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PURPOSE. Retinopathy of prematurity (ROP) is a leading cause of childhood blindness.
ROP occurs as a consequence of postnatal hyperoxia exposure in premature infants,
resulting in vasoproliferation in the retina. The tetraspan protein epithelial membrane
protein-2 (EMP2) is highly expressed in the retinal pigment epithelium (RPE) in adults,
and it controls vascular endothelial growth factor (VEGF) production in the ARPE-19
cell line. We, therefore, hypothesized that Emp2 knockout (Emp2 KO) protects against
neovascularization in murine oxygen-induced retinopathy (OIR).

METHODS. Eyes were obtained from wildtype (WT) and Emp2 KO mouse pups at P7,
P12, P17, and P21 after normoxia or hyperoxia (P7−P12) exposure. Following hyperoxia
exposure, RNA sequencing was performed using the retina/choroid layers obtained from
WT and Emp2 KO at P17. Retinal sections from P7, P12, P17, and P21 were evaluated for
Emp2, hypoxia-inducible factor 1α (Hif1α), and VEGF expression. Whole mount images
were generated to assess vaso-obliteration at P12 and neovascularization at P17.

RESULTS. Emp2 KO OIR mice demonstrated a decrease in pathologic neovascularization
at P17 compared with WT OIR mice through evaluation of retinal vascular whole mount
images. This protection was accompanied by a decrease in Hif1α at P12 and VEGFA
expression at P17 in Emp2 KO animals compared with the WT animals in OIR conditions.
Collectively, our results suggest that EMP2 enhances the effects of neovascularization
through modulation of angiogenic signaling.

CONCLUSIONS. The protection of Emp2 KO mice against pathologic neovascularization
through attenuation of HIF and VEGF upregulation in OIR suggests that hypoxia-induced
upregulation of EMP2 expression in the neuroretina modulates HIF-mediated neuroreti-
nal VEGF expression.

Keywords: retina, retinopathy of prematurity, epithelial membrane protein 2, neovascu-
larization, vascular endothelial growth factor (VEGF), retinal vasculature, angiogenesis,
hypoxia

Retinopathy of prematurity (ROP) is the leading cause of
childhood blindness. It occurs exclusively in premature

infants who are exposed postnatally to relative hyperoxia,
which leads to retinal vaso-obliteration, followed by local
hypoxia, which encourages neovascularization.1 This aber-
rant neovascularization can lead to retinal detachment and
blindness in severe cases of ROP. Currently, the most widely
accepted pathomechanisms underlying this process involve
signaling of hypoxia-inducible factor 1α (Hif1α), which

regulates vascular endothelial growth factor (VEGF) expres-
sion or repression.1 Other angiogenic factors that may modu-
late disease include erythropoietin,2 omega-3 polyunsatu-
rated fatty acids,3,4 and insulin growth factor 1.5 Recently,
the role of inflammation has been explored in ROP, includ-
ing macrophage and leukocyte recruitment,6,7 complement
activation,8,9 neurovascular crosstalk and neuroinflamma-
tion,10,11 and inflammatory responses secondary to oxidative
stress.12,13
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Current treatment strategies include anti-VEGF injections
and laser surgery.14 Although outcomes are improved with
anti-VEGF injections, the systemic and long-term side effects
are unknown and are of concern given the ubiquitous
nature of VEGF.15 In ischemic retinopathies such as ROP,
current therapies target the late phase of neovascularization,
although hypoxia initiates oxidative stress and inflammatory
responses that characterize the early phase of ROP.14 These
processes also affect tissue integrity and potentially neuronal
function.16,17 Thus, modulation of the disease process prior
to the development of later stages of disease (neovascular-
ization seen after the VEGF surge) is beneficial not only
in reducing risk of severe neovascularization and end-stage
disease, such as retinal detachment, but also in improving
long-term outcomes secondary to attenuation of tissue and
neuronal damage.

Epithelial membrane protein 2 (EMP2) is a tetraspan
membrane protein that has been associated with a number
of functions, including cellular invasion and migration,
placental angiogenesis, and embryo implantation.18–20 In
placental development and cancer, where local relative
hypoxia and inflammation contribute to aberrant vascular-
ization, EMP2 has been shown to regulate VEGF and influ-
ence angiogenesis.18,21 In the eye, EMP2 expression in the
retinal pigment epithelium (RPE) has been shown to be
upregulated in proliferative vitreoretinopathy,22,23 underly-
ing its importance in pathologic human retinal processes.
In addition, EMP2 modulation in the retinal pigment epithe-
lial cell line ARPE-19 controls VEGF expression.24 However,
EMP2 expression and function in the developing neonatal
retina, either under physiologic or pathologic conditions,
has not been described. In this paper, the role of EMP2 in a
mouse model of ROP was analyzed in order to determine if it
can contribute to neovascularization and serve as a potential
target in disease.

Based on its modulation of neoangiogenesis in ocular and
neoplastic diseases, we hypothesized that reduction in EMP2
levels may attenuate the severity of ROP. As EMP2 expression
in early eye development has not been previously described,
this study: (1) evaluates the role of EMP2 in normal eye
development and in the pathologic state of oxygen-induced
retinopathy (OIR); (2) identifies retinal transcriptomic path-
ways altered in Emp2 knockout (KO) compared with wild-
type (WT) mice after hyperoxia/hypoxia insult; (3) deter-
mines whether the Emp2 KO may be protective against
conditions that lead to aberrant neovascularization in experi-
mental ROP; and (4) establishes the pathways through which
EMP2 acts to regulate pathologic vasoproliferation.

METHODS

Ethical Approval

This study was conducted in accordance with established
guidelines and all protocols were approved by the Animal
Research Committee of the University of California Los Ange-
les (UCLA) in accordance with the guidelines set by the
National Institutes of Health. Animal studies were conducted
in adherence to the Association for Research in Vision and
Ophthalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research. Four Emp2 KO breed-
ing pairs were obtained from the laboratory of Carmen
Williams.18 These animals contained a floxed EMP2 exon
3 and were created on a C57BL/6 background. Breeding
was resumed at UCLA, with experiments initiated using third

plus generation breeding pairs. For controls, strain-matched
WT C57BL/6 mice were purchased from the UCLA Division
of Laboratory and Animal Medicine colony. All mice were
housed in 12:12 hour light-dark cycles with ad libitum access
to a standard rodent chow diet (Pico Lab Rodent Diet 20, cat
#5053; Lab Diet, St. Louis, MO, USA) and water.

Experimental Model of OIR

OIR was produced in the mouse according to standard
published guidelines.25 Briefly, pups were designated at P0.5
the morning that they were found to be delivered. Mothers
were maintained on the standard rodent chow diet, as above,
during gestation and during suckling. Litters were culled
to eight pups, as per protocol recommendations. Mothers
were randomly assigned to normoxia conditions or hyper-
oxia conditions. For those assigned to hyperoxia, on postna-
tal day 7, nursing mothers and their pups were subjected to
hyperoxia (75% oxygen continuously) for 5 days (P7−P12)
by placing them in an airtight chamber (BioSpherix Proox
model 360; BioSpherix, Parish, NY, USA). Conditions includ-
ing humidity, temperature, and the health of the animals
were assessed twice daily while in the chamber. On postnatal
day 12, the mothers and their pups were removed from the
chamber and placed back into room air (21% oxygen). Given
the stress of hyperoxia on mothers, pups were fostered to a
nursing mother after removal from the chamber.

At the end of the experimental period, mice underwent
euthanasia using inhaled isoflurane (5−10 minutes). The
tissues of interest were dissected within 5 minutes of death
and immediately stored for downstream processing (e.g.,
frozen in liquid nitrogen and stored at -80°C until RNA
extraction, stored in formalin, or processed for imaging). All
efforts were made to reduce the number of animals used for
experiments and to minimize animal suffering. For each time
point, condition, and strain of mice, n = 6−11 individual
pup eyes were used for analysis, and pups used represented
between 3 and 5 different litters for each experimental condi-
tion and strain.

Whole Mount Imaging

Whole mount images were prepared as described in previ-
ously published standard guidelines for this model of OIR
in the mouse.25 Briefly, after anesthesia, the ocular globe
was enucleated and fixed in 4% paraformaldehyde for
1 1
2 hours. Eyes were washed, and then the retina was

dissected under a surgical microscope (Leica S6D). Retina
cups were washed with phosphate-buffered saline (PBS),
blocked with blocking buffer (20% fetal bovine serum (FBS),
2% goat serum, 0.05% bovine serum albumin (BSA), and 1%
Triton X-100 in PBS) for 1 hour, and stained with Alexa594-
isolectin GS-IB4 (Invitrogen, Carlsbad, CA, USA) in diluent
buffer at 4°C overnight. Retinas were then washed with PBS
three times and flat mounted onto slides by making periph-
eral incisions at 90° intervals to divide the retina into four
equal-sized quadrants and mounted with ProLong mount-
ing medium (Invitrogen) and a coverslip placed on top.
Images were taken using an AxioCam CCD digital camera
(Carl Zeiss) mounted to an inverted epifluorescence micro-
scope (AxioVert 135; Carl Zeiss). Due to the dimensions of
retinal whole mounts, four to six images per retina were
taken at 4X magnification and stitched together.
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Quantification of Vaso-Obliterative and
Neo-Vascularization Phase of ROP

Images obtained from whole mount processing of the mouse
retinas were processed in Adobe Photoshop C5. Images
taken from P12 pups were quantitated for percentage of
the vaso-obliterative (VO) area, and images taken from P17
pups were quantitated for percentage of the neovascular
(NV) area, using previously published methods.25 A scorer
masked to the groups performed the quantification, and a
second masked scorer performed the same procedures for
validation of scoring. Briefly, the total retinal area was first
quantified using the Polygonal Lasso Tool to trace the vascu-
lar area of the entire retina. The areas of VO were outlined
using the Lasso Tool to freeform outline the avascular front.
The amount of VO was calculated by dividing the number
of pixels in the avascular area by the number of pixels of
the whole retinal area. Similarly, the Magic Wand Tool was
used, with threshold set at 50 to select areas of neovas-
cularization and quantified as the number of pixels of NV
as a percentage of the whole retinal area. Similarly, under
normoxia conditions, images taken from P7, P12, P17, and
P21 pups were quantified for percentage of NV area using
the whole mounts, as described above. The total retinal areas
were highlighted using the Polygonal Lasso Tool, with vascu-
larization calculated as pixel density using the Magic Wand
Tool. Fold change was calculated relative to neovasculariza-
tion at P7 as a baseline.

Immunohistochemistry

For immunohistochemistry, whole eye cups were enucle-
ated, rinsed in PBS, fixed in cold 10% neutral buffered forma-
lin for 24 hours, and then transferred to cold 70% ethanol.
Samples were embedded in paraffin and sectioned at 4 μm
and stained with hematoxylin and eosin by the Translational
Pathology Core Laboratory (TPCL) within the Department of
Pathology at UCLA.

Retinal thickness was measured during development.
Two to four representative measurements were taken for
each section, adjacent to the optic nerve plane. Samples were
measured from the inner to the outer limiting membranes.
To ensure the validity of analysis, sections were used for
quantification only if the retinal architecture represented a
vertical section through the retina. For image analysis, a
mean retinal thickness was calculated from representative
measurements taken across each section. In addition, fold-
change retinal thickness was calculated in OIR compared
with normoxia after correction for total body weight.

Paraffin-embedded sections were evaluated for VEGF
expression, as previously described,18 using the rabbit poly-
clonal VEGF (A-20) IgG antibody (cat #sc0152; Santa Cruz
Biotechnology, Dallas, TX, USA) at a 1:50 dilution.

In some experiments, eyes were fixed frozen (FF) tissue
staining. Eyes were rapidly enucleated from embryonic
mice and fixed in 4% paraformaldehyde at room tempera-
ture for 1 hour. They were then cryopreserved by submer-
sion in 10% sucrose/PBS for 1 hour followed by 30%
sucrose/PBS for 2 hours. Samples were then embedded in
O.C.T. medium (Tissue-Plus O.C.T. Compound; Fisher Scien-
tific) and sectioned at a thickness of 4 μm by the TPCL.

For image analysis, images were taken at 40X magnifica-
tion and staining quantitated across the entire retina using
Adobe Photoshop’s Color Range function to select sampled
positive (brown) staining. The RPE layer was erased using

a layer mask, and the positive pixels in the retina were
counted using the Histogram function. The average number
of pixels was calculated in four independent retinal samples
per group and used for statistical analysis.

RNA In Situ Hybridization and Emp2, Hif1α,
Vegfa mRNA Expression Quantification

RNAscope (RNAscope 2.5 HD Reagent Kit-RED, cat #322350;
Advanced Cell Diagnostics (ACD), Newark, CA, USA) was
used to detect Emp2, Hif1α, and Vegfa via in situ hybridiza-
tion.26 Formalin-fixed paraffin-embedded (FFPE) or fixed
frozen (FF) retina samples (P12 and/or P17) were prepared
and pretreated according to the manufacturer’s protocol
(ACD, 322452-USM for FFPE or TN320434 for FF). The
probes used in this study were Mm-Emp2 (cat #466851;
ACD), Mm-Hif1α (cat #313821; ACD) and Mm-Vegfa (cat
#405131; ACD). After probe hybridization and amplification,
as per the manufacturer’s protocol (322360-USM; ACD), the
slides were imaged as described above.

For image analysis and quantification, images were taken
at four separate areas of interest representative of the
entire length of each retina (inclusive of peripheral and
central areas) at 40X magnification. Positive staining (fuch-
sia) was quantified in Adobe Photoshop using the Color
Range function to select sampled fuchsia staining, and pixels
counted using the Histogram function. Average number of
pixels/section was calculated for each retinal sample and
used for statistical analysis.

Light Stimulus Testing

We tested for basic functional vision in WT and Emp2 KO
mice using a light stimulus test, as previously described.27

Briefly, for increasing illumination testing (behavioral assay),
naïve mice were allowed to acclimate to a dim testing room
for 45 minutes, then administered topical atropine eye drops
for dilation and dark-adapted for 10 minutes in individual
cages. Mice were exposed to various Lux levels (0−1000) for
3-minute intervals. The 0 Lux test was used as a baseline for
calculations. For each Lux level, the time spent in light was
measured (in seconds) and an aversion index was calculated
by comparing time spent in light to time spent in baseline
(0 Lux). Four WT mice and 8 Emp2 KO mice were assessed.

RNA Sequencing Libraries and Data Analysis

Frozen retinal tissues were obtained from WT normoxia,
Emp2 KO normoxia, WT hyperoxia, and Emp2 KO hyper-
oxia groups at P17 (n = 4/group). Briefly, retinal tissue
was manually minced and dissociated using sterile scis-
sors followed by homogenization using the QiaShredder kit
(cat #79654; Qiagen, Valencia, CA, USA), and RNA extracted
using the Qiagen RNeasy Mini Kit (cat #74104; Qiagen), as
per the manufacturer’s instructions. Total RNA was quanti-
fied and RNA degradation was determined using the RNA
Integrity Number (RIN). The RIN ranged from 3 to 7. RNA
sequencing and library preparation were performed by the
UCLA Technology Center for Genomics and Bioinformat-
ics using the KAPA RNA HyperPrep Kit with RiboErase
(cat #KK8561; Roche Sequencing, Pleasanton, CA, USA),
according to the manufacturer’s instructions. The work
flow consisted of rRNA depletion, cDNA generation, end
repair to generate blunt ends, A-tailing, adaptor ligation,
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and polymerase chain reaction (PCR) amplification. Differ-
ent adaptors were used for multiplexing samples in one
lane. Sequencing was performed on the Illumina HiSeq3000
System for a single-read 50 run. Data quality check was done
on Illumina SAV. Demultiplexing was performed with the
Illumina Bcl2fastq2 version 2.17 program. The raw data has
been deposited into the NCBI’s Gene Expression Omnibus
(GSE123945).

The STAR ultrafast universal RNA-seq aligner version
2.5.2b28 was used to align the reads to a genome index
that includes both the genome sequence (GRCm38 mouse
primary assembly) and the exon/intron structure of known
mouse gene models (Gencode M12 genome annotation).
Alignment files were used to generate strand-specific, gene-
level count summaries with STAR’s built-in gene counter.
Independent filtering was applied as follows: genes with
<1 average count across all samples, count outliers, or
low mappability (<50 bp) were filtered out for down-
stream analysis.28,29 Expression estimates were computed
in units of fragments per kilobase of mappable length and
million counts (FPKMs). The table of expression estimates
(FPKM) was used as input for SaVanT30 to compute enrich-
ment scores on mouse gene expression signatures (Mouse
MOE430 Gene Atlas (in the public domain http://www.
biogps.org/), Immgen immunological signatures (in the
public domain https://www.immgen.org/), hallmark gene
sets (in the public domain http://software.broadinstitute.
org/gsea), and relative expression profiles. Non-default
parameters for SaVanT were “Convert matrix values to
ranks” and “Compute null distribution with 10000 itera-
tions.” Differential expression analyses were performed with
DESeq2 (Bioconductor, version 3.7, RRID:SCR_015687).31

Principal component analysis (PCA; S2) was performed with
the function prcomp in R (in the public domain https://www.
R-project.org/) using variance-stabilized data from DESeq2
as input. Count data was fitted to additive models using
Genotype (WT/MT) and Condition (normoxia/hyperoxia) as
explanatory factors. The individual effect of each factor on
the expression of each gene was tested using a contrast with
reduced models (likelihood ratio test). Additional models,
including a Genotype:Condition interaction term, were used
to fit the data and identify genes with a genotype-specific
response to hypoxia. Pairwise differential expression was
performed to classify genes as differentially expressed (Wald
adjusted P value < 0.05) between normoxic and hyper-
oxic samples in each background. Unfiltered differential
expression results are provided in Supplementary Table S1.
Functional enrichment of genes expressed between hyper-
oxia and normoxia groups in both WT and KO mice was
performed with Metascape (in the public domain http://
www.metascape.org),32 and significant mouse ontology and
pathway terms were compiled. Genes annotated in each
functional category were used to estimate average per-
genotype effect sizes (fold changes), for up- and down-
regulated genes separately. All figures were generated in
Matlab (MATLAB, version release 2017a, The MathWorks,
Inc., RRID:SCR_001622).

Quantitative Real-Time Polymerase Chain
Reaction

For real-time polymerase chain reaction (RT-PCR) analy-
sis, total cellular RNAs were isolated using the RNeasy
Mini kit (cat #74104; Qiagen), following the manufactur-

ers’ instructions. Quantitative and qualitative analyses of
isolated RNA were assessed by the ratio of absorbance at
260 and 280 nm. The cDNA was generated using 1 μg total
RNA using the First-Strand Synthesis SuperMix for quan-
titative RT-PCR (qRT-PCR) kit (cat #11752050; Invitrogen),
according to the manufacturer’s instructions. The reverse
transcription was performed at 50°C using 50 ng/μl of
random hexamers. RT-PCR amplification was performed in
triplicate using SybrFast-based detection (cat #07959494001;
Kapa), according to the manufacturer’s instructions on a
LightCycler 480 (Roche, Indianapolis, IN, USA). HIF1-α
(primer 1: 5′-GCTCACCATCAGTTATTTACGTG-3′ and primer
2: 5′-CCGTCATCTGTTAGCACCAT-3′) and GAPDH (primer
1: 5′-AATGGTGAAGGTCGGTGTG-3′ and primer 2: 5′-
GTGGAGTCATACTGGAACATGTAG-3′) primers were made
through Integrated DNA Technologies (Coralville, IA, USA)
and lyophilized to 100 uM in nuclease-free water. Relative
gene expression was calculated using the comparative CT
method with glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) expression used as the internal control for normal-
ization. The amplification cycles consisted of: 50°C for
2 minutes, 95°C for 20 seconds, and then 45 cycles
of 95°C for 1 second (denaturation), annealing for
20 seconds.

Statistical Analysis

For all other data except RNA sequencing data, statistical
analyses described were conducted in GraphPad Prism soft-
ware (version 5, GraphPad Software Inc., La Jolla, CA, USA)
and data are presented as means ± SEM when data are
normally distributed, unless otherwise indicated. Normality
was tested for each quantitative dataset using the Shapiro-
Wilks normality test. All datasets passed normality testing.
To test for significant differences between two groups (WT
and Emp2 KO) for normally distributed data (fold-change
of VO and NV), we analyzed results using the Student’s
t-test for parametric data with Welch’s correction. When
comparing differences between more than two groups (WT
and Emp2 KO normoxia and hyperoxia), we utilized 2-
way ANOVA testing and Sidak’s multiple comparison test-
ing to distinguish effect by condition (WT versus Emp2 and
normoxia versus hyperoxia). All P values are reported as
two-tailed with statistical significance set at <0.05 for all
comparisons.

Sample sizes for groups were based upon previously
published recommendations for this experimental model25

to evaluate retinal vascular changes, with eyes from 6 to 11
pups obtained for each time point, condition (normoxia and
hyperoxia), and strain of mice (WT and Emp2 KO) repre-
senting three to five different litters per condition and strain.
Anticipating a 10% change in neovascularization, with an SD
of 5%, a sample size of 6 was used as it provided a 98% power
with alpha error <0.05.

RESULTS

EMP2 is Not Essential for Normal Eye
Development, Retinal Vascularization, or Light
Sensitivity in the Mouse

Previous studies have shown that EMP2 resides in multi-
ple layers of the murine and human eye.33 Specifically, in
the adult retina, EMP2 expression has been shown to reside
in the RPE.24 To determine if EMP2 is required for normal

http://www.biogps.org/
https://www.immgen.org/
http://software.broadinstitute.org/gsea
https://www.R-project.org/
http://www.metascape.org
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FIGURE 1. KO of EMP2 does not affect retinal histologic structure. (A) WT normoxia (first row), Emp2 KO normoxia (second row), WT
hyperoxia (third row), and Emp2 KO hyperoxia (fourth row) retinal sections. The dashed line indicates a representative area measured.
Hyperoxia treated animals were exposed from P7 to P12, and P7 animals before hyperoxia exposure are not shown. Scale bars represent
100 μM. (B) Quantitation of retinal thickness. No differences in retinal thickness between WT and Emp2 KO mice were observed from
quantitation of 20X images at each individual time point (P12, P17, and P21). Data are presented as the mean ± SEM (N = 6−9 per group).
(C) Retinal thickness corrected for body weight in OIR was normalized relative to normoxia retinal thickness corrected for body weight at
the same gestational age. Decreased retinal thickness was observed in Emp2 KO mice compared with WT mice at P17 when normalized for
body weight (P = 0.025 by Student’s t-test; N = 4−7/group). GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer;
RPE, retinal pigment epithelium; CH: choroid; S, sclera.

ocular development, WT and Emp2 KO eyes were assessed
both for histological and functional changes. By gross histol-
ogy, the eyes from the Emp2 KO mice were not different
from the C57BL6 WT mice. Standard histological evaluation
revealed that the composition and thickness of the retinal
layers were consistent at all of the time points evaluated—
P7, P12, P17, and P21 under normoxic conditions (Fig. 1A,
top two rows). Using whole mount imaging, normal retinal
vascularization did not grossly appear to be affected by the
absence of EMP2 (Fig. 2).

To next determine function, we used behavioral testing
for light sensitivity as a proxy for functional vision. A statis-
tical difference between genotype was observed for the time
that animals were present in light (P= 0.03). However, when
each group was normalized for baseline conditions (time at
zero lux), both groups exhibited a similar aversion to light
(Fig. 3). Taken together, these results suggest that EMP2

plays a nonessential role in normal ocular development and
retinal function.

Emp2 is Highly Expressed in the Neuroretina
After Relative Hypoxia in Murine OIR

Although Emp2 expression is limited to the RPE in the retina
of adult mice under physiologic conditions, its expression
in the developing neonatal eye and particularly in disease
states is unknown. We used in situ hybridization to detect
mRNA expression of Emp2 in the retina in murine OIR
models. Under normal physiologic conditions, Emp2 expres-
sion is largely limited to the RPE, as shown in adults.

Given previous observations that Emp2 helps regulate
ocular neovascularization in proliferative vitreoretinopathy
(PVR),24,34 we evaluated its role in the retinopathy that
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FIGURE 2. EMP2 KO does not affect retinal vasculature under physiologic conditions. (A) Representative whole mount images of retinal
vasculature in WT (top row) and Emp2 KO (bottom row) mice at P7, P12, P17, and P21. Red staining for lectin outlines endothelial cells.
Scale bars represent 500 μm. (B) Descriptive images outlining areas where pixels highlighting retinal vascularization were quantitated.
(C) Quantitation of retinal vasculature in whole mount WT and Emp2 KO mice at P7, P12, P17, and P21. Change in retinal vasculature is
calculated at P12, P17, and P21 as fold change of vasculature at P7. Data are presented as the mean ± SEM. No differences were observed
between the two groups over time (P = 0.6; 2-way ANOVA).

FIGURE 3. EMP2 KO does not affect light aversion. (A) Light aversion assays in WT and Emp2 KO mice demonstrate that EMP2 KO mice
(open bars) spend more time in the light at various illumination (Lux) levels than WT mice (black bars) (P = 0.03) Aversion index is calculated
by comparing time spent in light to time spent in baseline (0 Lux). (B) Normalization of light aversion indices. When light aversion assay
results were normalized to baseline time spent at zero lux, no differences in the aversion index over time were observed between the two
groups. Data are represented in graphs as mean ± SEM.

occurs in premature babies. Immediately post-hyperoxia
exposure, low levels of EMP2 mRNA were detectable in the
neuroretina at P12. However, its expression greatly increased
in the neuroretina at P17, the time of peak neovasculariza-
tion and relative hypoxia (Fig. 4). Specifically, EMP2 mRNA
expression was detectable in both the inner and outer
neuronal layers as well as lower expression levels in the
ganglion cell layer (GCL).

Emp2 KO Amplifies the Angiogenic,
Inflammatory, and Immune Responses After
Hyperoxic Injury

To understand pathogenesis at the disease interface, the
retina and choroid were dissected and analyzed using RNA
sequencing. We first compared our sequencing data with
gene expression signatures from the Mouse Body Atlas
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FIGURE 4. EMP2 is expressed in the neuroretina in pathologic OIR. In situ hybridization was used to detect Emp2 mRNA expression.
Representative images of P12 WT mouse pup retinal sections demonstrate Emp2 mRNA expression within the RPE layer in normoxia
conditions. However, in OIR mice, Emp2 mRNA expression is detected at P12, now in the ONL and INL of the neuroretina, and its expression
increased at P17 (peak neovascularization). Isotype-matched negative control is shown for comparison. Scale bars represent 50 μm in the
top row. Arrows indicate positive staining (fuchsia) in inset boxes shown in the bottom row. GCL, ganglion cell layer.

FIGURE 5. Murine OIR results in altered transcriptomic responses between Emp2 KO and WT mice. (A) Left: Functional enrichment of genes
differentially expressed after OIR in WT (aqua bars) and Emp2 KO (fuchsia bars) mice. Similar functional shifts were observed in both Emp2
KO and WT, including differential expression of genes related to angiogenesis, inflammatory responses, and myeloid leukocyte migration.
Right: The average fold change of genes in select functional categories is graphically depicted. Genes were selected as significantly up
(positive log2 fold change) or down (negative log2 fold change) for each genotype. In most cases, an amplified transcriptional response
(higher average fold change) was observed in Emp2 KO mice. (B) Comparison of gene expression fold changes after OIR in WT (x-axis)
and Emp2 KO (y-axis) mice. Shown are the results for the broad functional category of angiogenesis (groups of ontology terms in A with
the same gene members). Selected differentially expressed genes that have a significantly amplified response in KO mice (red lettering),
significantly decreased response in KO mice (blue lettering), significantly increased response in WT mice (grey lettering) or similar fold
change in both WT and Emp2 KO mice (black lettering) are highlighted.

expression, which confirmed the retinal/neuronal compo-
sition of our samples (Supplementary Fig. S1). At baseline
normoxic conditions, significant transcriptomic differences
were not detected within the retina and choroid between
the WT and Emp2 KO P17 pups. In fact, only two genes
showed mild but consistent transcriptional differences (Wald
adjusted P < 0.05, fold change approximately 2) between
the two groups: Ide and Fgfbp3, which are known to show
altered copy number and expression levels between breed-
ers of C57BL/6J mice.35

Following hyperoxia/hypoxia exposure, however, signif-
icant differences were observed between the two groups.
By PCA, significant transcriptional changes occurred in
both genotypes following hyperoxia exposure (Supple-
mentary Fig. S2). Functional pathway analysis revealed

that the pathways most affected by hyperoxia expo-
sure included angiogenesis, oxidative stress pathways,
immune cell recruitment and proliferation, and apopto-
sis (Fig. 5A). Within these pathways, Emp2 KO animals
displayed an amplified transcriptomic response. We iden-
tified approximately 1000 genes differentially expressed
between normoxia and hyperoxia conditions in Emp2
KO, compared with approximately 700 genes in WT mice.
Additionally, genes regulated in both genotypes showed
an enhanced response (bigger fold changes) in KO mice
(Fig. 5; Supplementary Table S1). Given that angiogen-
esis is a principal pathomechanistic pathway involved
in ROP and was the most significantly affected pathway
identified, in-depth analysis of the 222 genes included
in the “angiogenesis/vasculogenesis” functional category
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revealed that there were a number of key angiogenic
genes that were differentially expressed in the Emp2 KO
compared to the WT under OIR conditions (Fig. 5B). To
evaluate whether transcriptomic reprogramming reflected
changes in the response to oxygen, we specifically examined
the alterations in expression of genes known to be involved
in HIF1A and VEGF activity. Indeed, a number of HIF-
regulated hypoxia response genes (Lif, Il1b),36,37 were signif-
icantly upregulated in our Emp2 KO mice along with genes
involved in VEGF-mediated ocular angiogenesis (Ptger438;
listed in red in Fig. 5B). In contrast, genes that were more
significantly downregulated in our Emp2 KO mice were
involved in VEGF expression, including Hif3a,39 Adra2b,37

and Lpar140 (listed in blue in Fig. 5B). Consistent with the
angiogenesis signature observed in our data, one study
using systemic HIF inhibition to attenuate neovasculariza-
tion in murine OIR showed that a similar subset of genes,
including Tnfaip6, Slc16a3, Pdk1, and Mif were involved in
HIF inhibition.41 The independent validation of these genes
as attenuators of neovascularization suggests high fidelity of
our RNA sequencing results. Together, these findings highly
suggest gene-environment partition in the pathogenesis of
neovascularization after hyperoxia/hypoxia exposure.

Emp2 KO Display Altered Neoangiogenesis

With regard to angiogenesis, both the WT and Emp2 KO
animals showed an upregulation in a number of genes func-
tionally associated with this process, including members
of the Hif and Vegf families (Fig. 5B). To characterize the
expression of Hif and Vegf-A in the development of OIR,
their levels were assessed by in situ hybridization, qRT-PCR,
or immunohistochemistry. As expected, compared with age-
matched normoxic controls,Hif and VegfamRNA abundance
increased in all neuronal cell layers of the retina, including
the retinal ganglion cell (RGC), inner nuclear layer (INL),
and outer nuclear layer (ONL) in retinas of WT animals
with OIR at P12 and P17 (Figs. 6 and 7). The transcription
factor Hif is upstream of VEGF signaling, with Hif upregu-
lation beginning rapidly after exposure to hypoxia.42–44 Hif
expression in our OIR model peaks at P12 after removal
of mice from hyperoxia (75% oxygen) and placement into
“relative hypoxia” (21% oxygen), with normalization of Hif
levels by P17 (Fig. 6). VEGF expression peaks with maximal
neovascular disease at P17 (Fig. 7), both later and longer
after initial “hypoxia” exposure, consistent with temporal
expression patterns for transcriptional regulation.42–44 Inter-
estingly, in the P12 OIR mice, Hif mRNA expression within
the retinal neuronal layers was significantly higher in WT
animals than in Emp2 KO animals, as assessed by RNA in
situ hybridization (Fig. 6A; P = 0.0006) and validated by
qRT-PCR (Fig. 6B; P = 0.01). In the P12 and P17 OIR mice,
Vegfa mRNA expression within the RGC as well as the INLs
and ONLs was significantly higher in WT animals than in
the Emp2 KO animals with OIR (Fig. 7A; P = 0.02 at P12;
P = 0.001 at P17). To validate these effects, protein abun-
dance of Vegf-A was confirmed by immunohistochemistry
staining. P12 and P17 Emp2 KO animals showed decreased
Vegf-A protein expression within the RGC and INL layers
of retinas with OIR compared with WT animals with OIR
(Fig. 7B; P = 0.0002 at P12 and P = 0.006 at P17). In compar-
ison, age-matched animals from both groups maintained in
normoxia showed extremely low mRNA levels of HIF and
VEGFA.

Emp2 KO Attenuates the Neovascularization
Phase and Reduces Retinal Edema in OIR

To determine if the changes in Hif-1a and Vegf-A func-
tionally correlated with a change in neovascularization, WT
and Emp2 KO mice exposed to hyperoxia were evaluated
by whole mount imaging at P12 and P17 (Fig. 8). Peak
vaso-obliteration was evaluated at P12, with no differences
observed between groups (P = 0.277 by Student’s t-test with
Welch’s correction). In contrast, there was decreased neovas-
cularization at P17 in the Emp2 KO group (P = 0.008 by
Student’s t-test with Welch’s correction) (Fig. 8), confirming
a role for EMP2 in the regulation of neoangiogenesis in OIR.

Retinal thickness was also examined under OIR condi-
tions (Fig. 1A, third and fourth rows), as retinal swelling
due to edema and inflammation is a major characteristic
of ROP.1,6 We did not find a difference between WT and
Emp2 KO mouse retinal thickness at each time point, under
normoxia or OIR conditions (Fig. 1B). Of note, OIR-treated
pups are significantly smaller, with an average weight of
4.19 ± 0.133 grams (g) at P12 and 5.64 ± 0.118 g at P17,
compared with normoxia pups who average 6.15 ± 0.243 g
at P12 and 7.06 ± 0.268 g at P17 (P < 0.0001 at both time
points). Due to the significant effect of hyperoxia on postna-
tal weight gain, which results in a disparity in size between
normoxic and OIR pups during the active phase of disease,
which is reported in this model,25 retinal thickness was
normalized to whole body weight (Fig. 1B). Interestingly,
retinal thickness in hyperoxia-exposed pups was greater
than normoxia pups when adjusted for weight. There was a
trend for Emp2 KO being protective in hyperoxic conditions.
Given this, when hyperoxic retinal thickness was normalized
relative to normoxia retinal thickness at the same gestational
age and corrected for total body weight, WT OIR mice were
found to have significantly increased fold-change in retinal
thickness at the P17 peak disease time point compared with
the Emp2 KO (Fig. 1C). In conclusion, Emp2 KO seems to
protect against aberrant neovascularization, and may also
secondarily reduce retinal edema or inflammation.

DISCUSSION

Retinopathy of prematurity is a disease exclusive to prema-
ture infants exposed to relative hyperoxia that leads to
aberrant retinal vascularization. Disease etiology is likely
complex, as in recent years a number of players, includ-
ing angiogenic factors, inflammation, immune cell recruit-
ment, and oxidative stress responses, have been linked to the
pathogenesis of this disease.1,45,46 Current therapies such as
anti-VEGF injections or laser therapy target late-phase angio-
genic factors/vessel production, and have unknown systemic
side effects or long-term consequences on visual impairment
and neural function in developing neonates.15,47–49 Newer
strategies of prevention or early rescue treatment prior to
severe neovascularization would potentially mitigate risk of
severe consequences, and reduce the need for treatment
with laser surgery. As Emp2 has been shown to modulate
angiogenesis via regulation of Vegf and Hif1α in placen-
tal diseases and tumor growth,18–21 we hypothesized that it
may play a role in the neovascularization seen in ROP. Our
results support this conclusion, as there was a significant
decrease in neovascularization at P17 in Emp2 KO compared
with WT animals via Hif1α-mediated Vegf-A downregula-
tion. Reduction in aberrant vascularization may secondar-
ily protect Emp2 KO animals from retinal edema, a known
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FIGURE 6. WT but not Emp2 KO mice demonstrate dramatic upregulation of Hif1α mRNA expression in retinal neuronal layers in murine
OIR at P12. (A) Representative images taken using RNA in situ hybridization assays demonstrate high Hif1α mRNA expression in OIR
conditions in WT but not Emp2 KO mice at P12 (P = 0.0006) (top row). At P17, no significant difference in Hif1α mRNA expression is seen
between the WT and Emp2 KO OIR mice (second row). Minimal Hif1α mRNA is expressed under normoxic conditions (third and fourth
row). Data are graphically summarized as mean average pixel count/area of interest ± SEM (N = 3−5 per group). Scale bars represent
50 μm. (B) Validation of Hif1α mRNA expression in OIR (top graph) and normoxia (bottom graph) conditions by qRT-PCR demonstrates an
approximately 50-fold upregulation of Hif1α mRNA expression in WT OIR mice at P12 compared with Emp2 KO OIR mice at P12 as well
as both WT and Emp2 KO OIR mice at P17 (P = 0.01). Asterisk indicates P < 0.05.
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FIGURE 7. WT but not Emp2 KO mice demonstrate dramatic upregulation of VEGF mRNA and protein expression in retinal neuronal layers
in murine OIR. (A) Representative images taken using RNA in situ hybridization assays demonstrating increased VegfA mRNA expression
(red staining) in neuronal layers in WT but not Emp2 KO mice, maximal at P17, 5 days post-hyperoxia exposure (P = 0.02 at P12 and
P = 0.001 at P17 by multiple comparison testing) (top panel). Low Vegf mRNA expression was observed in normoxia conditions in both
WT and Emp2 KO mice at P17 (bottom panel). Data are represented in graphs as mean average pixel count/area of interest ± SEM (N =
4−7 per group). Scale bars represent 50 μm. (B) Representative images taken by immunohistochemistry demonstrating similar patterns of
VEGF protein expression (brown) in normoxia and hyperoxia WT and Emp2 KO mice at P12 and P17. VEGF protein expression increases at
P12 and P17 in mice exposed to WT OIR mice compared with Emp2 KO OIR mice (P = 0.0002 and P = 0.006, respectively). No significant
differences were observed in normoxia groups at P12 or P17. N = 3 to 4 per group with data represented as the mean average pixel count
± SEM. Scale bars represent 50 μm. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer neuronal layer; RPE, retinal pigment
epithelium; CH, choroid.
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FIGURE 8. EMP2 KOmice demonstrate attenuated neovascularization at P17 in murine OIR. (A) Demonstrative whole mount images depicting
how areas for quantification were generated in Photoshop. In the top image, the yellow area represents the area included for calculation of
total retinal area. In the middle image, the yellow area represents the area included for calculation of vaso-obliteration. In the bottom image,
the blue areas indicate areas of neovascularization. (B) Representative whole mount images demonstrating no change in vaso-obliteration
at P12 (top row), with enlarged insets (second row), but decreased severity of neovascularization at P17 (third row), with enlarged insets
(fourth row) in Emp2 KO mice (right column) compared with WT mice (left column). Red staining for lectin outlines endothelial cells lining
retinal vasculature. Asterisks indicate areas of neovascularization. Scale bars represent 500 μm. (C) Graphs representing quantification of
vaso-obliteration at P12 (top) showing no difference between WT and Emp2 KO groups (P = 0.277; N = 10−11/group), but decreased fold
change in neovascularization at P17 (bottom) in Emp2 KO mice (P = 0.008; N = 6−10/group). Data are represented in graphs as mean ±
SEM.

complication of ROP thought to be due to increased perme-
ability of abnormal neovessels or inflammatory changes
leading to capillary permeability and breakdown of the
blood retinal barrier.

High levels of EMP2 protein have been previously
reported to be present in both the corneal epithelium and
RPE in adult mice,33 with no expression reported within
the neuroretina. Here, we demonstrate that genetic KO of
Emp2 had minimal effect on ocular development in the
mouse, with histologically normal eye structures and reti-
nal vessel development. Functional vision, as extrapolated
from light sensitivity testing, was similarly not altered in
Emp2 KO mice, suggesting that Emp2 is not necessary for
normal ocular function. However, increased expression of
Emp2 was observed in the disease phases of OIR. Our study
is the first to show aberrant Emp2 expression within the
neuroretina, largely in the INL and ONL, under pathologic
conditions of OIR. This significant upregulation of Emp2
expression is seen at P17 after the relative hypoxia phase
of OIR, but not at P12 (after hyperoxia exposure in OIR),

which is consistent with previous studies in other animal
and in vitro models demonstrating that Emp2 upregulation
occurs in response to hypoxia.18,21–24 Taken together, this
suggests that EMP2, although not essential for normal reti-
nal development or function under physiologic conditions,
does play a role under pathologic conditions, particularly in
response to hypoxia.

The question of how mechanistically EMP2 contributes to
disease pathogenesis remains unanswered, although its role
may be explained through several intriguing possibilities.
Previous studies in cancer models have suggested that EMP2
can regulate HIF-1a expression, which would be consistent
with our results showing that Hif-1a mRNA and protein
expression is increased at P12, preceding peak of vasopro-
liferation and Vegf-A expression at P17.21 Therefore, direct
regulation of angiogenic factor production via EMP2 modu-
lation remains the most plausible mechanism.

HIF-1 is a key transcription factor that plays a major role
in ROP disease pathogenesis50 by mediating expression of
hypoxia-regulated genes, including VEGF. The role of HIF
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as a master oxygen sensor and driver of neovasculariza-
tion in diseases such as diabetic retinopathy, retinal vein
occlusions, and ROP has been well documented.51,52 Astro-
cytes, glia, Müller cells, and neurons such as ganglion cells,
as well as the RPE/choroid layer have all been shown to
produce or respond to increased VEGF.53,54 Consistent with
many of these studies, our investigation showed that HIF
and VEGF mRNA and protein were enhanced at the height
of hyperoxic (P12) or hypoxic (P17) exposure, respectively,
especially in the neuroretina. EMP2 in this model may be
acting through modulation of the HIF-mediated angiogenic
cascade, a mechanism that is supported by the established
role of EMP2 in cancer models.20,21 HIF-1a interacts with
many protein factors, and its stability is regulated by various
post-translational modifications, hydroxylation, acetylation,
and phosphorylation. HIF-1a protein stability is determined
by a complex balance of many factors, such as oxygen-
dependent ubiquitination, and negative and positive regula-
tors, including various oxygen independent factors such as
growth factor signaling.43 EMP2, an established angiogenic
player, may reasonably also modulate activity through this
intricate network, although the temporal relationship of its
interactions needs further investigation. Future studies will
also be focused on characterizing Emp2, Hif-1a, and Vegf-
A interactions between the different cell populations within
the neuroretina.

RNA sequencing of whole retinal samples was performed
in order to further identify potential protective interactions
in the Emp2 KO mice that explain their significant attenu-
ation of neovascularization. First, the overall transcriptomic
data are consistent with several reports in the literature that
ROP pathology is the result of several interacting aberrant
responses in angiogenesis, inflammatory, immune response,
and oxidative stress pathways,6–9,11–14,45,46 and these path-
ways were similarly represented in this model as differen-
tially expressed for age-matched mice exposed to normoxic
versus OIR conditions. To our knowledge, our RNA sequenc-
ing data is among the first transcriptomic databases in the
murine OIR model and can potentially be mined to identify
novel pathways.

Our retinal transcriptomic data highlights that the path-
way that is most highly altered in OIR is in angiogenesis.
Of the HIF protein family members, Hif-1a, which was a
major focus of our study, was not identified as being highly
differentially expressed in the RNA sequencing data. This is
likely because the expected peak expression of Hif-1a is at
P12 (Fig. 6), whereas the RNA sequencing was performed
at peak neovascularization of P17, so any transient change
in transcript expression may have been earlier than the time
point chosen for our RNA sequencing data. Additionally,
regulation of HIF-1a protein is primarily at the level of
ubiquitination and post-translational modification, with
possibly less variability in transcript at the P17 represented
time point. A related isoform, Hif-3a, was noted to be
downregulated in the EMP2 KO mice under OIR conditions
at P17 (Fig. 5B, blue). HIF-3a lacks the transcriptional acti-
vation domain present in HIF-1a and HIF-2a, and as such is
thought to act as a dominant negative regulator of HIF-1.43

HIF3a mRNA levels are more responsive to hypoxia than
either HIF-1 or HIF-2,55 but may have a different temporal
expression pattern, and further study at the earlier P12 time
point when maximal HIF-1a expression is expected could
be informative.

Another prominent pathway implicated by the RNA
sequencing data is the inflammatory response pathway.

Interestingly, almost all of the significantly differentially
upregulated genes (Fig. 5B, red) in the EMP2 KO mice
under OIR were immune related, including C5ar1 (comple-
ment C5a receptor 1), Il1b (interleukin 1 beta), Lif (leukemia
inhibitor factor), Tnfaip6 (tumor necrosis factor inducible
protein 6), Cybb (cytochrome b-245, beta chain, member
of the NADPH oxidase complex), Ptger4 (prostaglandin E
receptor 4), and Selp (selectin P). It is possible that EMP2
may indirectly regulate RPE function by altering immune
or inflammatory responses.56–58 Although RNA sequencing
results suggest that this is possible, no obvious histological
inflammation was observed, and the significance of these
findings remain to be clarified.

This study has demonstrated that EMP2 KO protects
against aberrant neovascularization, and suggests that
knockdown of EMP2 may be a novel and safe target by
which disease severity could be modulated. Given that
progressive fibrovascular contraction and tractional reti-
nal detachment has been shown to occur in up to 50%
of patients following anti-VEGF injections for retinopathy
of prematurity,59 a need remains to find novel therapeu-
tic targets. EMP2 may be a more specific target for ocular
neovascular diseases, as it is expressed in the corneal epithe-
lium and RPE in the eye, with potential for fewer off-target
effects. Additionally, targeting EMP2 seems to be safe in
developing neonates, with no measurable effect on visual
function. Future studies will be directed toward under-
standing the mechanisms by which EMP2 modulates VEGF
expression, and toward determining the potential benefits
and risks of anti-EMP2 based therapies.
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