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PURPOSE. In POAG, elevated IOP remains the major risk factor in irreversible vision loss.
Increased TGFβ2 expression in POAG aqueous humor and in the trabecular meshwork
(TM) amplifies extracellular matrix (ECM) deposition and reduces ECM turnover in the
TM, leading to a decreased aqueous humor (AH) outflow facility and increased IOP.
Inhibitor of DNA binding proteins (ID1 and ID3) inhibit TGFβ2-induced fibronectin and
PAI-1 production in TM cells. We examined the effects of ID1 and ID3 gene expression on
TGFβ2-induced ocular hypertension and decreased AH outflow facility in living mouse
eyes.

METHODS. IOP and AH outflow facility changes were determined using a mouse model
of Ad5-hTGFβ2C226S/C288S-induced ocular hypertension. The physiological function of ID1
and ID3 genes were evaluated using Ad5 viral vectors to enhance or knockdown ID1/ID3
gene expression in the TM of BALB/cJ mice. IOP was measured in conscious mice using
a Tonolab impact tonometer. AH outflow facilities were determined by constant flow
infusion in live mice.

RESULTS.Over-expressing ID1 and ID3 significantly blocked TGFβ2-induced ocular hyper-
tension (P < 0.0001). Although AH outflow facility was significantly decreased in TGFβ2-
transduced eyes (P< 0.04), normal outflow facility was preserved in eyes injected concur-
rently with ID1 or ID3 along with TGFβ2. Knockdown of ID1 or ID3 expression exacer-
bated TGFβ2-induced ocular hypertension.

CONCLUSIONS. Increased expression of ID1 and ID3 suppressed both TGFβ2-elevated IOP
and decreased AH outflow facility. ID1 and/or ID3 proteins thus may show promise as
future candidates as IOP-lowering targets in POAG.

Keywords: TGFβ2, ID proteins, intraocular pressure, trabecular meshwork, outflow
facility

Glaucoma is a heterogeneous group of optic
neuropathies that leads to progressive irreversible

vision loss, affecting approximately 80 million people
worldwide.1–3 POAG is the most prevalent form of glau-
coma and often is associated with elevated IOP. Chronic
elevation of IOP in POAG patients causes progressive reti-
nal ganglion cell (RGC) death, leading to initial peripheral
(and later central) vision loss. Therapeutically lowering
IOP reduces the risk of disease development and progres-
sion.3,4 The elevation in IOP is caused by a disruption in
the homeostasis of the normal structure and function of
the principal aqueous humor (AH) outflow pathway (the
trabecular meshwork [TM]) and its extracellular matrix
(ECM).5–7 The net effect of this disruption is increased AH
outflow resistance, resulting in elevated IOP.8,9

At the molecular level, examination of AH and TM
from POAG patients has shown increased expression of
TGFβ2 and TGFβ receptors.10–14 Elevated TGFβ2 in the
TM upregulates expression of various ECM proteins, includ-
ing fibronectin, collagen, laminin, and elastin. In addition,

TGFβ2 induces plasminogen activator inhibitor-1 (PAI-1)
expression that suppresses activation of matrix metallopro-
teases (MMPs) enzymes involved in maintenance of normal
TM homeostasis.15 Furthermore, TGFβ2 increases the ECM
cross-linking enzyme lysyl oxidases (LOX and LOXL1-4),
transglutaminase, and bone morphogenetic protein–1 (BMP-
1).6,16–19 These events contribute to increased ECM deposi-
tion and decreased ECM turnover, leading to increased AH
outflow resistance and IOP elevation. Intravitreal injection
of adenoviral vectors encoding an active form of TGFβ2
increases IOP and AH outflow resistance in mice, thus estab-
lishing a direct relationship between increased expression of
TGFβ2 and elevation of IOP.20–23

Bone morphogenetic proteins (BMPs) and BMP recep-
tors are expressed in the TM.24 BMPs 4 and 7 have been
shown to block the profibrotic effects of TGFβ2 in the
TM.24–26 However, the molecular mechanisms responsible
for this BMP inhibition of TGFβ2 activities are poorly under-
stood. Important downstream targets of the BMP pathway
are inhibitor of DNA binding proteins (ID1-4) expressed
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in various tissue and cell types.27–29 ID1-4 are transcription
regulators that belong to the superfamily of basic helix-loop-
helix (bHLH) proteins.30,31 Each ID protein is encoded by
a different gene on separate chromosomes; however, the
HLH domains of ID1-4 are evolutionary conserved across
all species studied.32,33 Furthermore, ID proteins lack a
basic domain (essential for DNA binding) and therefore
negatively regulate E-box transcription factors by forming
a heterodimeric complex and suppressing transactivation.34

Although ID1-ID3 exhibit some redundancy in their func-
tions, ID4 has a distinct role in neural development and
embryogenesis.35–39 ID1 and ID3 play important roles in cell
proliferation and differentiation, angiogenesis, immune cell
development and regulation, embryogenesis, neurogenesis,
cell division and apoptosis, retinal development, and circa-
dian rhythm.40–45

ID proteins are vital modulators in the development of
the retina and lens. During early development, they play
an essential role in regulating the ultimate developmental
fate of RGCs, and other retinal cell types.46,47 Additional
reports suggest that ID1-4 are expressed in various cells
of the cornea, including corneal fibroblasts, and that their
expression is regulated by BMP7 and TGFβ1.48 Addition-
ally, homozygous double mutant Id1−/− and Id3−/− mice
exhibit smaller lenses and retinas, and develop microph-
thalmia.47 Overall, the evidence suggests that ID1 and ID3
expression is necessary for healthy eye development. Along
with these important roles in development, IDs also are
known to negatively regulate fibrosis in pulmonary and
corneal fibrotic conditions. They also suppress expression
of fibronectin, PAI, thrombospondin-1, and collagen (ECM
proteins) in human dermal fibroblasts and in blood vessels
during angiogenesis.48–51 There currently is little informa-
tion of the roles of ID1 and ID3 in the adult eye, other than
the work described in our current study. The reason we used
shRNA to knockdown ID1 and ID3 in the adult mouse eye
rather than knockout mice is to prevent any potential influ-
ences on the anterior segment early in development.

Previously, we reported inhibitory effects of ID1 and ID3
in regulating TGFβ2-induced fibronectin and PAI-1 expres-
sion in the TM.29 Increased expression of TGFβ2 has been
shown to induce IOP elevation in rodents.20–23,52 Corre-
spondingly in rodents, TGFβ2 increases AH outflow resis-
tance by deposition of ECM in the TM.20 In our study, we
demonstrate that intravitreal injection of adenoviral vector
expressing active TGFβ2 in the mouse eye reduces AH
outflow facility and elevates IOP and that overexpression
of ID1 and ID3 will block these effects. Interestingly, RNAi
knockdown of ID1 or ID3 expression in the TM exacerbated
TGFβ2-induced ocular hypertension, and knockdown of the
IDs in normal eyes also increased IOP, further supporting
the homeostatic roles of TGFβ2 and BMP signaling in the
regulation of IOP in mice.

MATERIALS AND METHODS

Animals

Retired breeder female BALB/cJ mice were obtained from
The Jackson Laboratory (Bar Harbor, ME, USA). Animals
used for experiments were aged between 40 and 48 weeks
and were maintained on a 12-hour light/12-hour dark
cycle (lights on at 6:00 a.m.). All animal procedures were
conducted in compliance with the ARVO Statement for the
Use of Animals in Ophthalmic and Vision Research and

with all protocols and regulations established by the Insti-
tutional Animal Care and Use Facility at the University of
North Texas Health Science Center. Before use, animals were
examined by direct ophthalmoscopy (hand-held ophthalmo-
scope, Model 11710; Welch-Allyn, Skaneateles Fall, NY, USA)
to establish that their eyes presented a normal appearance
as judged by the following criteria: normal appearance of
cornea in terms of transparency (with no sign of conges-
tion, lesions, epithelial abrasions, or focal opacities), normal
appearance of the iris and pupil with no sign of iritis or
synechia(e), a normal light reflex, and a normal appearance
of the visible part of crystalline lens with no visible sign of
cataract. Any animals in which either one or both eyes did
not appear normal were eliminated from our study.

Adenoviral Vectors and Intravitreal Injections

Ad5-CMV-hID1(variant1 or isoform a) (Ad5-hID1), Ad5-
CMV-hID3 (Ad5-hID3), Ad5-U6-mID1shRNA-GFP(Ad5-
mID1shRNA) and Ad5-U6-mID3shRNA-GFP(Ad5-
mID3shRNA) stock vectors prepared in PBS were purchased
from Vector Biolabs (Malvern, PA, USA). Active TGFβ2 vector
Ad5-CMV-hTGFβ2C226/228S (referred to as Ad5-hTGFβ2 or
Ad5-hTGFβ2C226/228S) and Ad5-Null vector were purchased
from The Viral Vector Core Facility, University of Iowa
(Iowa City, IA, USA). Please see Supplemental Table S1
for a summary of these viral vectors and their targets. We
have previously shown that Ad5 viral vectors selectively
transduce the TM. We tested and confirmed all of these viral
vectors (for both target overexpression and knockdown)
in cultured TM cells before their use in vivo.20–23,52,53 Two
intravitreal injections were administered 48 hours apart to
the left eye (OS) of each animal.53 The rationale for initially
injecting the ID vectors before the TGFβ2 vector was to
provide ample time to overexpress or knockdown ID1 or
ID3 expression before providing the TGFβ2 OHT insult. This
clearly is a “prevention” protocol that provides the greatest
opportunity to determine the roles of ID expression on this
TGFβ2 OHT. In each case the contralateral right eye (OD)
was uninjected as an untreated control. Intravitreal injection
was performed under inhalation anesthesia (isoflurane 2.5%,
O2(g) 0.8 L/min) administered via a face mask sized for use
with mice. A single drop of 0.5 % proparacaine HCl (Alcaine;
Alcon Research, Fort Worth, TX, USA) was also applied for
local anesthesia to each eye before injection. For injection,
5 × 107 pfu of the specific viral vector suspended in PBS was
delivered as a bolus injection. Injection was administered
using a glass microsyringe (10 μL maximum volume) fitted
with 33-gauge needle (syringe and needle manufactured by
Hamilton Company, Reno, NV, USA). Immediately before
injection, the globe was digitally proposed. Under powerful
illumination and magnification ×30, the tip of the needle
was then inserted through the equatorial sclera, with care
being taken to angle the needle posteriorly such that the
tip was placed in the vitreous cavity, immediately anterior
to the retina, but without damaging the delicate structures
of the retina, posterior lens capsule, or lens itself. Once
positioned correctly, the plunger of the syringe was then
depressed slowly and evenly over the course of 10 seconds
to deliver a bolus of 2 or 3 μL of vector suspension. After
bolus delivery, the needle was left in place for one minute
to allow mixing of the injected contents with the vitreous.
The needle was then removed rapidly. The animal was then
given a dose of buprenorphine HCl (Buprenex, 0.05 mg/kg,
subcutaneously) as analgesic and returned to its cage and
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TABLE 1A. Experimental Design for Single Intravitreal Injection of
Ad5-hTGFβ2C226/228S or Ad5-Null to Study Effects of TGFβ2 on IOP

Group Injection Day 0 Injection (OS Only) Number of Mice

1 Ad5-Null (2 μL bolus) 3
2 Ad5-hTGFβ2C226/228S (2 μL bolus) 5

All intravitreal (ivt) injections given with 5 × 107 plaque forming
units (pfu)/injection.

allowed to recover.52 Animals were divided into groups on
the basis of the single injection (Table 1A) or combinations
of injections (Tables 1B, 1C).

IOP Measurements

IOP was measured between 1:00 p.m. and 3:00 p.m.
three times per week in conscious mice using a Tonolab
rebound tonometer (Colonial Medical Supply, Franconia,
NH, USA) according to our previously published method-
ology.54 Briefly, animals were gently restrained via place-
ment in a soft clear plastic cone sized for use with mice
(Decapicone; Braintree Scientific Inc., Braintree, MA, USA)
and then secured in a custom-made restrainer. The restrainer
holding the mouse secured in its cone was then placed on
an adjustable height platform. A series of five individual
groups of IOP readings were taken using a TonoLab impact
tonometer secured in place with a clamp. Each group of
readings constituted a single IOP value, with the average
reading consisting of six individual measurements, follow-
ing which the instrument reported a final value for IOP. The
average of five final IOP readings was then computed and
accepted as the final IOP reading in each case. Measure-
ments commenced from preinjection day −7 and extended
to postinjection days 21 to 28. While measuring IOP, care

was taken that the animals were relaxed and did not blink
the eye during IOP measurements.

Aqueous Humor (AH) Outflow Facility
Measurements

After IOP measurement on Day 21, animals were used
for AH outflow facility measurement, performed using
our previously published technique of constant flow infu-
sion.20,55,56 In brief, mice were anesthetized using a cock-
tail of ketamine/xylazine (induction: 100 mg/kg:10 mg/kg,
intraperitoneally; maintenance: 1/2 × to 1/4 × induction
dose). For local anesthesia, eyes were then given one drop of
0.5% proparacaine HCl (Alcaine ). At 30 minutes after induc-
tion of anesthesia, IOP was measured (TonoLab) to yield a
value for postanesthesia but precannulation IOP. Animals
were then placed on an electrically warmed (37°C) pad,
and the anterior chambers of both eyes were cannulated
with a 30-gauge needle attached to tubing connected to a
flow-through pressure transducer (BLPR2; World Precision
Instruments [WPI], Sarasota, FL, USA) and a glass microsy-
ringe (50 μL volume; Hamilton Company, Reno, NV, USA)
filled with sterile PBS passed through a 0.2 μm Acrodisc
Tuffryn Membrane syringe filter (PALL; Gelman Labora-
tory, Show Low, AZ, USA) and loaded onto a microdialy-
sis infusion pump (SP101i; WPI). An adjustable height PBS
manometer was also included that could be switched in
or out of the circuit using a three-way valve. After cannu-
lation, the manometer was switched into the circuit and
used to refill the chamber after cannulation and adjust
intracameral pressure to its immediate tonometrically deter-
mined postanesthesia but precannulation IOP value. The
infusion pump was then set at a flow rate of 0.1 μL/min,
and the eye was allowed 15 to 30 minutes for pres-
sure (registered by the pressure transducer and relayed to

TABLE 1B. Experimental Design for Intravitreal Injections of Ad5-hTGFβ2C226/228S (Day −2), As Well As Ad5-hID1, Ad5-hID3, and Ad5-Null
(Day 0) to Study Effects of ID1 and ID3 on TGFβ2-Mediated Elevated IOP

Injection Day

Group Day −2 First Injection (OS Only) Day 0 Second Injection (OS Only) Number of Mice

1 Ad5-Null (2 μL bolus) Ad5-Null (2 μL bolus) 5
2 Ad5-Null (2 μL bolus) Ad5-hTGFβ2C226/228S (2 μL bolus) 5 (10)*

3 Ad5-hID1 (2 μL bolus) Ad5-Null (2 μL bolus) 5
4 Ad5-hID1 (2 μL bolus) Ad5-hTGFβ2C226/228S (2 μL bolus) 5 (10)*

5 Ad5-hID3 (3 μL bolus) Ad5-Null (2 μL bolus) 5
6 Ad5-hID3 (3 μL bolus) Ad5-hTGFβ2C226/228S (2 μL bolus) 5 (10)*

* In groups 2, 4, and 6, an additional five animals (for a total of n = 10 animals) were injected for the purpose of aqueous outflow facility
measurements. All injections given as titer of 5 × 107 plaque forming units (pfu)/injection bolus.

TABLE 1C. Experimental Design for Intravitreal Injections of Ad5-hTGFβ2C226/228S (Day -2) As Well As Ad5-siID1, Ad5-siID3, and Ad5-Null
(Day 0) to Study Effects of Knockdown of ID1 and ID3 on TGFβ2-Mediated Elevated IOP

Injection Day

Group Day -2 First Injection (OS Only) Day 0 Second Injection (OS Only) No. of Mice

1 Ad5-Null (2 μL bolus) Ad5-Null (2 μL bolus) 5
2 Ad5-Null (2 μL bolus) Ad5-hTGFβ2C226/228S (2 μL bolus) 5
3 Ad5-siID1 (2 μL bolus) Ad5-Null (2 μL bolus) 5
4 Ad5-siID3 (2 μL bolus) Ad5-Null (2 μL bolus) 5
5 Ad5-siID1 (2 μL bolus) Ad5-hTGFβ2C226/228S (2 μL bolus) 5
6 Ad5-siID3 (2 μL bolus) Ad5-TGFβ2C226/228S (2 μL bolus) 5

All injections given as titer of 5 × 107 plaque forming units (pfu)/injection bolus.
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FIGURE 1. Intravitreal injection of Ad5-TGFβ2C226/228S elevates IOP. Groups of mice were injected with Ad5-hTGFβ2C226/228S (n = 5 animals)
or Ad5-Null (n = 8 animals) in their left eye (OS) on day = 0 after baseline IOP measurement. Their right eyes (OD) were used as uninjected
controls. Error bars represent ± SEM. Significant difference between Ad5-hTGFβ2C226/228S –injected versus Ad5-Null–injected (P < 0.0001)
and uninjected (P < 0.0001) groups as indicated by two-factor ANOVA followed by Tukey’s post-hoc test.

a computer) to stabilize. On pressure stabilization, three
stabilized pressure readings were obtained spaced five
minutes apart. We defined stabilized pressure as that part
of the pressure-time curve after the initial sharp rate of
increase in pressure at each new (increased) flow rate has
tailed off to <15% of the initial increase, and from that point
forward there are small fluctuations in pressure both upward
and downward, but again, at <15% of the rate of the initial
increase in pressure when first increasing the flow rate, as
previously reported by Millar et al.56 We have found that
this represents a degree of error in the final calculation of
total aqueous outflow facility of <5%. The stabilized pres-
sure then is the computed mean pressure over the part of the
pressure-time curve after the initial sharp increase in pres-
sure. This consideration is necessary because an absolute
flat plateau in the continuous pressure reading is not possi-
ble to obtain, as we have found in practice in living eyes
at each flow rate. We hypothesize that small but continuous
variations in resistance through the trabecular outflow path-
way, secondary to continuous changes in activity of the auto-
nomic innervation at this location. There may also be small
but continuous changes in episcleral venous pressure that
would also contribute to this issue. After determining stabi-
lized pressure in this manner at a flow rate of 0.1 μL/min,
the flow rate was then increased to 0.2 μL/min, and five
minutes were allowed for pressure to stabilize once more.
Three stabilized pressure readings were taken once again.
The process was repeated for flow rates of 0.3 μL/min, 0.4
μL/min, and 0.5 μL/min. Mean stabilized pressure-flow rate
curves were then plotted for each eye, and the data points
were fitted with linear regression. Aqueous outflow facility
was calculated as the reciprocal of the slope of each respec-
tive pressure-flow rate curve. All AH outflow facility deter-
minations were conducted in a single masked manner.

Statistical Analysis

Statistical analysis was performed using Graph Pad Prism 8
software (Graph Pad Prism Inc., San Diego, CA USA). For AH
outflow facility studies, a paired Student’s t-test was used for

comparison between two groups (injected OS versus unin-
jected OD). Multiple groups were compared using two-factor
ANOVA followed by Tukey’s post-hoc test. P < 0.05 was
considered to be significant. Values are quoted as mean ±
SEM, or for total AH outflow facility studies, mean ± 95%
confidence interval of the mean.

RESULTS

Intravitreal Injection of Ad5-hTGFβ2C226/228S

Elevates IOP

We previously demonstrated that intravitreal injection of
Ad5-hTGFβ2C226/228S elevates IOP in various mouse strains
including BALB/cJ.20–23,52,57 We confirmed the ability of Ad5-
hTGFβ2C226/228S to elevate IOP in female retired breeder
BALB/cJ mice. Baseline IOPs were measured before intravit-
real injection. The left eye (OS) was either injected with Ad5-
hTGFβ2C226/228S or Ad5-Null, whereas the right eye served
as an uninjected control (OD) (Table 1A). We observed a
significant increase in IOP in Ad5-hTGFβ2C226/228S–injected
eyes when compared to Ad5 null injected eyes (P < 0.0001)
and when compared to uninjected control eyes (P < 0.0001)
from days 5 to 21 (Fig. 1).

ID1 and ID3 Block TGFβ2-Induced IOP Elevation

It has been well established that TGFβ2 expression is
increased in glaucomatous TM and AH.10–13,58,59 TGFβ2
increased ECM deposition in the TM and increased IOP
in rodents, as well as in the ex-vivo human eye anterior
segment perfusion model.16,20,23,52 We demonstrated previ-
ously that ID1 and ID3 proteins block TGFβ2-mediated
induction of FN and PAI-1 expression in TM cells.29 To
determine whether ID1 and ID3 proteins would block
TGFβ2-induced IOP elevation, we injected Ad5-hID1 or
Ad5-hID3 vectors along with Ad5-hTGFβ2C226/228S. Right
eyes (OD) served as uninjected internal controls, and left
eyes were injected with Ad5-hTGFβ2C226/228S, Ad5-Null and
Ad5-hID1, or Ad5-hID3 with Ad5-Null (Table 1B). The
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FIGURE 2. ID1 Blocks TGFβ2-Induced IOP Elevation. Intravitreal injection of Ad5-null + Ad5-hTGFβ2 (n = 5) (OS) resulted in a significant
elevation in IOP commencing at Day 8 post-injection, (P < 0.0001; two-factor ANOVA) compared with Ad5 Null + Ad5 Null, Ad5-hID1 +
Ad5 Null, Ad5-hID1 + Ad5-hTGFβ2, or naïve (uninjected) eyes. Overexpression of ID1 completely abolished the IOP response to hTGFβ2.
Furthermore, IOP in all groups of injected eyes with the exception of those injected with Ad5 Null + Ad5-hTGFβ2 was not significantly
different from uninjected control eyes at any time point measured. Error bars represent ± SEM.

FIGURE 3. ID3 blocks TGFβ2-induced IOP elevation. Intravitreal injection of Ad5 Null + Ad5-hTGFβ2 (n = 5) (OS) resulted in a significant
elevation in IOP commencing at day 8 after injection, (P < 0.0001; two-factor ANOVA) compared with Ad5 Null + Ad5 Null, Ad5-hID3 + Ad5
Null, or Ad5-hID3 + Ad5-hTGFβ2, or naïve (uninjected) eyes. Overexpression of ID3 completely abolished the IOP response to hTGFβ2.
Furthermore, IOP in all groups of injected eyes with the exception of those injected with Ad5 Null + Ad5-hTGFβ2 was not significantly
different from uninjected control eyes at any time point measured. Error bars represent ± SEM.

Ad5-hTGFβ2C226/228S–injected group developed significantly
increased IOP (Figs. 2 and 3; P < 0.0001), whereas groups
injected with Ad5-Null and Ad5-hID1 or Ad5-Null and Ad5-
hID3 had no significant change in IOP from baseline (Figs.
2 and 3). Additionally, eyes injected with Ad5-hID1 or
Ad5-hID3 along with Ad5-hTGFβ2C226/228S also exhibited no
significant change in IOP from baseline (Figs. 2 and 3).
Thus ID1 and ID3 effectively blocked the ocular hyperten-
sion induced by Ad5-hTGFβ2C226/228S. This result implies that
ID1 and ID3 are important negative regulators of TGFβ2-
mediated ocular hypertension.

Knockdown of ID1 and ID3 Enhance
TGFβ2-Induced IOP Elevation

To determine whether knockdown of ID1 and ID3 proteins
would enhance TGFβ2-induced elevated IOP, we injected
Ad5-mID1shRNA or Ad5-mID3shRNA vectors along with
Ad5-hTGFβ2C226/228S. These shRNA vectors encode siRNAs
that specifically target either ID1 or ID3 mRNA for
degradation. We included right eyes (OD) as uninjected
internal controls, and left eyes were injected with Ad5-
hTGFβ2C226/228S, Ad5-Null and Ad5-mID1shRNA, or Ad5-
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FIGURE 4. Knockdown of endogenous ID1 enhances TGFβ2-induced IOP elevation. Intravitreal injection of Ad5-hTGFβ2 (n = 5) (OS)
resulted in a significant elevation in IOP on days 5 to 25 after injection (P < 0.0001) through day 28 (P < 0.05) (two-factor ANOVA) Ad5-
mID1 shRNA + Ad5-null (n = 5), and Ad5-null + Ad5 null (n = 5) (OS) injected eyes. The IOP in Ad5-Null injected eyes (n = 5) (OS) was not
significantly different from uninjected control eyes (OD) at any time point measured. Injection of Ad5-mID1 shRNA + Ad5-Null (n = 5) (OS)
led to a more modest but still-significant increase in IOP that manifested from day 5 (P < 0.01) until day 22 (P < 0.0001) as compared with
Ad5-null injected (n = 5) eyes (OS). Intravitreal injection of Ad5-mID1-shRNA + Ad5-hTGFβ2 (n = 5) (OS) enhanced the TGFβ2-mediated
IOP elevation significantly at day 12 (P < 0.01) to day 22 (P < 0.0001). Error bars represent ± SEM.

FIGURE 5. Knockdown of endogenous ID3 enhances TGFβ2-induced IOP elevation. Intravitreal injection of Ad5 Null + Ad5-hTGFβ2 (n =
5) (OS) resulted in a significant elevation in IOP, on days 5 to 23 after injection, (P < 0.0001; 2-factor ANOVA) until day 28 (P < 0.05),
compared with Ad5-mID3 shRNA + Ad5-null (n = 5), and Ad5-null + Ad5 null (n = 5) (OS) injected eyes. The IOP in Ad5-Null injected eyes
(n = 5) (OS) was not significantly different from uninjected control eyes (OD) at any time point measured. Injection of Ad5-mID3 shRNA
+ Ad5-Null (n = 5) (OS) led to a more modest but still-significant increase in IOP that manifested from day 5 (P < 0.01) until day 22 (P
< 0.0001) as compared with Ad5-null injected (n = 5) eyes (OS). Intravitreal injection of Ad5-mID3-shRNA + Ad5-hTGFβ2 (n = 5) (OS)
enhanced the TGFβ2-mediated IOP elevation significantly at day 12 (P < 0.01) to day 22 (P < 0.0001). Error bars represent ± SEM.

mID3shRNA with Ad5-Null (Table 1C). Once again, the Ad5-
hTGFβ2C226/228S–injected group of eyes exhibited a signif-
icant increase in IOP compared with Ad5-null control
(Figs. 4 and 5; P < 0.0001). However, eyes injected
with Ad5-mID1shRNA or Ad5-mID3shRNA along with Ad5-
hTGFβ2C226/228S exhibited a significantly greater increase in
IOP (P < 0.0001 on days 5 to 22 and P < 0.05 on day 28),
compared to eyes injected with only Ad5-hTGFβ2C226/228S or
when compared to Ad5-null (OS) controls (Figs. 4 and 5;
P < 0.0001). IOPs gradually lowered after their peaks at
day 17. In addition, eyes injected with Ad5-mID1shRNA or
Ad5-mID3shRNA along with Ad5 null also exhibited a signif-

icant increase in IOP as compared with Ad5-null (**P <

0.01, ****P < 0.0001) controls, although in this case the IOP
increase was significantly less than that induced by injec-
tion with Ad5-hTGFβ2 (P < 0.05 on day 5 and P < 0.0001
on days 7-22) (Figs. 4 and 5). These results suggest that
knockdown of endogenous ID1 or ID3 effectively increases
the magnitude of the ocular hypertension induced by Ad5-
hTGFβ2C226/228S. Even in the absence of TGFβ2 overexpres-
sion, IOPs were less severely but still significantly elevated.
We assume that the normal BMP suppression of endoge-
nous TGFβ2 is lost by silencing either ID1 or ID3 based on
our previous study in cultured HTM cells.29 This is further
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FIGURE 6. ID1 and ID3 block TGFβ2-induced reduction in outflow facility. At day 21 after injection, animals from groups 2, 4, and 6 (Table
1B) were selected for AH outflow facility studies. Animals injected with Ad5-Null + Ad5-hTGFβ2C226/228S exhibited a significant decrease
in AH outflow facility in injected (OS) eyes as compared to their uninjected contralateral control (OD) eyes (n = 10 animals) (P < 0.05,
paired Student’s t-test). Animals injected with Ad5-hID1 + Ad5-hTGFβ2C226/228S (n = 8 animals) (OS) exhibited no significant change in AH
outflow facility as compared to their uninjected contralateral control (OD) eyes. Animals injected with Ad5-hID3 + Ad5-hTGFβ2C226/228S

(n = 10 animals) (OS) exhibited no significant change in AH outflow facility as compared to their uninjected contralateral control (OD)
eyes. Individual data points are plotted. Horizontal bars within boxes represent mean. Limit of boxes above and below mean represent 95%
confidence interval of the mean.

supported by Figures 4 and 5, which show that knockdown
of either ID1 or ID3 significantly increases basal IOPs. Simi-
lar to previous experiments, injection of Ad5-null alone did
not cause a significant change in IOP from baseline values.

ID1 and ID3 Inhibit TGFβ2 Effects on AH
Outflow Resistance

Shepard et al.20 reported that intravitreal injection of Ad5-
hTGFβ2C226/228S significantly decreased the AH outflow facil-
ity in mouse eyes compared to contralateral uninjected eyes.
We studied the inhibitory effect of overexpression of ID1 and
ID3 on this TGFβ2-mediated decreased AH outflow facility.
At day 21 after injection of Ad5-hID1 or Ad5-hID3 along
with Ad5-hTGFβ2C226/228S, or Ad5-hTGFβ2C226/228S alone, AH
outflow facilities were measured in both eyes (OS [injected]
and OD [uninjected paired control]). Eyes that received
Ad5-hTGFβ2C226/228S exhibited a significant decrease in AH
outflow facility when compared to their respective unin-
jected contralateral controls (Fig. 6; P < 0.05), showing that
injection of Ad5-hTGFβ2C226/228S increased in AH outflow
resistance. This contrasted with eyes that received Ad5-hID1
or Ad5-hID3 along with Ad5-hTGFβ2C226/228S, which showed
no significant change in AH outflow facility compared with
their respective uninjected contralateral controls (Fig. 6).
This result implies that ID1 and ID3 proteins are able
to block the decrease in AH outflow facility mediated by
TGFβ2.

DISCUSSION

Elevated IOP is a major risk factor associated with POAG
development and disease progression. Current lines of treat-
ment are designed solely to alleviate high IOP via medical
(drug) therapy or surgical intervention (using invasive tech-

niques or laser therapy), which lower IOP but do not address
the underlying cause(s) of glaucomatous ocular hyperten-
sion.5 However, these approaches are not uniformly effec-
tive and often just slow disease progression. The efficacy
of medical therapy often gradually declines over time and
presents concurrent side effects. Poor patient compliance is
also an issue. Therefore there still exists a need to discover
and develop new disease-modifying therapies, especially on
the glaucomatous TM to prevent or reverse ocular hyperten-
sion and protect RGCs from degeneration. In this study, we
used an inducible model of open-angle glaucoma to explore
the role of the transcription regulators ID1 and ID3 in their
ability to modulate TGFβ2-mediated ocular hypertension
and decreased AH outflow facility. Our inducible TGFβ2
mouse model mimics certain features of ocular hypertension
in POAG through direct effects on the TM, induction of ECM
deposition in the TM, impaired aqueous outflow facility, and
elevated IOP.20,22,23,52

There are numerous reports contributing towards current
understanding of the effects of TGFβ2 upon the TM, as well
as its ability to promote an increase in AH outflow resis-
tance and ocular hypertension.10,14,16,21–23,60,61 In the healthy
eye, TGFβ2 is secreted in small amounts and contributes
to immune privilege in this organ by suppression of the
immune system in the anterior chamber.62 But in POAG,
TGFβ2 levels are increased in the AH and in TM cells
and tissues.10–14 This leads to increased expression of ECM
proteins fibronectin (FN), collagen I and IV, laminin, tenascin
C, versican, and elastin.6,7,16,19,63 The interaction of FN with
specific integrins plays an important role in the increase
in deposition of other ECM proteins via the formation of
scaffolds.64–66 TGFβ2 also increases PAI-1 expression, which
inhibits plasmin activation and thereby negatively regulates
activation of MMPs.15,67 By contrast, inhibition of PAI-1 in
TM cells will rescue MMP activity and lower IOP, even while
in the presence of elevated levels of TGFβ2. This increase
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FIGURE 7. ID1 and ID3 proteins block TGFβ2-mediated effects on
AH outflow facility and IOP. Overexpression of TGFβ2 decreases AH
outflow facility and increases IOP mouse eyes. Concurrent overex-
pression of ID1 and ID3 block these effects.

in PAI-1 expression in response to overexpression of active
TGFβ2 has also been confirmed in the TGFβ2 ocular hyper-
tensive mouse model.20,68 PAI-1 plays a key role in the
reduction of ECM turnover at the TM and inner wall of
Schlemm’s canal, and the development of ocular hyperten-
sion.16,69 We examined the ability of Ad5-hTGFβ2C226/228S to
generate ocular hypertension in BALB/cJ mice. Similar to
previously published data, we observed a significant IOP
elevation.20–23,52

BMP4 and BMP7 block TGFβ2-induced FN expression
in cultured TM cells.25,26 C57BL/6J Bmp4+/− mice display
anterior segment dysgenesis and elevated IOP.70 BMP4 treat-
ment of human primary TM cells increases ID1 and ID3
expression, while over-expression of ID1 and ID3 in TM
cells inhibits TGFβ2-induced PAI-1 and FN expression.29

We demonstrated that Ad5-hID1 and Ad5-hID3 success-
fully blocked TGFβ2-induced IOP elevation. Knockdown of
endogenous ID1 and ID3 caused a significant increase in
IOP compared to the Ad5-null injected or contralateral unin-
jected control eyes. This suggests that homeostatic regula-
tion of normal IOP involving TGFβ2, BMPs, and ID proteins.
We do not think that either ID1 or ID3 knockdown would
necessarily elevate TGFβ2 expression but rather alter the
homeostatic state of TGFβ2 signaling, thereby enhancing the
activity of basal TGFβ2 expression. In addition, overexpres-
sion of hTGFβ2C226/228S increased IOP, whereas knockdown
of ID1 or ID3 along with overexpression of hTGFβ2C226/228S

increased IOP even more. These data support the hypothesis
that ID1 and ID3 are key downstream targets in regulating
TGFβ2-induced ocular hypertension (Fig. 7).

ID1 is known to suppress PAI-1 and uPA expression and
thereby control MMP2, MMP3, MMP9, and MMP14 activi-
ties.29,30,67,69,71 In addition, ID1 also suppresses expression
of the fibrotic proteins thrombospondin-1, LOX, βV-integrin,
inhibin betaA, and FN expression in murine fibroblasts.48,50

Recent reports suggest that ID3 plays a critical role in regu-
lating corneal fibrosis by blocking α-smooth muscle actin
expression.49 Because ID1 and ID3 inhibit fibrotic expres-
sion and support activation of MMPs, we hypothesized that
these ID proteins may then regulate ECM turnover in TM,
resulting in maintaining normal AH outflow resistance and
thus controlling IOP. ID proteins antagonize the effect of
TGFβ2 and thus normalize AH outflow homoeostasis. We
confirmed that intravitreal injection of Ad5-TGFβ2C226/228S

increased AH outflow resistance (i.e., decreased AH outflow
facility).20 However, in eyes injected with Ad5-hID1 or Ad5-
hID3 along with Ad5-hTGFβ2C226/228S, we observed no signif-
icant change in outflow facility measurement. This confirms
that in the TGFβ2 overexpression mouse model of ocular
hypertension, ID1 and ID3 proteins play an important role in
negatively regulating TGFβ2-induced changes in AH outflow
resistance and IOP elevation.

In summary, we confirmed that, similar to previously
published data, overexpression of TGFβ2 significantly
reduced AH outflow facility and elevated IOP. However,
overexpression of hID1 or hID3 blocked these effects of
TGFβ2. Knockdown of exogenous ID1 or ID3 enhances
TGFβ2-induced IOP elevation. Intriguingly, both ID1 and
ID3 show a similar trend in regulating TGFβ2 effects in
TM cells29 and in the living mouse eye. An increased under-
standing of the molecular and transcriptome changes post-
ID1 and ID3 over-expression in TM cells and in the Ad5-
hTGFβ2C226/228S mouse model of ocular hypertension will
advance our knowledge of the role of ID proteins in POAG.
This study establishes that ID1and ID3 proteins are impor-
tant negative regulators of TGFβ2-mediated AH outflow
resistance and ocular hypertension and may represent novel
targets for development of disease-modifying therapies to
treat POAG.
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