming the interphase between its lipid and aqueous sublayers. The enzyme ELOVL4
is required for synthesis of ELCFA. We investigated whether Stgd3 mice, harboring mutations
in ELOVL4 that have been shown to decrease the levels of its biosynthetic lipid products,
would represent a model system in which to define the role of such lipids in meibum.

Metnops. Ocular phenotypes of wild-type mice were compared with those of Stgd3 mice.
ELOVL4 expression in eyelid and back skin was characterized by immunohistochemical
analysis. Anatomical changes within the eyelids of mutant mice were examined by
hematoxylin and eosin staining of paraffin-embedded tissue.

Resurts. Mutant mice had increased eyelid blink rates, a reluctance to maintain their eyes fully
open, protruding meibomian gland (MG) orifices, and anatomical changes within the MG. In
wild-type mice, ELOVL4 was strongly expressed within the holocrine meibomian and
sebaceous glands. The enzyme localized to structures encircling lipid deposits within cells in
both the early and late stages of differentiation. No ELOVL4 was detected within the central
meibomian duct.

Concrusions. Stgd3 mice show changes that resemble clinical findings in patients with the
evaporative type of dry eye disease, suggesting that further studies in this mouse model will
provide a basis for better understanding of the causes of human dry eye.
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eibomian glands (MG) are located within the tarsal plate in
both the upper and the lower eyelids of humans and in a
wide variety of other animal species.!? These glands synthesize
a very complex mixture of lipids>=© that are delivered to the
outer surface of the eye where they form the outermost layer of
the multilayered tear film (TF), called the tear film lipid layer
(TFLL).%7 A properly functional TF and, importantly, its TFLL
are critical for ocular health, contributing to both a functional
barrier against desiccation and maintenance of a clear interface
between the external environment and the corneal surface.
Considerable effort has been devoted both in early studies®%*
and in more recent ones, with use of more sophisticated
methodology by multiple investigators,>1°-12 to defining the
qualitative and quantitative lipid composition of human and
animal meibum. In addition, there is a general consensus that
alterations in MG function and/ or alteration in the qualitative/
quantitative composition of the lipids secreted by the MG are
significant contributors to the evaporative form of dry eye
dysfunction (DED [or disease]), a usually chronic condition that
effects millions of people each year.?13
The majority of meibum lipids (~70%) are nonpolar in
nature, composed predominantly of cholesteryl ester (CE) and
wax ester (WE) lipids, which form the bulk phase of the TFLL.
In addition, meibum contains amphiphilic lipids such as fatty
acids (FA) and (O-acyl)-o-hydroxy FA (OAHFA), which represent
~5% of meibum lipids, and their (chole)steryl esters.®1214 An

unusual chemical signature of all of the OAHFA-based lipids,
and some of the other nonpolar lipids such as CE, is their
content of extremely long chain fatty acid (ELCFA), with
residues >C,g. In mammals, the synthesis of FA with >C4
requires an endoplasmic reticulum (ER)-localized fatty acid
elongation system. The rate-limiting condensation step in this
system is catalyzed by 1 of the 7 enzymes of the elongase of
long chain fatty acid family (ELOVL1-ELOVL7), each member of
which demonstrates its own substrate specificity. The only
ELOVL that has been shown to have activity in in vitro
studies'>~17 toward substrates >C,¢ in length is ELOVL4, thus
suggesting a role for ELOVL4 in elaborating components of the
meibum lipidome.

The ELOVL4 gene was initially identified as a consequence
of studies establishing that multiple different mutations in the
human gene are linked to autosomal dominant Stargardt disease
3 (STGD3 descriptor 600110; Online Mendelian Inheritance in
Man [OMIM]).'8-2! Subsequently, multiple Elovi4 mutant
mouse models were generated to investigate the biological
basis of STGD3. These included both knockout??23 and
knockin models carrying introduced disease-associated muta-
tions mapping to the C terminus of ELOVL4.24-2¢ All C-terminal
mutations cause loss of the peptide sequence required to target
the enzyme to the ER.?” Studies in mutant mice established a
vital requirement for the lipid biosynthetic products of ELOVL4
for viability. All homozygous Elovi4 mutant mice died as
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neonates as a consequence of disruption of the barrier
function of the skin.?3-2%28 Lipid analysis studies in the skin
and retina of heterozygous Elovl4 mutants documented a
reduction of approximately 50% of complex lipid species
containing C,g or longer FA as one component and the absence
of such lipids in homozygous mutants. Specific affected lipids
in the retina were phosphatidylcholines with polyunsaturated
Cog to Csy4 acyl residues®® and, in the skin, multiple lipids
including acylceramides that contained monounsaturated Cyg
to Csg acyl residues with o-hydroxyl groups.?4-2° Thus, studies
to date in Elovl4 mutant mice suggest that (1) ELOVL4 is
required for synthesis of diverse lipid species containing very
long chain FA >C,g; (2) synthesis of such lipids occurs
endogenously in the tissues where they are found; and (3) loss
of the unique lipid biosynthetic products of ELOVL4 can have
significant biological consequences within the tissues where
they are synthesized.

In this article we report robust expression of ELOVL4 in
mouse MG and present data to suggest that mice carrying
mutations in Elovi4 present with ocular characteristics
suggestive of the evaporative form of DED. We further propose
that Elovl4 mutant mice represent a unique model system
which can be studied to delineate the role of specific classes of
meibomian lipids in ocular TF function.

METHODS
Mice

All procedures involving mice were approved by the University
of Texas Southwestern Medical Center (UTSW) Institutional
Animal Care and Use Committee and were conducted in
accordance with the Association for Research in Vision and
Ophthalmology Statement for the use of Animals in Ophthal-
mic and Vision Research. Animals were housed at UTSW in
facilities which have been certified by the Association for
Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). Both wild-type (WT) and heterozy-
gous Elovl4 mutant mice (heterozygous Stgd3 mice) were used
in this study, the latter strain was generated as a knockin model
of human STGD3.2° Both the WT and heterozygous Stgd3 mice
were maintained on a mixed, predominantly 129SvEv and
C57BL6 background.

Immunohistochemistry

Eyelid tissue, including both the epidermis and MG with
attached conjunctiva, the eyeball, and midline back skin were
dissected from animals after euthanasia and fixed overnight at
4°C in freshly prepared 4% paraformaldehyde in PBS, pH 7.4.
Samples were cryopreserved by passage through 10%, 20%,
and 30% sucrose in PBS before mounting in optimal cutting
temperature compound (OCT; Tissue-Tek, Torrance, CA, USA).
Tissues were sectioned and placed on Superfrost Plus slides
(Thermo Scientific; Fisher Scientific, Pittsburgh, PA, USA) and
stored at —20°C. Sections for immunostaining were air dried for
30 minutes, washed with PBS to remove OCT, and permeabi-
lized and blocked by incubation for 20 minutes in PBS
containing 0.1% Triton X-100 in the presence of 10% (vol/
vol) normal goat serum. A rabbit affinity-purified anti-mouse
ELOVL4 antibody, kindly provided by Gene Anderson MD, PhD
(Oklahoma Medical Center),'> diluted 1:200, was incubated
with tissue overnight at 4°C in PBS containing 2.5% normal
goat serum. After incubation, samples were washed 3 times for
5 minutes with PBS and incubated for 1 hour with Alexa Fluor
488-conjugated F(ab)2 fragment of a goat anti-rabbit secondary
(1:500 dilution; Molecular Probes, Life Technologies, Grand
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Island, NY, USA). After being washed 3 times for 5 minutes
with PBS, nuclei were counterstained by incubation with 4’,6-
diamidino-2-phenylindole (DAPI; SelectFX nuclear labeling kit;
Molecular Probes) for 2 minutes, washed with PBS, and
mounted in Gel/Mount (Biomeda Corp, Foster City, CA, USA).
Stained sections were examined using a DM1300B fluorescent
microscope (Leica Microsystems, Inc., Buffalo Grove, IL, USA)
with fluorescein isothiocyanate (excitation at 470/40 nm, and
emission at 525/50 nm) and ultraviolet (excitation at 360/40
nm, and emission at 470/40 nm) filters and equipped with a
CooISNAP fx digital camera (Photometrics, Tucson, AZ, USA).
Images were acquired individually using each filter set and later
processed using Photoshop (Adobe Systems, Inc., San Jose, CA,
USA) to combine the signals in the final red-green-blue images.

0Oil Red O Staining

Oil Red O (ORO) staining solution was prepared as described
previously.®> Cryosections of eyelid and skin were used for ORO
staining protocols because this method preserves tissue lipid
during processing. To stain, sections that had been permeabi-
lized, blocked, and incubated with both primary and second-
ary antibodies, as described earlier, were washed 3 times for 5
minutes with PBS and then incubated for 30 minutes with a
working dilution of ORO that had been filtered through a 0.2-
pum filter immediately before use. Sections were then washed
for 30 minutes with water and mounted directly, using Gel/
Mount, or nuclei were counterstained with DAPI and then
mounted. ORO staining was examined by fluorescent micros-
copy using a Texas red filter (excitation at 560/40 nm, emission
at 645/75 nm).

Hematoxylin and Eosin Staining

Eyelids were removed, fixed for at least 24 hours in buffered
Carson’s formalin,?® and then dehydrated by successive
passage through 50%, 70%, 95%, and 100% ethanol before
paraffin embedding. Tissue was sectioned, rehydrated through
decreasing ethanol concentrations, and stained with hematox-
ylin and eosin (H&E; Statlab Medical Products, McKinney, TX,
USA).

In Situ Hybridization

Anesthetized adult WT mice were perfused with freshly
prepared 4% paraformaldehyde in PBS prepared with dieth-
ylpyrocarbonate-treated water. Dorsal skin was removed and
fixed in the same solution overnight at 4°C. The tissue was
paraffin embedded, sectioned, and processed for hybridization
in the Molecular Biology Core Laboratory at UTSW, using
established procedures.?! Probes used to detect Elovl4 mRNA
were 291 nucleotide sense and antisense sequences corre-
sponding to nucleotides 546 to 836 from mouse Elovl4 cDNA
sequence (NCBI designation NM_148941). Probes were
transcribed using T7 RNA polymerase in the presence of 3°S-
labeled uridine-5’-triphosphate. Following autoradiography and
development, slides were counterstained with hematoxylin,
dehydrated, and cover-slipped with permanent mounting
medium.

RESULTS

Mice Carrying Mutations in Elovl4 Show Changes
in Eyelid Phenotype

Observation of mice at weaning in our breeding colony of
Stgd3 mice revealed the presence of animals with 2 different
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FiGure 1.

Gross eye phenotypes in WT and heterozygous Stgd3 mice.
The eyes of a 1-month-old WT mouse (left) are rounded in appearance,
whereas those in a heterozygous Stgd3 littermate mouse (right)
present with an elongated profile.

gross eye phenotypes. Some mice displayed a round, open eye
profile, whereas others presented a more slanted eye
phenotype (Fig. 1). Genotyping of pups for the presence of
the Elovi4 and Sitgd3 alleles revealed that the round eye profile
was found in WT mice, whereas the altered profile tracked
with the presence of a single Sigd3 allele. Although homozy-
gous Stgd3/Stgd3 animals were also born in the colony from
heterozygous Stgd3 pairings, such animals died within hours of
birth as a consequence of epidermal barrier defects.?® Thus,
such animals were not available for monitoring effects on gross
open eye phenotypes because eye development in mice is
completed in the postnatal period.

Both male and female heterozygous Stgd3 mice showed the
altered eye phenotype, but some interanimal variability in the
degree of the slanted eye appearance was observed. With
experience in the mouse room, it became possible for us to
genotype mice at weaning based on gross eye phenotypes.
Closer observation of individual 1- to 2-month-old heterozy-
gous Stgd3 mice revealed that the slant eye phenotype
reflected a pattern where these mice chose to keep their eyes
only partially opened when at rest. Such mice when startled,
however, were capable of opening their eyes more completely.
By partially closing their eyes, the heterozygous Stgd3 mice
reduced the effective area of exposed cornea. To obtain an
estimate of the extent of reduction in exposure, we recorded
movies for 2 sets of littermates: WT and heterozygous Stgd3
mice, freely moving in a confined space. Individual frames in
which mice were shown at rest were isolated and the pixel
count of the exposed corneal surface was determined for each
animal, using Photoshop. This analysis showed a reduction in

Al
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the exposed corneal surface area in heterozygous Stgd3 mice
of 46% to 50% compared to that of WT mice.

Analysis of the movie recordings of mice further revealed
that heterozygous Stgd3 mice displayed an increase blink rate
relative to that observed in WT mice. Quantitative measure-
ment of blink rates in freely moving mice is challenging
because of their speed and agility and also the small size of
their eyes. However, our analysis of movies recorded for mice
of both genotypes revealed that WT mice blink infrequently.
Observation of most WT mice over a 2-minute period showed
no blinking or, infrequently, a maximum of 1 blink. This
contrasted with heterozygous Stgd3 mice, where multiple
blinks, up to a maximum of 6 in some animals, were observed.

Genotype-associated difference were also noted in the
appearance of the everted eyelid margins of mice. Aligned
along the margins of both the upper and lower eyelids are the
orifices from the central ducts of the MG, located in the tarsal
plates. These orifices were either poorly visible or were
identified only as very small areas lacking pigmentation in the
eyelid margins of 1- to 2-month-old male and female WT mice
when examined with a dissecting microscope (Fig. 2A). This is
in marked contrast to the observed profile of MG orifices in
heterozygous Stgd3 mice. While evenly spaced along both the
upper and lower eyelids, the orifices in heterozygous Stgd3
mice presented as raised white domes protruding above the
surface of the eyelid margin (Fig. 2B). Indeed, such was the
extent of protrusion that all orifices were clearly visible even
without the aid of a microscope. The meibum material had a
white, toothpaste-like appearance and could be readily
expressed from the protruding domes with application of very
mild pressure on either side of the eyelid. In WT mice, in
contrast, less meibum was available for expression, and it was
either more liquid or had a colorless toothpaste-like appear-
ance. Although the MG orifices were clearly visible in 1- to 2-
month old heterozygous Stgd3 mice, there was no noticeable
swelling of their eyelids relative to WT mice, nor was there any
readily observable evidence of excess tear production.

Expression of Elovl4 in Meibomian Glands

Immunofluorescent staining of WT mouse eyelid with a rabbit
polyclonal anti-mouse ELOVL4 antibody revealed intense
ELOVL4 staining in the MG (Fig. 3A). This same pattern of
staining was also observed in heterozygous Stgd3 mice. In the
MG, ELOVL4 staining was present in regions aligned along all
sides of the central meibomian ducts (Fig. 3A, see the duct
marked by the asterisk), as they extended through the length of
the tarsal plate. The stained regions are the MG acini where the
lipid-synthesizing meibocyte cells reside. In contrast, no
ELOVL4 staining was observed within the lipid mass in the
central duct regions. In addition to the MG staining, the
antibody also stained the outer layers of the keratinized skin
epidermis (Fig. 3A). Staining of retinal sections in the same
experiment showed the expected strong ELOVL4 staining in

Ficure 2. MG orifices on the eyelid margin. (A) In the everted eyelid of a WT mouse, the MG orifices are poorly visible (arrow). (B) In
heterozygous Stdgd3 eyelids, meibum within the central MG duct forms a dome which protrudes above the MG orifices (multiple arrows). (C)
Expression of meibum from a heterozygous Stgd3 mouse eyelid at room temperature elicits secretion of white toothpaste-like secretions (arrows).
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Fiure 3. Expression of ELOVL4 in mouse eyelid. (A) Strong ELOVL4
immunolabeling (green) was present in the MG, with labeling at a
much lower intensity in the outer layers of the epidermis (e). Labeling
within the MG was observed in the acini (a) lining the central duct but
not within the duct itself (asterisk). (B) In mouse retina, the same
ELOVL4 antibody showed the expected pattern of strong labeling in
photoreceptor inner segments (IS) and in their cell bodies in the outer
nuclear layer (ONL). (O) In the absence of the primary anti-ELOVL4
antibody, no staining was observed in eyelid tissue. Scale bars: 100 pm.

photoreceptor cell bodies in the outer nuclear layer and in the
inner segments of the same cells (Fig. 3B). Labeling, at a much
lower intensity, and thus poorly visible in Figure 3B, was also
detected in the lower layers of the retina, consistent with
previous reports of low levels of Elovl4 there.!> When the
ELOVL4 primary antibody was omitted during staining of the
mouse eyelid, no labeling was observed in either the MG or the
epidermis (Fig. 30).

The MG is a holocrine gland, and both lipid synthesis and
release of the lipid products occur within the acini. ORO
staining of the eyelid showed 2 types of lipid deposits within
the MG. Bulk lipid deposits were observed within the central
duct region of the gland (Fig. 4A), whereas more discrete lipid
droplets were present within cells in the acini regions (Fig.
4B). Within MG, acini meibocytes undergo a pattern of
differentiation, starting from proliferating basal undifferentiat-
ed cells in the periphery and progressing to intermediate
nucleated cells, which, as a consequence of lipid synthesis,
contain cellular lipid droplets.3? The acini examined at higher
magnification showed the presence of nucleated cells on the
periphery with a decrease in the number of nuclei, as detected
by DAPI staining, toward the center. Neither ELOVL4 nor ORO
staining was found associated with the peripheral layer of cells
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(Fig. 4B). However, staining for both was detected in all cells,
progressing through the differentiation process within the
acini.

ORO staining showed the presence of very small spherical
structures, likely lipid droplets, within cells initiating differen-
tiation and immediately abutting the undifferentiated periph-
ery cells (Fig. 4B). As meibocytes were displaced toward the
center of the acini, the ORO-stained droplets increased in size
and appeared more irregular in shape. In all meibocytes where
ORO-stained droplets were detected, strong ELOVL4 staining
was observed and in no case was an overlap observed between
ELOVL4 and ORO staining. The cellular ELOVL4 staining
showed a distinctive fenestrated pattern which surrounded
all ORO-positive structures, including both the small droplets
in the more peripheral cells and the larger droplets seen in
more fully differentiated cells (Fig. 4). With the exclusion of
the ORO-positive and nuclear DAPI-stained structures, the
ELOVL4-positive structures were spread throughout the
remaining cellular spaces. This extensive expression of
ELOVL4 and its location in close proximity to the sites of
accumulation of lipids within the meibocytes supports an
important role for this enzyme in the elaboration of the MG
lipidome.

Expression of ELOVL4 in Sebocytes

Examination of the pattern of ELOVL4 staining in mouse
eyelids revealed that in addition to the epidermis and MG, the
enzyme was also expressed in other structures (Fig. 4A). Some
of these were located on either side of hair follicles present on
the epidermal side of the eyelid. This location suggests such
structures were likely sebaceous glands. Like the MG,
sebaceous glands are holocrine glands containing cells
(sebocytes) that secrete a very complex mixture of lipids into
the hair follicle and from there to the skin surface. Previous
studies in both mouse and humans have documented within
this mixture lipids containing ELCFA >C,4.333 The presence
of such lipids would suggest a role for ELOVL4 in sebum
synthesis within sebocytes. Consistent with such a role, in-situ
hybridization analysis detected expression of Elovi4 mRNA in
sebocytes located in mouse back skin with an anti-sense Elovi4
riboprobe but no signal with use of a sense probe (Fig. 5A).
The observed sebaceous gland pattern of grain deposition is
similar to that previously reported for another member of the
ELOVL enzyme family, ELOVL3.3> Immunohistochemical anal-
ysis of mouse back skin showed a very strong staining for
ELOVL4 in skin sebocytes and a much weaker staining for the
protein in the suprabasal layers of the epidermis (Fig. 5B). In
the sebaceous glands, as in the MG, the cellular ELOVL4
staining pattern was extensive, fenestrated in appearance, and
encircled ORO-stained lipid droplets of different sizes. Nucle-
ated cells lacking either ORO or ELOVL4 staining were also
observed, and these likely represented undifferentiated sebo-
cytes (Fig. 50).

Eyelid Changes in Heterozygous Stgd3 Mice

To investigate whether structural and/or functional changes
underlie the observed phenotypic changes, the eyelids of WT
and heterozygous Stgd3 mice were processed and stained with
H&E. In mice of both genotypes, the central meibomian duct
and the meibocyte containing acini aligned around it were
clearly visible (Fig. 6). The staining suggested the presence of a
more enlarged or “open” space in the central duct region in
heterozygous Stgd3 mice relative to that observed in WT mice
(compare Figs. 6A, 6B). In addition, more intraductal debris
was consistently observed in the central duct region in
heterozygous Stgd3 mice (Fig. 6C, asterisk). During normal
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Ficure 4. ELOVL4 expression and lipid deposits in mouse eyelid. Elovl4 (green), lipid (stained with ORO [red]), and nuclear (DAPI [blue)) staining
of the upper eyelid of a 1-month-old WT mouse. (A) ELOVL4 and ORO staining showed no overlap in the eyelid. ORO-stained spherical lipid
deposits within the MG acini and bulk amorphous lipid deposits (*) within the central MG duct are shown. Note the absence of ELOVL4 staining in
the central duct region. (B) In the MG acini, the nuclei of the basal layer of undifferentiated meibocytes were visible, but these cells did not appear
to express ELOVL4 (arrowbeads). As meibocytes differentiated toward the center of the acini, the number of nucleated cells decreased, and the size
of the lipid droplets increased. ELOVL4 staining surrounded both the small distinct ORO-stained droplets in cells closest to the basal layer and the
large blob-like ORO-stained structures present toward the center of the acini.

meibocyte differentiation within acini, cells rupture and
release their lipid cargo into the ductile space, and most
cellular remnants are then “lost” before the lipid is delivered to
the central duct. In heterozygous Stgd3 eyelids, H&E staining
showed that abundant cellular membrane remnants remained
within ductiles even as they were located close to where they
emptied into the central duct space (Fig. 6).

In addition to changes in the MG, changes were also noted
in the conjunctiva in mutant mice. Clearly visible within the
conjunctiva of H&E-stained eyelid sections were prominent
cells with noticeable blue cytoplasmic staining, which were
most likely mucin-secreting goblet cells (Figs. 6E, 6F). In WT
conjunctiva these cells occurred predominantly as single cells,
the density of which varied depending on where the

Ficure 5. Expression of ELOVL4 in sebocytes in the back skin of WT mice. (A) In situ hybridization analysis detected abundant expression of

Elovl4 mRNA in skin sebocytes as shown by the significant presence of silver grains over sebocytes (S) in tissue hybridized with an antisense (AS)

and not with a sense (S) Elovi4 probe. Note also the absence of signal in the hair follicle (HF). (B) Immunohistochemical analysis further showed
expression of ELOVL4 (green) in both the sebocytes (S) and in the epidermis (E). Nuclei were stained with DAPI (blue). (C) In skin sebocytes,
ELOVL4 staining surrounded but did not overlap with lipid deposits stained with ORO (red).
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Ficure 6. Eyelid alterations in heterozygous Stgd3 mice as revealed by
H&E staining. Staining of meibomian glands within the TP in the upper
eyelids of 3-month-old WT (A) and heterozygous (B, C, D) Stgd3 mice.
The ductal space where meibum resides prior to secretion is seen in all
MG images, but this area appeared enlarged in images from different
sectioning planes in all mutant eyelids (B, C, D). In mutant animals,
abundant cellular debris was evident in the central duct (C, asterisk),
and extensive disintegrating cellular ruminants were prominent in acini
ductiles as they merged toward the central duct (D, arrow). Within the
conjunctiva of the eyelid, goblet cells, with their prominent blue-
stained cytoplasm (arrows), were present as individual cells in WT
eyelids (E) and as clusters in heterozygous Stgd3 eyelids (F).

conjunctiva was examined. Goblets cells are normally present
at higher densities toward the nasal part of the conjunctiva. In
heterozygous Stgd3 conjunctiva, goblet cells predominantly
formed clusters as opposed to being present as individual cells
(Fig. 6F). In addition, examination of stained sections from
many WT and heterozygous Stgd3 mice suggested an increased
number of goblets cells in the eyelids of heterozygous Stgd3
mice relative to that seen in WT mice.

DIscussIoN

The MG are responsible for synthesis of the bulk of the lipid
components of the TFLL, and these lipids are delivered to the
ocular surface as meibum is secreted through the meibomian
ducts with each blink. In this study, we showed that mice
carrying a heterozygous inactivating mutation in Elovi4
present with a gross eye phenotype wherein they are observed
at rest to maintain their eyelids in a position that minimizes
exposure of the ocular surface to the environment. In addition,
histological studies showed both robust expression of ELOVL4
in the MG and alterations in the eyelids of mutant mice,
consistent with a role for ELOVL4 and its lipid biosynthetic
products in MG physiology.

Progress has been made toward delineating the chemical
nature of the hundreds of different lipid species present in the
meibum of humans and other species.>!!12 However, little
progress has been made in defining either how such a complex
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mixture of lipids is elaborated in the MG or what the specific
roles of the multitude of different lipid species are. In meibum
from mammals, the most abundant classes of lipids are the
nonpolar WE and CE, which together may account for more
than 70% of meibum lipids.*> A characteristic feature of the
meibomian lipidome is a very high content of very long chain,
Cy6 to Cs4 FA (some of which are present as free FA3®) and fatty
alcohol FAL residues. Although most FA in CE varies from C,4
to C,-, a small fraction of the esterified FA is longer.'%37 Within
WE lipids, the carbon chain lengths of the FA have been shown
to range from approximately C;s to C,,>® whereas the FAL
ranged from C;g to Cs, and possibly longer.!® In addition,
meibum from all species contains significant levels (approxi-
mately 5%) of extremely long chain OAHFA and also their
cholesteryl esters.®'%14 In both human and mouse, the -
hydroxylated FA residues are monounsaturated and range in
length from C,g to Cz4.>

In mammals, the synthesis of FA >C,4, where not available
from the diet, requires the ER-localized FA elongation system.
The initial condensation and rate-limiting reaction of this
system is catalyzed by 1 of 7 ELOVL.3*4® Each elongase
catalyzes substrate-specific elongation of FA of different lengths
and degrees of unsaturation. Published studies have shown
that some ELOVL genes are expressed ubiquitously (ELOVLI,
ELOVL5, and ELOVLG), whereas the remainder show more
restricted patters of expression.“® Among the latter is the
ELOVL4 gene, which initially came to prominence as a
consequence of studies establishing that multiple different
mutations in the human gene are linked to autosomal dominant
Stargardt disease 3.18-2! In addition, this gene was also shown
to be expressed in the skin, testes, and brain.!> 1041
Subsequent in vitro studies suggested that the enzyme was
unique in that it is the only elongase to elongate all FA with
chains longer than Cys.!>!7 The lipid products of ELOVL4,
which in a tissue-specific manner, can be saturated, monoun-
saturated, or polyunsaturated, have to date been detected only
in tissues that express the gene.

Robust expression of ELOVL4 was observed in mouse MG,
consistent with the presence in meibum of significant
quantities of lipids containing ELCFA. The ocular phenotypes
observed in mice carrying a single Stgd3 allele, a mutation
which causes loss of enzyme activity, points to critical roles for
ELOVL4 lipid products. Such products in WT mice are most
abundant in OAHFA and WE lipids.> The OAHFA lipids, as a
consequence of their unique chemical structures and proper-
ties, have been proposed to be the amphiphilic lipids that form
the critical interphase between the aqueous sublayers of the TF
and the nonpolar meibum lipids that form the evaporative
barrier.”19 Recently this hypothesis gained experimental
support from in vitro studies using a chemically synthesized
analog of meibomian OAHFA.42 It is plausible that reduction in
the levels of the amphiphilic lipids would destabilize the TF
lipid layer, hamper its spreading, cause faster than normal
evaporation of the aqueous component of the TE and its
eventual collapse. Also, ELOVL4 products with >C,g are found
in the nonpolar fraction of TF lipids, such as cholesteryl esters
of OAHFA, WE, and CE.>¥ Thus, a decline in their ratio relative
to other lipid species may impact the properties of the
nonpolar bulk of the TF lipid layer, too. Specifically, a decline in
very and extremely long chain lipids may affect the melting
characteristics of meibum by lowering its melting temperature,
thus changing its delicate liquid-crystal structure. 344

In addition to the changes observed in the MG of mutant
mice, histological analysis also suggested changes in conjunc-
tival Golgi cells. These cells are distributed throughout the
palpebral and bulbar conjunctiva and in the fornix in a species
specific pattern, with nonuniform distributions reported in
individual animals in these regions.*> Golgi cells in palpebral
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conjunctiva in heterozygous Stgd3 mice were frequently
observed in cell clusters in contrast to the single cells more
frequently observed in WT mice. In mice these cells synthesize
and secrete the soluble mucins Muc5ac and Muc5b. The
secreted mucins are proposed to have roles in removal of
debris from the surface of the eye and act as surfactants
allowing spread of the TF over the ocular surface.®® A similar
phenotypic change in Golgi cells has also been reported in
Muc5ac knockout mice,*” where in response to loss of
Muc5ac, an increase in the expression of Muc5b was observed.
Our immunohistochemical studies did not reveal any expres-
sion of ELOVL4 in cells within the mouse conjunctiva. Thus,
Golgi cell changes in heterozygous Stgd3 mice likely reflect a
compensatory response to ocular surface changes. Although
loss of Golgi cells has been reported in patients with chronic
DED,*® the relationship between ocular mucin levels and
development of DED may be different. A recent study in
postmenopausal women with moderate to severe disease
showed up-regulation of ocular membrane mucins and a trend
for increases in cellular MUC5AC in patients with mild to
moderate DED.* The early changes observed in the Golgi cells
of Stgd3 mice suggests that future studies in these mice may
provide insights into the relationships among TF lipids,
mucins, and ocular surface health.

In the MG ELOVILA4, expression was detected throughout
the acini surrounding the central meibomian ducts, with no
expression seen within the lipid-enriched contents of the
central duct. The presence of ELOVL4 in all meibocytes, with
the exception of the basal undifferentiated cells at the
periphery of the acini, is consistent with observations from
previous ultrastructural studies in mouse and human MG.325°
The peripheral undifferentiated cells were characterized by
their abundant mitochondria and low content of ER mem-
branes and a paucity of lipid droplets. As meibocytes
proceeded through holocrine differentiation, increasing
amounts of smooth ER membrane were observed, and cells
increased in size as a consequence of accumulating lipid
products. The ER membranes were observed in close
proximity to and encircled spherical structures that were
proposed to contain the cellular deposits of lipids.3%50-5!
Consistent with its ER localization, ELOVL4 immunolabeling
was observed to encircle both the small ORO-stained lipid
droplets seen in meibocytes as they initiated differentiation, as
well as in the larger ORO-stained droplets located in more
differentiated cells toward the center of the acini. This pattern
suggests that synthesis of lipids containing ELCFA residues is
initiated in situ very early in the meibocyte differentiation
process and continues throughout differentiation. However,
what is currently unknown is how and where in the
biosynthetic pathways the FA chains are elongated in relation
to other reactions that occur to derive complex lipids such as
OAHFA, sterol containing OAHFA, and FAL with very long
chain residues (>Cyp).

In addition to establishing the presence of and a role for
ELOVL4 in the MG, our studies also point to a role for the Cyq
enzyme in synthesis of the sebum lipidome. This is the first
time (to our knowledge) that sebaceous gland expression of
ELOVL4 has been reported. Sebocytes, like MG, are holocrine
glands and secrete a complex mixture of lipids that contributes
to the barrier function of the skin and to host defense.>? Early
lipid analyses of human sebum identified within hydrolyzed
lipid extracts the presence of FA residues >C,g in length,3%
suggestive of a requirement for ELOVL4 elongation activity.
While this early study was unable to assign these FA to a
specific lipid class, a more recent characterization of human
sebum lipids by tandem mass spectrometry analyses showed
that such FA are components of the large free FA pool present
in sebum.?? In sebocytes present in the back skin of mice, as in
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the MG, ELOVIL4 staining was found in close proximity to sites
of accumulation of lipid deposits as identified by ORO staining.
As in the MG, nucleated cells devoid of ORO-stained droplets
showed no ELOVL4 staining. In more mature sebocytes, the
staining encircled both smaller and larger lipid droplets,
suggesting an ongoing requirement for ELCFA synthesis during
sebocytes maturation.

In this study we showed that ELOVL4 is expressed at
significant levels within the MG in the tarsal plates of mouse
eyelids. Previous characterization of the lipidome of mouse
meibum has documented that it has a lipid profile more similar
to human meibum than the profiles in meibum obtained from
other experimental animal models studied to date, e.g. rabbit.’
It contains multiple ELCFA-based lipids, including surface-
active lipids of the OAHFA family. Even the presence of a single
mutated Elovi4 allele, as in the Stgd3 mice in the current study;,
has functional consequences for anterior ocular surfaces.
Phenotypic changes observed in heterozygous mice included
increased blink rate, a preference for maintaining their eyes
partially closed, and anatomical MG changes. Such changes are
consistent with clinical findings in human patients with the
evaporative form of DED, suggesting that further studies in
ELOVL4 mutant mice offers a unique opportunity to investigate
the role of specific lipids in meibomian gland and tear film
biology and pathology.
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