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ABSTRACT The in vivo function of microRNAs (miRs) in diabetic retinopathy (DR)
and age-related macular degeneration (AMD) remains unclear. We report here that
let-7 family members are expressed in retinal and choroidal endothelial cells (ECs). In
ECs, overexpression of let-7 by adenovirus represses EC proliferation, migration, and
networking in vitro, whereas inhibition of the let-7 family with a locked nucleic acid
(LNA)–anti-miR has the opposite effect. Mechanistically, silencing of the let-7 target
HMGA2 gene mimics the phenotype of let-7 overexpression in ECs. let-7 transgenic
(let-7-Tg) mice show features of nonproliferative DR, including tortuous retinal ves-
sels and defective pericyte coverage. However, these mice develop significantly less
choroidal neovascularization (CNV) compared to wild-type controls after laser injury.
Consistently, silencing of let-7 in the eye increased laser-induced CNV in wild-type
mice. Together, our data establish a causative role of let-7 in nonproliferative dia-
betic retinopathy and a repressive function of let-7 in pathological angiogenesis,
suggesting distinct implications of let-7 in the pathogenesis of DR and AMD.
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The retina has been an excellent model for studying the mechanism of angiogenesis.
Retinal vascularization in mice begins after birth, when endothelial cells (ECs) sprout

from the central retinal artery to the peripheral region and then to the intermediate and
deep retinal layers (1, 2). Pathological angiogenesis in the eye is the most common
cause of blindness at all ages and underlies conditions such as retinopathy of prema-
turity in children, diabetic retinopathy (DR) in young adults, and age-related macular
degeneration (AMD) in the elderly. DR is the leading cause of blindness in working-age
adults (18 to 64 years old), with a prevalence of 5.4% (�7.7 million people) in the United
States (3). Early-stage DR (or nonproliferative DR [NPDR]) is characterized by pericyte
loss, basement membrane thickening, and EC dysfunction. Proliferative diabetic reti-
nopathy (PDR) develops at the advanced stage and is associated with new blood vessel
growth along the retina and the vitreous surface. AMD is a degenerative disease of the
retina and the leading cause of blindness among the elderly (4). Neovascular (or wet)
AMD, which accounts for the majority of acute vision loss in AMD, is characterized by
choroidal neovascularization (CNV), a process involving abnormal growth of blood
vessels from the choroid into the retina. Vascular endothelial growth factor (VEGF) is a
major cytokine driving neovascularization and vascular permeability during CNV and
diabetic edema. Several U.S. Food and Drug Administration-approved anti-VEGF agents
are the current mainstay for wet AMD treatment and have been recently approved for
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the treatment of diabetic macular edema (5–8). Although anti-VEGF agents have
markedly improved the clinical outcome of wet AMD, only 30 to 40% of individuals
experienced vision improvement after treatment, and some patients do not respond to
anti-VEGF therapy at all (9, 10). Therefore, novel and alternative therapeutic approaches
are still greatly needed. Moreover, mechanistic study of AMD and DR is still scarce, and
many critical questions remain to be answered. For example, what is the mechanism
driving the transition from NPDR to PDR? What are common and distinct mechanisms
of AMD and DR?

MicroRNAs (miRs) are small noncoding RNAs that posttranscriptionally repress
multiple target genes and are implicated in numerous diseases, including vascular
diseases (11–13). The in vivo function of miRs in DR and AMD is still largely unknown
(14, 15). Several miRs, including let-7, miR-375, miR-9, miR-103/107, miR-143/145, and
miR-144, have been shown to regulate insulin production, release, or insulin sensitivity
(16–22). A number of miRs have been shown to be significantly regulated in the retinas
or retinal ECs (RECs) in streptozotocin-induced or Akita (type I diabetic) DR animal
models or in the oxygen-induced retinopathy model (23–32). Particularly, miR-146a and
miR-146b are upregulated in the RECs of diabetic rats and act as negative feedback on
NF-�B activation to control the inflammatory response (23, 33); miR-200b and miR-126
are downregulated in a DR mouse model and regulate VEGF expression during retinal
neovascularization (25, 29); miR-200b downregulation was also found in the retinas of
patients with diabetes (25, 34). However, miR-200b was also shown to be significantly
upregulated in the retinas of Akita rats and could contribute to increased cell death in
DR (26). More recently, using a genetic knockout mouse model, miR-155 was shown to
modulate microglial activation and abnormal vessel growth in an oxygen-induced
retinopathy model (35). Regarding the role of miRs in AMD, several miRs, including
miR-23/miR-27, miR-21, miR-24, and miR-126, have proven to be important regulators
of CNV in a laser injury-induced CNV model (36–39). However, the overall in vivo
function of miRs related to DR and AMD is still unclear.

The let-7 family genes are the founding members of miRs, with established functions
in tissue differentiation and tumor suppression (40, 41). The mouse let-7 miR family
consists of 12 gene loci that resolve into nine unique but highly homologous mature
miR sequences, which include let-7a, let-7b, let-7d, let-7e, let-c, let-7f, let-7g, let-7i, and
miR-98. In humans, the let-7 family also includes miR-202. All family members are
believed to have similar functions due to the identical seed region (nucleotides 2 to 7)
that are required for miR-target mRNA interaction. To date, there is no genetic knockout
study of the let-7 family miRs in vertebrates reported, possibly due to the location of the
let-7 family members in multiple loci of the genome. Transgenic overexpression of
Lin28a and Lin28b, negative regulators of let-7 biogenesis, promotes an insulin-
sensitized state that resists high-fat-diet-induced diabetes, whereas the overexpression
of let-7 results in insulin resistance and impaired glucose tolerance (21, 22). Consis-
tently, the inhibition of let-7 expression by locked nucleic acid (LNA)-modified anti-miR
resulted in improvement of insulin resistance and blood glucose levels. Regarding let-7
family function in angiogenesis, inhibition of let-7f was shown to reduce sprouting
angiogenesis in vitro (42). Based on these reports, we hypothesized that the let-7 gene
family plays a role in angiogenesis related to DR and AMD. We provide evidence that
the overexpression of let-7 in vivo leads to features of NPDR, including tortuous retinal
vessels and defective pericyte coverage. However, this phenotype did not progress to
the PDR phenotype. Consistent with these findings, we found a repressive function of
let-7 in angiogenesis. Overexpression of let-7 represses EC proliferation, migration, and
EC networking, whereas inhibition of let-7 has the opposite effect. Knockdown of the
let-7 target HMGA2 gene mimics the effect of let-7 overexpression in vitro. Moreover,
let-7 transgenic mice show significantly less neovascularization in the choroid after
laser injury, whereas the knockdown of let-7 using let-7 anti-miR strongly enhanced
CNV. These data indicate that let-7 contributes to NPDR but represses angiogenesis and
CNV in vivo.
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RESULTS
Expression of let-7 family members in human retinal cells and mouse retinal

tissues. The let-7 family contains 10 unique homologs in humans and 9 homologs in
mice (Fig. 1A and data not shown). They are highly expressed in ECs and were shown
to play a role in angiogenesis in an in vitro study (42). However, their function in retinal
angiogenesis is currently unknown. To study the role of let-7 family in the retinal
angiogenesis, the expression of let-7 family members in several retinal cell types,
including human retinal ECs (HRECs), human choroidal ECs (HCECs), and human retinal
pigment epithelial (RPE) cells (ARPE-19), was compared to that in human umbilical vein
ECs (HUVECs) by quantitative reverse transcription-PCR (qRT-PCR). After normalization
to U6, the let-7a, let-7b, let-7c, let-7d, let-7g, and let-7i expression was found to be
much higher in all four cell types than that of let-7e, let-7f, and miR-98 (Fig. 1B). We also
examined the expression of let-7 family members in adult mouse retina and RPE/
choroid tissues and found the same 6 let-7 members to be expressed at much higher
levels than the other three let-7 members, a finding consistent with their expression
pattern in human retinal cells (Fig. 1C). Interestingly, let-7b, let-7c, and let-7i are
expressed at �2-fold-higher levels in the RPE/choroid compared to the retina. These
results indicate the let-7 family members are expressed in retinal tissues, including
retinal ECs, choroid ECs, and RPE cells.

Regulation of EC angiogenic behavior by let-7. For let-7 functional study, a
specific LNA-modified anti-miR has been designed to silence all let-7 family members
to circumvent the functional redundancy of the let-7 family members (Fig. 1A) (22).
Overexpression of let-7 was achieved by an adenovirus expressing the let-7a/d/f cluster
(Ad-let-7). The efficacy of the let-7 silencing by anti-miR and let-7 overexpression by
adenovirus in HUVECs was confirmed by qRT-PCR (Fig. 2A).

FIG 1 let-7 expression in retinal cells and tissues. (A) Sequence alignment of the human let-7 family members. The
nucleotides that are different from the majority of let-7 family members are labeled in red. The box indicates the seed
region (nucleotides 2 to 8). A 16-mer LNA–anti-miR designed to silence let-7 members with complementarity to
nucleotides 2 to 17 of let-7a and let-7c is shown below. (B) Relative expression level of let-7 family members in HUVECs,
HRECs, HCECs, and ARPE cells as detected by qPCR. (C) Relative expression level of let-7 family members in the whole retina
or RPE/choroid from 1-month-old wild-type C57BL6 mice. U6 served as a normalization control for miR qPCRs.
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FIG 2 Regulation of angiogenic activities by let-7. (A) Relative expression of let-7 family members let-7b, let-7c, and let-7d in HUVECs after let-7 anti-miR
transfection as detected by qPCR. U6 served as a normalization control. An anti-let-7 sequence is shown. **, P � 0.01. The relative expression of let-7d after
Ad-let-7a/d/f or Ad-LacZ infection in HUVECs was detected by qPCR. U6 served as a loading control. ***, P � 0.001. (B) Representative pictures of in vitro
Matrigel assays after Ad-let-7 or Ad-LacZ infection or after anti-let-7 or control anti-miR transfection in HUVECs. (C) Quantification of branching point per

(Continued on next page)
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To define the function of let-7 in angiogenesis, an in vitro Matrigel network forma-
tion assay was performed with HUVECs transfected with control and let-7 anti-miRs,
respectively, or infected with adenovirus overexpressing let-7 or a LacZ control. Cul-
tured ECs form primary vascular tubular network at 6 to 18 h after seeding on Matrigel.
Overexpression of let-7 by adenovirus repressed tube formation, as quantified by a
significantly reduced number of branch points (23.3 � 1.2 in control versus 10.3 � 1.6
in Ad-let-7, n � 3, P � 0.0034), while silencing of let-7 with the LNA–anti-miR
significantly enhanced the formation of tubular structures (21.7 � 1.5 in control versus
28.3 � 12.0 in anti-let-7, n � 3, P � 0.049) (Fig. 2B and C). Angiogenesis is a multistep
process in which EC proliferation and migration play a key role. To examine the cellular
mechanism of let-7 in regulating angiogenesis, a bromodeoxyuridine (BrdU) incorpo-
ration assay and a scratch wound assay were performed to test the effect of let-7
overexpression or silencing on EC proliferation and migration. Under the basal starva-
tion condition, either let-7 overexpression or silencing had no significant effect on EC
proliferation, as shown by similar levels of BrdU incorporation (Fig. 2D). However, let-7
overexpression strongly repressed EC proliferation in response to VEGF stimulation
(absorbance � 0.36 � 0.01 in Ad-LacZ versus 0.22 � 0.009 in Ad-let-7, n � 3, P �

0.0006), whereas silencing of let-7 with LNA–anti-miR significantly increased EC prolif-
eration (absorbance � 0.34 � 0.003 in anti-control versus 0.48 � 0.003 in anti-let-7, n �

3, P � 0.0001). In the scratch wound cell migration assay, VEGF-stimulated ECs are
allowed to migrate into the wounded region. The HUVECs were treated with
5-fluorouracil to rule out the influence of EC proliferation on migration. Overexpression
of let-7 significantly inhibited EC migration in response to VEGF (migration distance �

324 � 10 �m in Ad-LacZ control versus 209 � 15 �m in Ad-let-7, n � 3, P � 0.004),
whereas let-7 LNA anti-miR drastically enhanced EC migration (migration distance �

356 � 6 �m in anti-control versus 482 � 16 �m in anti-let-7, n � 3, P � 0.002) (Fig. 2E
and F). These data indicate that let-7 is sufficient and necessary to repress EC prolifer-
ation, migration, and EC networking in vitro.

Silencing of the let-7 target HMGA2 gene suppresses EC angiogenic behavior.
let-7 family members have been shown to target multiple genes and pathways to
regulate cell growth and invasion (43). To determine the mechanism whereby let-7
regulates angiogenesis, we focused on one of the key let-7 target genes: the high-
mobility-group A2 (HMGA2) gene (44–46). HMGA2 is a nonhistone chromatin protein
and an architectural transcription factor that is important for tissue growth and
tumorigenesis (47, 48). To determine whether let-7 targets HMGA2 in ECs, the expres-
sion of HMGA2 protein was examined after adenovirus overexpression of let-7 and
anti-miR let-7 silencing, respectively. HMGA2 protein levels were suppressed by let-7
overexpression and significantly upregulated by let-7 silencing (Fig. 3A). To test
whether silencing of HMGA2 mimics the angiogenic phenotype of let-7 overexpression,
HMGA2 was silenced with a specific small interfering RNA (siRNA) (Fig. 3B). As shown
in Fig. 3C to G, HMGA2 silencing repressed EC proliferation and migration in response
to VEGF and network formation in a Matrigel assay, suggesting that HMGA2 at least
partially mediates the angiogenic effects of let-7 in ECs.

Repression of retinal vascular development in mice overexpressing let-7. To
study the function of let-7 in retinal development and retinal angiogenesis in vivo, we
took advantage of the let-7-transgenic (let-7-Tg) mice we had generated previously
(22). In these mice, let-7 (a, d, and f) expression was turned on when the mice
expressing inactive let-7 transgene were crossed to transgenic mice overexpressing
CAG-Cre. In the let-7-Tg mice, let-7a was upregulated by �5-fold and let-7d by �2-fold
in the retina (Fig. 4A). Consistent with the previous report, let-7-Tg mice showed
significantly reduced body weight, elevated glucose levels, and an impaired glucose

FIG 2 Legend (Continued)
field in panel B. (D) Quantification of VEGF-induced proliferation indicated by BrdU incorporation after Ad-let-7 and anti-let-7 transfection in HUVECs. ***,
P � 0.001. (E) Representative pictures of migration assays in response to VEGF treatment after Ad-let-7 and anti-let-7 transfection in HUVECs. (F)
Quantification of the migration distance (in micrometers) depicted in panel E.
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tolerance response compared to the littermate wild-type (WT) control mice (Fig. 4B and
data not shown) (22). Consistently, the downregulation of let-7 target protein HMGA2
was confirmed in the retinas of the let-7-Tg mice (relative band density � 0.9 � 0.1 in
WT and 0.45 � 0.05 in let-7-Tg, **, P � 0.01) (Fig. 4C). Retinal vascularization in mice
begins after birth when vessels sprout from the central retinal artery to the periphery

FIG 3 Regulation of EC angiogenic activities by let-7 target HMGA2 gene. (A) Representative Western blot analysis showing regulation
of HMGA2 protein level by let-7 silencing or overexpression in HUVEC cells. Tubulin was used as a loading control. The band density
is indicated. (B) Silencing of HMGA2 by specific siRNAs in ECs, as demonstrated by Western blotting. Tubulin was used as a loading
control. (C) EC migration in response to VEGF treatment after HMGA2 knockdown with siRNAs. (D) Quantification of migration distance
(in micrometers). ***, P � 0.001. (E) Quantification of VEGF-induced proliferation indicated by BrdU incorporation after HMGA2
silencing in HUVECs. ***, P � 0.001. (F) Representative pictures of in vitro Matrigel assays after HMGA2 silencing in HUVECs. (G)
Quantification of branching point per field in panel F. ***, P � 0.001.
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FIG 4 Delayed retinal vascular development in let-7 transgenic mice. (A) qPCR results showing let-7a and let-7d expression in
the retinas of WT and let-7-Tg mice. miR-24 served as a control. (B) let-7-Tg mice show impaired glucose tolerance in let-7-Tg mice.
The blood glucose level at 0 to 120 min after glucose stimulation was measured. Statistics were derived from three wild-type and
three let-7 transgenic mice. **, P � 0.01; ***, P � 0.001. (C) Downregulation of let-7 target protein Hmga2 in the retinas of let-7-Tg

(Continued on next page)
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region. To study the retinal vascular development phenotype in the let-7-Tg mice, we
stained the retinal vasculature with ICAM-2, a marker for retinal endothelial cells. As
shown in Fig. 4B, the P6 retina vasculature appeared normal in let-7-Tg mice compared
to the WT littermates (Fig. 4D). However, detailed quantification revealed that the
retinal vessel sprouting distance and retinal vessel density were mildly but significantly
reduced in let-7-Tg mice compared to WT controls (1,396 � 22.5 �m (n � 40) in control
versus 1,284 � 20.5 �m in let-7-Tg mice (n � 35), P � 0.0005) (Fig. 4E and F). Of note,
the sizes of the retinas in let-7-Tg mice were comparable to those of WT controls. The
decrease in retinal vascular density persisted in adult let-7-Tg mice, as shown by
quantification of the superficial layer of the retinal vasculature (Fig. 4G). By isolectin-B4
staining of vessels in the retinal sections, the deep-layer and intermediate vessels
(shown by dashed lines), as well as the choroid vessels (shown by green arrows),
appeared normal in adult let-7-Tg mice, indicating that the patterning of retinal and
choroid vessels was not affected in let-7-Tg mice (Fig. 4H). Moreover, retinal structures
appeared normal in let-7-Tg mice by hematoxylin-and-eosin (H&E) staining. By immu-
nostaining, photoreceptor cells labeled by antibody to recoverin, bipolar cells labeled
by antibody to protein kinase C� (PKC�), and horizontal cells and retinal ganglion cells
labeled by antibody to calbindin appeared to be normal in let-7-Tg mice (Fig. 4I). These
data suggest that let-7 overexpression mildly represses retinal vascular development
without affecting the patterning of the major retinal cell types.

let-7-Tg mice develop features of NPDR. Since let-7-Tg mice showed diabetic
phenotypes, we tested whether let-7-Tg mice develop the diabetic retinopathy phe-
notype (22). The retinal vasculature was monitored by fluorescence angiography from
1 month to 1 year. As shown in Fig. 5A, let-7-Tg mice started to exhibit vessel tortuosity
at �2 months, which persisted at all later stages tested. As determined by fluorescence
angiography, the retinal vessels were not leaky in let-7-Tg mice compared to the WT
littermates, suggesting no retinal neovascularization in let-7-Tg mice. The retinas were
also stained with an antibody against ICAM2 and an antibody against smooth muscle
�-actin (�-SMA) (Fig. 5B). ICAM2 staining confirmed that the retinal vessel patterning is
normal. �-SMA staining confirmed that the tortuous vessels are all arteries and not
veins. To further characterize the other retinal cell types involved in retinal vascular
function in let-7-Tg mice, retinal astrocytes and pericytes were stained with antibodies
to glial fibrillary acidic protein (GFAP) and neural/glial antigen 2 (NG2), respectively (Fig.
6). No difference was observed in astrocytes, as shown by GFAP staining. However,
patchier pericyte coverage was observed in the let-7-Tg mice, suggesting defective
pericyte coverage in let-7-Tg mice (pericyte loss is indicated by the red arrows in the
let-7-Tg retina in Fig. 6B). Taken together, retinal vessel tortuosity and defective
pericyte coverage without neovascularization suggest features of NPDR in the let-7-Tg
mice.

Regulation of choroidal neovascularization by let-7. To test the involvement of
let-7 in pathological angiogenesis, a laser-induced CNV mouse model, a classic model
for CNV in neovascular AMD, was adopted (49). Laser injury was performed in let-7-Tg
mice and WT control littermates, and the neovessels that grew out of the choroid were
stained with ICAM2 after flat mount at 14 days postinjury. CNV area was significantly
less in let-7-Tg mice compared to WT controls (WT � 2,719 � 195.6 �m2, n � 24;

FIG 4 Legend (Continued)
mice, as shown by Western blotting. �-Tubulin was used as a loading control. Band density analyses were performed from three
WT and three let-7 transgenic mice (band density � 0.9 � 0.1 in WT versus 0.45 � 0.05 in let-7-Tg; **, P � 0.01). (D) Flat-mount
ICAM-2 staining of retinal vasculature in WT and let-7-Tg mice. (E) Quantification of retinal vessel sprouting distance in panel C.
***, P � 0.001. (F) Quantification of the retinal vessel densities shown in panel C. *, P � 0.05. (G) Quantification of the retinal vessel
densities in adult WT and let-7-Tg mice. **, P � 0.01. (H) H&E staining and isolectin-B4 staining of retinal sections in WT and
let-7-Tg mice. White arrows indicate the superficial retinal vessels, green arrows indicate the choroidal vessels, and dashed lines
ondicate the intermediate and deep layers of retinal vessels. Note that the rupture in WT retinas in the H&E staining images is a
histological artifact. (I) Antibody staining of retinal sections in WT and let-7-Tg mice. The antibodies used included recoverin (a
marker of photoreceptor cells), PKC-alpha (a marker of bipolar cells), and calbindin (a marker of ganglion cells). DAPI (4=,6=-
diamidino-2-phenylindole) was used to stain the nuclei. Scale bar, 50 �m.
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let-7-Tg � 1,314 � 142.0 �m2 [n � 18, P � 0.0001]) (Fig. 7A and B). To further examine
whether laser-induced CNV is enhanced by let-7 silencing, LNA–anti-let-7 or control
anti-miR was subretinally injected into WT mice, and CNV was quantified (36). Com-
pared to the control anti-miR, let-7 anti-miR significantly promoted laser-induced CNV,
as shown by ICAM2 staining and quantification (control anti-miR � 2,432 � 264.5 �m2,
n � 12; let-7 anti-miR � 5,196 � 652.3 �m2 [n � 11. P � 0.0006]) (Fig. 7C and D). These
results demonstrate that let-7 is sufficient and necessary to repress neovascularization
in vivo.

DISCUSSION

Our results reveal an important function for let-7 in diabetic retinopathy and ocular
angiogenesis. We found that (1) let-7 is sufficient and necessary to repress the prolif-
eration, migration, and networking of ECs in vitro; (2) silencing of the let-7 target
HMGA2 gene mimics the antiangiogenic function of let-7 in ECs; (3) let-7-Tg mice
develop features of NPDR, including tortuous retinal vessels and defective pericyte
coverage; and (4) let-7-Tg mice show reduced CNV, while silencing of let-7 enhances
CNV in vivo. These data establish an important role for let-7 in repressing pathological
angiogenesis, suggesting therapeutic implications in angiogenesis-related diseases.
let-7 also contributes to NPDR without progressing to PDR. our studies raise caution to
design a general let-7-based therapeutic approach in disease settings.

let-7 in angiogenesis. let-7 is a known regulator of tissue terminal differentiation
and a tumor suppressor (50). However, its function in angiogenesis remains unclear. By
using adenovirus to overexpress let-7a/d/f and let-7 anti-miR to silence multiple
members of the let-7 family, we found that let-7 overexpression is sufficient to repress
EC proliferation, migration, and networking, while silencing of let-7 has the opposite

FIG 5 let-7 transgenic mice show tortuous retinal vessels. (A) Representative angiogram pictures shown tortuous retinal vessels in let-7-Tg
mice aged 2 to 12 months but not in WT littermates. (B) ICAM-2 and �-SMA staining of 4-month-old WT and let-7-Tg retinas. Normal
smooth muscle coverage but tortuous arteries were observed in let-7 transgenic retinas.
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effects. The let-7 overexpression effects are similar to when its target HMGA2 gene is
silenced. Hence, it is likely that HMGA2 at least partially contributes to the angiogenic
phenotype of let-7 in angiogenesis. The HMGA2 gene is an established key let-7 target
gene in several different cell types (44–46). Consistent with our results in EC cells,
HMGA2 has been shown to be required and sufficient to modulate proliferation,
migration, and angiogenesis in endothelial progenitor cells (EPCs) in vitro and the
angiogenic capability of bone marrow cells (BMCs) in vivo (51). In an independent study,
knockdown of let-7f was shown to repress angiogenesis in a spheroid sprouting assay,
suggesting that let-7f may promote angiogenesis (42). The different conclusion from
our studies may be a consequence of the different system used or the specific function
of let-7f. In our case, to circumvent the potential redundancy of let-7 family members,
the let-7 LNA–anti-miR was designed to silence multiple members of the let-7 family.
Our in vitro results are consistent with our in vivo laser injury experiments showing that
laser-induced CNV is significantly reduced in let-7-Tg mice but increased when let-7 is
silenced in the eye. Interestingly, in the let-7-Tg mice, we did not observe a strong
effect of let-7 in retinal vascular development, although the retinal vessel density was
reduced in adult let-7-Tg mice compared to WT controls. These findings suggest that
let-7 regulates pathological angiogenesis with minimal effect on developmental an-

FIG 6 let-7 transgenic mice have normal astrocyte coverage but defective pericyte coverage. (A) Normal astrocyte
coverage in 4-month-old let-7-Tg mice compared to WT mice, as shown by ICAM-2 and GFAP costaining. The
images in the middle panels represent the boxed areas in the left panels. The images in the right panels are
three-dimensional constructions of the representative confocal images. (B) Defective pericyte coverage in 4-month-
old let-7-Tg mice compared to WT mice, as shown by ICAM-2 and NG2 costaining. The images in the middle panels
represent the boxed areas in the left panels. The images in the right panels are three-dimensional constructions
of the representative confocal images. White arrows indicate the pericyte coverage in the arterioles, while red
arrows indicate the lack of pericyte coverage in some regions of the let-7-Tg mice.
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giogenesis. In this regard, it would be interesting to test the effect of let-7 overexpres-
sion in tumor angiogenesis because of the documented function of let-7 as a tumor
suppressor.

let-7 in diabetic retinopathy. let-7 has been shown to regulate glucose metabo-
lism and insulin sensitivity (21, 22). Consistently, let-7 targets are enriched in genes that
contain single-nucleotide polymorphisms associated with type 2 diabetes (21). Our
study suggests that let-7 is involved in diabetes-associated retinal diseases. We show
that let-7-Tg mice show features of DR, which include tortuous retinal vessels and
defective pericyte coverage. No obvious difference was observed in smooth muscle
cells and astrocytes. In these mice, retinal neovascularization and blood vessel leakage
was not observed, suggesting that let-7 overexpression leads to a nonproliferative DR
phenotype without progressing to PDR. One possible reason that PDR was not ob-
served in let-7-Tg mice is that let-7 has a repressive role in angiogenesis. To our
knowledge, our study provides the first in vivo evidence that a miR is causative for
NPDR. Our data that let-7 overexpression leads to NPDR but has a repressive role in CNV
suggests different mechanisms for NPDR and wet AMD. One caveat of the study is that
the let-7-Tg mice examined here are global transgenic mice; therefore, it is unclear
which cell type is responsible for the NPDR phenotype in the let-7-Tg mice. It would
also be interesting to characterize the let-7-TG phenotype in the aged mice to deter-
mine whether they progress to PDR eventually. In addition to the HMGA2 gene,
additional let-7 target genes involved in angiogenesis and NPDR await to be discov-
ered.

Therapeutic implications. Our data that let-7 contributes to diabetic retinopathy
but represses pathological angiogenesis has important therapeutic implications. LNA-
modified anti-let-7, which has been shown to prevent impaired glucose tolerance and
improve insulin sensitivity, could be beneficial for DR, whereas let-7 overexpression

FIG 7 let-7 regulates pathological angiogenesis in mice. (A) Representative confocal images of ICAM-2
staining showing repression of laser-induced CNV in let-7-Tg mice compared to the controls. Scale bar, 100
�m. (D) Quantification of CNV area (�m2). The P value was calculated from the CNV area from 24 WT and
18 let-7 transgenic mice. ***, P � 0.001. (C) Representative confocal images of ICAM-2 staining showing an
increase in laser-induced CNV by LNA–anti-let-7 compared to a scramble control. Scale bar, 100 �m. (B)
Quantification of CNV area (�m2). The P value is calculated from the CNV area from 12 control anti-miR-
injected and 11 LNA–anti-let-7-injected mice. ***, P � 0.001.

let-7 in NPDR and Pathological Angiogenesis Molecular and Cellular Biology

August 2017 Volume 37 Issue 16 e00001-17 mcb.asm.org 11

http://mcb.asm.org


may have implications in CNV in AMD and pathological angiogenesis. Cautions should
be taken when applying these technologies because let-7 overexpression may lead to
DR, while let-7 silencing may increase pathological angiogenesis. Future studies are
needed unveil the cell-type-specific or tissue-specific function of let-7 in DR and
pathological angiogenesis to develop tissue-specific let-7-based therapeutic ap-
proaches for DR and angiogenesis-related diseases.

MATERIALS AND METHODS
Animal. Animal studies were conducted in accordance with the ARVO statement for the use of

animals in ophthalmic and vision research and were approved by the Institutional Animal Care and Use
Committees at the Tulane University. let-7 transgenic mice were used as reported previously (22).

Fluorescein angiography. Fluorescein angiography was performed using a Micron III Fundus
camera connected to the Image system (Phoenix Research Labs, Pleasanton, CA). Briefly, fluorescein dye
(0.1 ml/kg of 10% fluorescein sodium) was injected intraperitoneally, and multiple pictures were taken
at 30 to 300 s after injection of the dye.

Laser-induced CNV. Laser-induced CNV was induced in 6- to 8-week-old male C57BL/6J mice or
let-7-Tg mice as described using a murine Micron III system (39). If necessary, animals were injected
subretinally with 1 �l of a 200-ng/�l solution of LNA-modified let-7 anti-miR or scramble control anti-miR
(Exiqon, Vedbaek, Denmark) after laser photocoagulation. Two more injections were performed at days
5 and 9 after injury. At 14 days after laser injury, the treated eyes were fixed in 4% paraformaldehyde and
subjected to flat-mount ICAM-2 staining. Images of the CNV or retinal vasculature were captured by
using s Nikon Eclipse Ti-S/L100 inverted microscope with fluorescence and cameras or a Nikon A1 laser
scanning confocal microscope, and the CNV volumes were quantified using NIH ImageJ software (52).

Cell culture, siRNA, mimic inhibitor transfection, and adenovirus infection. HUVECs (American
Type Culture Collection ([ATCC]) were grown in EC growth medium EGM-2 (Lonza). HCECs and HRECs
were kindly provided by Ashwath Jayagopal from Vanderbilt University and grown in EGM2 media
(Lonza). ARPE-19 (ATCC) cells were growth in DMEM–F-12 (HyClone) media with 10% fetal bovine serum
(FBS). For VEGF treatment, HUVECs were starved with EC basal medium 2 with 0.1% FBS overnight and
then treated with VEGF (20 ng/ml) for the indicated periods of time. LNA–anti-miRs for let-7 were
synthesized from Exiqon. The sequence for let-7 LNA–anti-miR is 5=-UACAACCUACUACCUC-3=. siRNA
transfection in cell culture was performed as described previously (39). siRNAs for si-HMGA2 were
purchased from Sigma. The sequences for the siRNAs were as follows: si-HMGA2, 5=-TCCGATATAGAAA
CCTATC-dTdT-3= and 5=-GATAGGTTTCTATATCGGA-dTdT-3=. Generation of and infection with adenovi-
ruses were performed as described previously (37). DNA fragments containing mouse let-7a, -d, and -f
were cloned into the pShuttle-CMV vector. The derived vector was then recombined into adenovirus
vectors and was used to generate adenovirus. Adeno-LacZ virus was used as a control for the experi-
ments. Normally, viruses with a multiplicity of infection of 50 to 100 were used for infecting ECs.

Proliferation, network formation, and scratch wound assays. EC proliferation, network formation,
and scratch wound assays were performed using HUVECs as described previously (39). For the cell
proliferation assay, approximately 2 � 103 transfected HUVECs were seeded in 96-well plates. After
starvation with 0.1% serum overnight, the cells were stimulated with VEGF-A at 20 ng/ml for 20 h and
then subjected to BrdU labeling for 4 h. DNA synthesis as determined by BrdU incorporation was
quantified using a commercial enzyme-linked immunosorbent assay kit from Roche according to the
manufacturer’s instructions. For the scratch wound assay, a scratch wound was made using a 200-�l
pipette tip in control or experimental treated HUVEC monolayers before VEGF stimulation (20 ng/ml).
Then, 1 �M 5-fluorouracil (Sigma) was added to the cells right after the scratch wound to block cell
proliferation. Postscratch EC migration was scored 14 h after the wound scratch. For the in vitro
angiogenesis assay, the cells were harvested at 3 days after microRNA inhibitor or siRNA transfection with
Lipofectamine RNAiMAX reagent (Invitrogen) for RNA or Matrigel assay and branch point analysis as
described previously (37).

RNA, Western blot, and immunofluorescence analyses. Total RNA was isolated from cell lines and
tissues using TRIzol reagent (Invitrogen). miR real-time qRT-PCR was performed using qScript cDNA
synthesis and the microRNA quantification system (Quanta Biosciences). The primers for microRNA
real-time PCRs were purchased from Quanta Biosciences. For Western blot analysis, protein lysates were
resolved by SDS-PAGE and blotted according to standard procedures. The antibodies used were HMGA2
(Cell Signaling) and �-tubulin (Abcam) antibodies. For visualization of the retinal vasculature, retinas
were dissected from pups or adult mice and stained with Alexa Fluor 594-conjugated isolectin-B4
(Molecular Probes) or ICAM-2 for the retinal vasculature GFAP for astrocytes, and/or NG2 for pericytes.
Immunofluorescence experiments were performed according to standard protocols. After treatment with
1% Triton X-100 in phosphate-buffered saline (PBS), samples were incubated in PBS containing 4% goat
serum for 30 min. The samples were then incubated with primary antibodies overnight at 4°C, followed
by incubation with the appropriate secondary antibodies. Antibodies used for immunofluorescence
included ICAM2 (BD Pharmingen), NG2 (Millipore), GFAP (Millipore), calbindin (Sigma), PKC-alpha (Sigma),
recoverin (Millipore), and SM-alpha (Sigma).

Statistics. Student’s t tests were used to determine statistically significant differences between
groups. P values of �0.05 were considered statistically significant.
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