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promote amacrine cell differentiation during
retinogenesis
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Abstract

Retinogenesis is a precisely controlled developmental process during which different types of neurons and glial
cells are generated under the influence of intrinsic and extrinsic factors. Three transcription factors, Foxn4, RORβ1
and their downstream effector Ptf1a, have been shown to be indispensable intrinsic regulators for the differentiation
of amacrine and horizontal cells. At present, however, it is unclear how Ptf1a specifies these two cell fates from
competent retinal precursors. Here, through combined bioinformatic, molecular and genetic approaches in mouse
retinas, we identify the Tfap2a and Tfap2b transcription factors as two major downstream effectors of Ptf1a. RNA-seq
and immunolabeling analyses show that the expression of Tfap2a and 2b transcripts and proteins is dramatically
downregulated in the Ptf1a null mutant retina. Their overexpression is capable of promoting the differentiation of
glycinergic and GABAergic amacrine cells at the expense of photoreceptors much as misexpressed Ptf1a is, whereas
their simultaneous knockdown has the opposite effect. Given the demonstrated requirement for Tfap2a and 2b in
horizontal cell differentiation, our study thus defines a Foxn4/RORβ1-Ptf1a-Tfap2a/2b transcriptional regulatory cascade
that underlies the competence, specification and differentiation of amacrine and horizontal cells during retinal
development.
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Introduction
In the mammalian retina, there are six major types of
neurons, including ganglion, amacrine, horizontal, bipo-
lar, cone and rod cells. During retinogenesis, the gener-
ation of proper quantity and types of these neurons in
the correct position at the right time is essential for the
assembly of a fully functional retina. This developmental
process is primarily controlled by intrinsic programs
coded largely by transcription factors, as well as influ-
enced by various extrinsic factors such as hormones, cy-
tokines, chemokines, cell-cell interactions, and so on
[1-4].

The amacrine, horizontal and bipolar cells in the ret-
ina are interneurons that serve to relay, integrate and
modulate visual signals from photoreceptors to ganglion
cells. The amacrine cells, which modulate synaptic activ-
ity between bipolar and ganglion cells, are the most di-
verse cell type within the retina [5,6]. In mammals, they
can be classified into at least 28 different subtypes based
on criteria such as morphology, sublaminar location,
and neurotransmitter types (e.g. glycinergic, GABAergic,
dopaminergic or cholinergic) [7,8]. Glycinergic amacrine
cells are usually small-field neurons with diffuse den-
dritic trees [9,10], whereas GABAergic amacrine cells
generally have wider dendritic fields than those of glyci-
nergic cells [11,12]. Horizontal cells constitute a class of
retinal interneurons that modulate signal transmission
between photoreceptors and bipolar cells.
Although a few intrinsic and extrinsic factors have

been identified that affect amacrine and horizontal cell
development, the genetic regulatory network that con-
trols their determination and differentiation remains to
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be defined. Ablation of Foxn4 in mice causes a loss of all
horizontal cells and the great majority of amacrine cells.
Conversely, its misexpression in mouse and chick retinas
promoted the amacrine and horizontal cell fates [13,14].
Gene expression profiling identified Ptf1a as one of the
most downregulated genes in Foxn4 null mutant retinas,
and in Ptf1a mutants, there is similar loss of all horizontal
cells and the majority of amacrine cells; however, there is
no change in Foxn4 expression [15,16], thereby defining a
Foxn4-Ptf1a pathway controlling the specification of ama-
crine and horizontal cells [4,15,17]. Indeed, Ptf1a overex-
pression has been shown to promote amacrine and
horizontal cell differentiation in the chick, Xenopus and
zebrafish [18-20]. This pathway has been expanded re-
cently to include the retinoid-related orphan receptor iso-
form β1 (RORβ1), whose inactivation phenocopies the
Foxn4 and Ptf1a mutants in amacrine and horizontal cell
development and downregulates the expression of Ptf1a
but not Foxn4 [21]. It seems that RORβ1 acts in parallel
with Foxn4 to activate Ptf1a expression [21]. At present, it
is unclear what are the Ptf1a downstream effectors that
mediate its function during retinal cell development.
We provide evidence in this study that Tfap2a and

Tfap2b are positioned downstream of Ptf1a in the tran-
scription factor pathway governing amacrine and horizon-
tal cell development. These two factors belong to the
Activating Enhancer Binding Protein 2 family, for which
currently at least five members (2a/α, 2b/β, 2c/γ, 2d/δ, 2e/
ε) have been identified. Tfap2a and 2b recognize and bind
to the consensus sequence 5'-GCCNNNGGC-3' and acti-
vate genes involved in a large spectrum of important bio-
logical functions including eye, neural tube, ear, kidney,
and limb development [22,23]. Mutations in human
TFAP2A are associated with the Branchio-Oculo-Facial
Syndrome [24,25]. In the early retina, both Tfap2a and 2b
are expressed in the developing amacrine and horizontal
cells and conditional ablation of Tfap2a alone is insuffi-
cient to cause any defect in either cell population [26-28].
However, a double mutant lost all of the horizontal cells
but displayed no obvious change in the number of ama-
crine cells except for a minor migratory defect [28], sug-
gesting that Tfap2a and 2b are redundantly required for
horizontal cell differentiation but may be nonessential for
amacrine cell differentiation. Here, however, we provide
RNA-seq evidence to position Tfap2a and 2b downstream
of Ptf1a, and demonstrate that they can mediate the cru-
cial function of Ptf1a in amacrine cell development, using
both gain- and loss-of-function approaches.

Results
Tfap2a and 2b are genetically downstream of the Foxn4-
Ptf1a pathway
To explore the molecular basis by which Ptf1a controls
amacrine and horizontal cell development, we carried

out RNA-seq analysis to identify genes differentially
expressed in Ptf1a mutant retinas. RNA was extracted
from Ptf1a+/+ and Ptf1aCre/Cre retinas at E14.5 when
amacrine and horizontal cells are being born and Ptf1a
function is required. This analysis yielded 224 genes
whose expression level is downregulated or upregulated
by 2-fold or more in the mutant retina (Figure 1A, B;
Additional file 1: Table S1). These include genes encod-
ing transcription factors, G-protein coupled receptors,
kinases and transporters, etc. (Figure 1C). Consistent
with the crucial role of Ptf1a in retinal development, we
found that the differentially expressed genes are enriched
with GO (Gene Ontology) terms such as positive regula-
tion of neurogenesis, nervous system development, tissue
development, cellular component morphogenesis, re-
sponse to extracellular stimulus, transcription factor activ-
ity, and so on (Figure 1D).
Among the genes differentially expressed in Ptf1a null

mutant retinas, transcription factor genes constitute one
of the largest functional groups (Figure 1C). These in-
clude Tfap2a and Tfap2b, which are downregulated by
4- and 13-fold, respectively (Figure 1E; Figure 2A). Simi-
larly, our previous microarray data show that these two
genes are downregulated by 4- and 9-fold, respectively,
in the E14.5 Foxn4 null retina [29]. To confirm the
RNA-seq data, we measured RNA levels of these two
genes in E14.5 wild type and Ptf1aCre/Cre retinas by
semi-quantitative RT-PCR, and found that there was a
dramatic decrease in Tfap2a and 2b transcripts in the
null retina compared to the control (Figure 2B). In
addition, we examined Tfap2a and 2b protein expression
levels by immunofluorescence using two antibodies, one
of which cross-reacts with both proteins and the other is
specific to Tfap2b. Either antibody barely detected any
Tfap2a/2b-expressing cells in E16.5 and P0 Ptf1a null
retinas despite plenty of them present in the control ret-
ina (Figure 2C-J).
During mouse retinal development, Tfap2b expression

is barely detectable in E12.5 retinas but found in cells
scattered within the central region of E13.5 retinas
(Additional file 2: Figure S1A, B). From E14.5 to early
postnatal stages, Tfap2b-expressing cells gradually con-
centrate into the presumptive inner nuclear layer (INL)
(Additional file 2: Figure S1C, D; Figure 2G, I). In late
postnatal and mature retinas, Tfap2b is expressed in nu-
merous amacrine cells located within the inner half of
the INL, in all horizontal cells residing at the outer
plexiform layer, as well as in a subset of cells in the gan-
glion cell layer (GCL) (Additional file 2: Figure S1F).
Moreover, Tfap2a and 2b are colocalized in most of
these cells although the expression of Tfap2a is rather
weak in horizontal cells (Additional file 2: Figure S1E-G). A
similar spatiotemporal expression pattern was previously
reported for Tfap2a during mouse retinal development
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Figure 1 RNA-seq analysis of differentially expressed genes in E14.5 Ptf1aCre/Cre retinas. (A) Cluster analysis reveals a large group of significantly
down-regulated genes and a smaller group of significantly upregulated genes in the mutant retina. (B) Volcano plot (significance vs fold change)
of significantly altered genes (fold change≥ 2 and p < 0.05). (C) Differentially expressed genes grouped by molecular function. Cyan indicates
downregulated genes and yellow/orange upregulated genes. GPCR, G-protein coupled receptor; NR, ligand-dependent nuclear receptor; TF,
transcription factor; TMR, transmembrane receptor. (D) Representative functional GO terms significantly enriched for the differentially expressed
genes. (E) Representative transcription factor genes whose expression is significantly altered in the mutant retina.
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[26]. However, unlike Tfap2a and 2b, our previous study in-
dicates that Ptf1a expression is limited to retinal pre-
cursor cells as its expression is transient, present only
in the outer neuroblastic layer throughout develop-
ment, and has an onset time of E12.5 [15]. These re-
sults combined with the RNA-seq data thus suggest
that Tfap2a and 2b may function genetically down-
stream of the Foxn4-Ptf1a pathway and have a role in
amacrine and horizontal cell development.

Ptf1a induces Tfap2b expression and promotes the
amacrine and horizontal cell fates
The drastic downregulation of Tfap2a and 2b expression
in Ptf1a null retinas suggest that Ptf1a may act upstream
of these two genes to activate their expression. We tested
this possibility by overexpressing Ptf1a in the mouse retina
using the pCIG expression vector carrying a GFP reporter
[30-32]. pCIG-Ptf1a and pCIG plasmid DNA (Additional
file 3: Figure S2A) was injected into the subretinal space of
newborn mice and electroporated into the retina. At P12,
we found that forced Ptf1a expression induced 2-fold
more Tfap2b + cells in retinas transfected with the pCIG-
Ptf1a plasmid than in the control retina (Figure 3G, H, Y).
Given that Ptf1a is able to induce Tfap2a expression in the
chick retina [18], it appears that the expression of both
Tfap2a and 2b may be under positive regulation by Ptf1a.
We further analyzed the laminar position and morph-

ology of GFP+ cells in transfected retinas at P12. In ret-
inas transfected with pCIG-Ptf1a DNA, the fraction of
GFP+ cells differentiated as photoreceptors in the ONL
(outer nuclear layer) dropped from 81.8% in the control
retina to 63.5% (Additional file 3: Figure S2B-D). The
percentage of GFP+ cells located in the outer half of the
INL (inner nuclear layer) also decreased from 10.0% in

the control to 1.3% (Additional file 3: Figure S2B-D).
In contrast, the proportion of GFP+ cells distributed
within the inner half of the INL dramatically increased
from 8.3% in the control to 35.2% (Additional file 3:
Figure S2B-D). Thus, Ptf1a misexpression substantially
changes the proportions of progeny distributed in dif-
ferent retinal cell layers.
The increased GFP+ cells in the INL of retinas trans-

fected with the pCIG-Ptf1a plasmid displayed an amacrine
cell morphology (Additional file 3: Figure S2C). Indeed,
we found that ectopically expressed Ptf1a obviously in-
creased the number of GFP+ cells immunoreactive for
Pax6, GLYT1, calretinin, or TH (tyrosine hydroxylase), all
proteins expressed in amacrine cells (Figure 3A-F, O, P).
Quantification of colocalized cells revealed that forced
Ptf1a expression dramatically increased the percentage of
Pax6+ cells from 6.6% to 31.9%, GLYT1+ cells from 4.0%
to 27.4%, calretinin + cells from 3.4% to 31.4%, and TH+
cells from 0.0% to 13.0% (Figure 3Y). Furthermore, smaller
increase was observed in the number of GFP+ cells immu-
noreactive for GABA, Gad65, Gad67 and calbindin in ret-
inas transfected with pCIG-Ptf1a DNA (Figure 3I-N, Q, R,
Y). On the other hand, misexpressed Ptf1a decreased the
percentage of GFP+ photoreceptor cells immunoreactive
for recoverin from 81.8% to 63.5%, GFP+ bipolar cells im-
munoreactive for Chx10 from 6.7% to 1.1%, and Müller
glial cells immunoreactive for GS (glutamine synthetase)
from 3.3% to 0.0% (Figure 3S-Y). These data suggest that
Ptf1a is able to promote the differentiation of all kinds of
amacrine cells including glycinergic, GABAergic and
dopaminergic neurons at the expense of photoreceptor, bi-
polar and Müller cells.
To determine the effect of misexpressed Ptf1a on devel-

opment of horizontal and ganglion cells, which are born

Figure 2 Downregulation of Tfap2a and 2b expression in Ptf1a mutant retinas. (A) Expression plot shows a dramatic reduction of Tfap2a and 2b
expression in the Ptf1aCre/Cre retina compared to the wild type (WT), as measured by FPKM. (B) Semiquantitative RT-PCR assay reveals a great
decrease of Tfap2a and 2b RNA levels in the null retina. Gapdh was used as an internal control to confirm that equal amount of cDNA was used
for each sample. (C-J) Sections from E16.5 and P0 retinas of Ptf1a+/+ and Ptf1acre/cre mice were immunostained with antibodies that react with
both Tfap2a and 2b (C-F) or only Tfap2b (G-J), and weakly counterstained with DAPI. There is almost a complete loss of Tfap2-immunoreactive
cells in Ptf1acre/cre retinas. Abbreviations: INBL, inner neuroblastic layer; ONBL, outer neuroblastic layer. Scale bar: C-J, 25 μm.
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at embryonic stages, we used a replication-incompetent
murine retroviral vector that carries a GFP reporter [33]
to mediate Ptf1a overexpression. E13.5 retinal explants
were infected with Ptf1a-GFP or Control-GFP viruses
(Figure 4A), and the infected retinas were harvested after
4.5 days in culture to analyze horizontal and ganglion cells
or collected after 12.5 days in culture for analysis of other
cell types. We found that misexpressed Ptf1a increased
Lim1+ horizontal cells by approximately 25-fold, de-
creased Brn3a + ganglion cells by 11-fold, and similarly re-
duced Brn3b + ganglion cells (Figure 4B, I-N). It also
significantly increased Pax6+, GLYT1+ and Gad67+ ama-
crine cells but reduced Chx10+ bipolar and GS+ Müller
cells (Figure 4B-H), similar to its effect in retinas trans-
fected at P0 (Figure 3). Therefore, these data suggest that
Ptf1a has the ability to not only promote the horizontal
cell fate but also suppress the ganglion cell fate, in agree-
ment with the finding in Ptf1a null retinas [15,16].

Tfap2b is expressed in amacrine and horizontal cells and
promotes amacrine cell differentiation
As a downstream transcription factor, Tfap2b may medi-
ate in part the function of Ptf1a in amacrine and hori-
zontal cell development. To test this possibility, we first
comprehensively characterized the types and subtypes of
Tfap2b-expressing cells in the mouse retina by immuno-
fluorescence using a battery of cell type- and subtype-

specific markers. Consistent with it being expressed in
amacrine cells, there is extensive colocalization between
Tfap2b and Pax6, syntaxin, GABA, GAD67, GAD65,
Nr4a2, ChAT (choline acetyltransferase), GLYT1, Ebf,
calbindin, calretinin, or TH (Figure 5A-E, G-K; Additional
file 4: Figure S3A, B). Tfap2b appears also to be com-
pletely colocalized with calbindin and Lim1 in horizontal
cells (Figure 5 K, L; Additional file 4: Figure S3H). There is
no expression of Tfap2b in Brn3a + and Brn3b + ganglion
cells, Chx10+ bipolar cells, recoverin + photoreceptors,
and Sox9+ Müller cells (Additional file 4: Figure S3C-H).
Consistent with this, Tfap2b is co-expressed with Bhlhb5
only in a small set of GABAergic amacrine cells since
Bhlhb5 is additionally expressed in bipolar cells (Figure 5F;
Additional file 4: Figure S3H). Quantification of colo-
calized amacrine cells revealed that the proportions of
Tfap2b-expressing cells in all Pax6+, syntaxin + and
GLYT1+ populations are 54.7%, 64.7% and 73.9%, respect-
ively (Additional file 4: Figure S3H), suggesting that
Tfap2b is expressed in most but not all glycinergic ama-
crine cells. However, Tfap2b is expressed in 100% of
GABA+, GAD67+, GAD65+, ChAT+, TH+, or Nr4a2+
cells, indicating that it may be expressed by all GABAergic
amacrine cells including the starburst (marked by ChAT)
and dopaminergic (marked by TH) subtypes.
Tfap2b and 2a are reported to be redundantly required

for horizontal cell generation but appear to be dispensable

Figure 3 Effect of misexpressed Ptf1a on the formation of different retinal cell types. (A-X) Sections from retinas electroporated with pCIG or
pCIG-Ptf1a DNA were double-immunostained with an anti-GFP antibody and antibodies against the indicated cell type-specific markers.
Misexpressed Ptf1a resulted in overt increase in the number of amacrine cells immunoreactive for Pax6, GLYT1, calretinin, Tfap2b or TH (A-H, O, P),
and smaller increase in the number of amacrine cells immunoreactive for GABA, Gad67, Gad65, or calbindin (I-N, Q, R). However, it suppressed the
formation of bipolar cells immunoreactive for Chx10 (S, T), photoreceptor cells immunoreactive for recoverin (U, V), and Müller cells immunoreactive
for GS (W, X). Arrows point to representative colocalized cells and insets show corresponding outlined regions at a higher magnification. (Y) Quantitation
of GFP+ cells that become immunoreactive for a series of cell type-specific markers. Each histogram represents the mean ± SD for three retinas. More
than 500 GFP+ cells were scored in each retina. Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
nuclear layer. Scale bar: A-N, Q-T, W, X, 39.7 μm; O, P, 30.2 μm; U, V, 23.8 μm.
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for generating amacrine cells [26,28]. We investigated
whether Tfap2b has the ability to promote amacrine cell
differentiation by overexpressing it in retinas of newborn
mice via electroporation. In P12 transfected retinas, simi-
lar to Ptf1a (Additional file 3: Figure S2), we found that
overexpressed Tfap2b increased GFP+ cells within the
inner half of the INL by 2-fold while significantly dimin-
ishing those in the ONL and slightly reducing those in the
outer half of the INL (Additional file 5: Figure S4). There
was an overt increase in the number of GFP+ cells im-
munoreactive for Pax6 and GLYT1 in retinas transfected
with the pCIG-Tfap2b plasmid compared to the control
(Figure 6A-D). Misexpressed Tfap2b increased the fraction
of Pax6+ cells from 6.6% to 12.5% and GLYT1+ cells from
4.0% to 8.0% (Figure 6U). It also resulted in smaller but
significant increase in the proportion of calretinin+,
GABA+, Gad65+, Gad67+ and calbindin + amacrine
cells while significantly reducing the fraction of reco-
verin + photoreceptors (Figure 6E-J, M, N, Q, R, U).
However, unlike Ptf1a, misexpressed Tfap2b did not in-
duce the differentiation of TH+ dopaminergic amacrine
cells or significantly suppress the differentiation of bi-
polar and Müller cells (Figure 6 K, L, O, P, U; Figure 3).
Thus, Tfap2b has the ability, albeit weaker than that of
Ptf1a, to promote the differentiation of both glycinergic
and GABAergic amacrine cells.

Tfap2a facilitates amacrine cell differentiation
As a homolog of Tfap2b, Tfap2a is expected to have a
similar role during retinal cell development as Tfap2b.
Indeed, we found that Tfap2a misexpressed in retinas of
newborn mice significantly increased GFP+ cells distrib-
uted within the inner half of the INL and GCL whereas
it significantly reduced those in the ONL (Additional file
6: Figure S5A-D). Similar to Tfap2b, it caused obvious
increase in the number of GFP+ cells immunoreactive
for Pax6 and GLYT1 in transfected retinas (Additional
file 6: Figure S5E-H), and smaller increase in the number
of GABA+ and Gad65+ GABAergic amacrine cells
(Additional file 6: Figure S5I-L), but had no effect
on the formation of TH+ dopaminergic neurons
(Additional file 6: Figure S5M, N). Thus, Tfap2a may act
similarly as Tfap2b to facilitate the differentiation of
both glycinergic and GABAergic amacrine cells during
retinogenesis.

Tfap2a and 2b are required for amacrine cell
differentiation
To determine whether Tfap2a and 2b are necessary for
amacrine cell differentiation, we sought to simultan-
eously knock down Tfap2a and 2b expression in retinal
precursors. To this end, we screened for target se-
quences (oligonucleotides) in these two genes that are

Figure 4 Effect of Ptf1a misexpressed at E13.5 on the formation of different retinal cell types. (A) Schematics of control-GFP and Ptf1a-GFP
retroviral constructs. The internal ribosomal entry site (IRES) allows for efficient expression of both Ptf1a and GFP. (B) Quantitation of GFP+ cells
that become immunoreactive for various cell type-specific markers. Each histogram represents the mean ± SD for three retinas. More than 500
GFP+ cells were scored in each retina. (C-N) Sections from retinas infected with control-GFP or Ptf1a-GFP viruses were double-immunostained
with an anti-GFP antibody and antibodies against the indicated cell type-specific markers. Forced Ptf1a expression in E13.5 retinas led to an
increase in amacrine cells immunoreactive for Pax6, GLYT1 or GAD67 (C-H) and horizontal cells immunoreactive for Lim1 (I, J), but a decrease of
ganglion cells immunoreactive for Brn3a or Brn3b (K-N). Arrows point to representative colocalized cells and insets show corresponding outlined
regions at a higher magnification. Abbreviations: GCL, ganglion cell layer; ONL, outer nuclear layer. Scale bar: I-N, 39.7 μm; C-H, 34 μm.
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effective in knocking down the expression of Tfap2a or
Tfap2b by shRNA-mediated interference. A Tfap2a
shRNA (Tfap2ai5) expressed from the RNAi vector pU6
[34] was found to dramatically reduce GFP expression in
HEK293 cells co-transfected with the pCIG-Tfap2a ex-
pression plasmid (containing a Tfap2a-IRES-GFP cas-
sette) (Additional file 7: Figure S6A-D). Similarly, we
identified a Tfap2b shRNA (Tfap2bi4) that was effective

and specific in knocking down Tfap2b expression in cell
culture (Additional file 7: Figure S6A, E-G).
To investigate whether simultaneous knockdown of

both Tfap2a and 2b expression has any functional con-
sequence, we co-electroporated Tfap2a and 2b shRNAs
or pU6 plasmid with the pCIG vector into P0 mouse ret-
inas and collected them at P12 for analysis. The propor-
tions of GFP+ progeny distributed in different retinal cell

Figure 5 Expression of Tfap2b in amacrine and horizontal cells. (A-L) Sections from P21 mouse retinas were double-immunolabeled with an
anti-Tfap2b antibody and those against the indicated cell type-specific markers. Tfap2b is expressed in amacrine cells co-expressing Pax6 (A),
syntaxin (B), GABA (C), Gad67 (D), Gad65 (E), Bhlhb5 (F), Nr4a2 (G), ChAT (H), GLYT1 (I), Ebf (J), or calbindin (K). It is also expressed by horizontal
cells co-expressing calbindin or Lim1 (K, L). However, there is no expression of Tfap2b in Bhlhb5+ bipolar cells within the outer half of the INL
(F). Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer. Scale bar: A-L, 47.6 μm.
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layers were quantified. In retinas transfected with both
shRNAs (Tfap2ai5 + bi4), compared to the control, the
proportion of GFP+ cells distributed to the inner half
of the INL decreased significantly from 8.9% to 3.3%
(Additional file 8: Figure S7); whereas the ratio of GFP+

cells differentiated as photoreceptors in the ONL in-
creased from 81.3% to 87.5% (Additional file 8: Figure S7).
No change was seen in the proportion of GFP+ cells
distributed to the outer half of the INL (Additional file 8:
Figure S7). The significant reduction of cells in the
INL is consistent with the idea that Tfap2a and 2b are
redundantly required for proper differentiation of ama-
crine cells, which normally reside in the inner half of
the INL.
Transfection of Tfap2a and 2b shRNAs led to more

than 3-fold decrease in the fraction of GFP+ cells immu-
nolabeled by the antibody cross-reacting with both
Tfap2a and 2b (Figure 7S-U), demonstrating the

effectiveness of the double knockdown strategy. Consist-
ent with decreased GFP+ cells in the INL, it caused a
significant reduction of amacrine cells immunostained
by various molecular markers including Pax6, GLYT1,
calretinin, GABA, GAD65, GAD67, and calbindin
(Figure 7A-L, U). For instance, in retinas transfected
with both shRNAs, the proportion of Pax6+, GLYT1+,
GABA+ and GAD65+ cells decreased from 6.8%, 4.2%,
2.0% and 1.2% to 2.1%, 0.9%, 0.6% and 0.2%, respect-
ively (Figure 7U). By contrast, misexpression of
Tfap2a and 2b shRNAs increased the percentage of
recoverin + photoreceptors from 81.9% to 87.1% and
had no effect on the differentiation of Ch10+ bipolar
cells and GS+ Müller cells (Figure 7 M-R, U). These
results thus indicate that Tfap2a and 2b factors are
not only sufficient but also necessary for promoting
the differentiation of glycinergic and GABAergic ama-
crine cells during retinal development.

Figure 6 Effect of misexpressed Tfap2b on the differentiation of different retinal cell types. (A-T) Sections from retinas electroporated with pCIG
or pCIG-Tfap2b DNA were double-immunostained with an anti-GFP antibody and antibodies against the indicated cell type-specific markers.
Misexpressed Tfap2b caused a significant increase of amacrine cells immunoreactive for Pax6, GLYT1, GABA, Gad65, Gad67, or calbindin (A-J, M, N),
no change in the number of TH-immunoreactive amacrine cells or GS-immunoreactive Müller cells (K, L, S, T), and a significant decrease in the number
of recoverin-immunoreactive photoreceptor cells (Q, R). Arrows point to representative colocalized cells and insets show corresponding outlined regions
at a higher magnification. (U) Quantitation of GFP+ cells that become immunoreactive for various cell type-specific markers. Each histogram represents
the mean ± SD for 3–5 retinas. More than 500 GFP+ cells were scored in each retina. Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer;
IPL, inner plexiform layer; ONL, outer nuclear layer. Scale bar: A-J, M-P, S, T, 39.7 μm; K, L, 30.2 μm; Q, R, 23.8 μm.
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Discussion
Ptf1a acts as a general regulator to specify different
amacrine and horizontal cell subtypes
Ptf1a is required to specify GABAergic versus gluta-
matergic neurons in the mouse spinal cord and cerebel-
lum [35,36]. In the Xenopus retina, it also preferentially
promotes the formation of GABAergic amacrine and
horizontal cells [19]. However, in the mouse retina,
Ptf1a appears to be necessary for specifying all ama-
crine and horizontal cell types [15,16]. In the chick ret-
ina, its overexpression promotes all horizontal cell
subtypes including GABAergic H1/H2 cells as well as
non-GABAergic H3 cells [18]. Similarly, in the zebra-
fish retina, Ptf1a is expressed by all subtypes of ama-
crine cells and appears to be necessary and sufficient
for their specification [20,37]. In this work, we show
that in the mouse retina, Ptf1a has the ability to pro-
mote the fates of not only GABAergic but also glyciner-
gic amacrine cells, and in fact, it has a much more
potent activity to promote glycinergic than GABAergic
amacrine neuron differentiation (Figure 3). Therefore,
our data lend support to the idea that Ptf1a may act as
a general transcriptional regulator to specify all sub-
types of amacrine and horizontal cells during retinal
development, although its function may exhibit some
species specificity.

Tfap2a and 2b function downstream of Ptf1a for
amacrine and horizontal cell differentiation
Given the essential role for Ptf1a in specifying subsets of
neurons in the CNS, efforts have been undertaken to
identify its downstream targets during neural develop-
ment [38-40]. For instance, Neurog2 has been found to
act as a direct Ptf1a target in the specification of
GABAergic neurons in the dorsal spinal cord and cere-
bellum, and Nephrin and Neph3 expression is directly
regulated by Ptf1a in developing neurons [39,40]. How-
ever, the downstream genes of Ptf1a involved in retinal
development are yet to be identified. In this study, we
profiled transcriptomes of wild type and Ptf1a mutant
retinas by RNA-seq and identified Tfap2a and 2b as two
transcription factor genes prominently downregulated in
the mutant retina. Interestingly, our previous microarray
profiling analysis has identified the same two genes as
those significantly downregulated in Foxn4 mutant ret-
inas [29]. Given the known epistatic relationship be-
tween Foxn4 and Ptf1a during retinal development
[15,17], however, Tfap2a and 2b are unlikely to be direct
targets of Foxn4.
Previous studies have shown that both Tfap2a and 2b

are essential for embryonic development and involved in
eye morphogenesis. Targeted deletion of either gene in
mice causes perinatal lethality [41-43]. Tfap2a inactivation

Figure 7 Effect of knocking down Tfap2a and 2b expression on the formation of different retinal cell types. (A-T) Sections from retinas
co-electroporated with pCIG and RNAi vectors pU6 or pU6-Tfap2ai5 and pU6-Tfap2bi4 were double-immunostained with an anti-GFP antibody
and antibodies against the indicated cell type-specific markers. Simultaneous knockdown of both Tfap2a and 2b expression led to a dramatic
reduction of Tfap2a- and Tfap2b-immunoreactive cells (S, T), a significant decrease of amacrine cells immunoreactive for Pax6, GLYT1, calretinin,
GABA, Gad65, and calbindin (A-L), no change in the number of Chx10-immunoreactive bipolar cells and GS-immunoreactive Müller cells (M, N, Q, R),
but a significant increase of recoverin-immunoreactive photoreceptor cells (O, P). Arrows point to representative colocalized cells and insets show
corresponding outlined regions at a higher magnification. (U) Quantitation of GPF+ cells that are immunoreactive for various cell type-specific markers.
Each histogram represents the mean ± SD for 3 retinas. More than 600 GFP+ cells were scored in each retina. Abbreviations: GCL, ganglion cell layer;
INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear layer. Scale bar: A-N, Q-T, 39.7 μm; O, P, 23.8 μm.
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results in anencephaly, craniofacial cleft, thoraco-
abdominoschisis, and lens defect [42-44]. Similarly,
mutations in human TFAP2A are associated with the
Branchio-Oculo-Facial Syndrome with variable ocular
anomalies including microphthalmia or anophthalmia,
iris and chorioretinal coloboma, strabismus, and cata-
ract [24,25,45,46]. During mouse retinogenesis, Tfap2a
and 2b are overlappingly expressed in postmitotic ama-
crine and horizontal cells [26-28]. Conditional inactiva-
tion of Tfap2a fails to cause any retinal defect [26].
However, when the conditional Tfap2a line was bred
with the Tfap2b conventional knockout strain to obtain
double knockout embryos, there was a complete loss of
horizontal cells, indicating that Tfap2a and 2b are re-
dundantly required for horizontal cell differentiation
[28], consistent with the expected role for them as
Ptf1a downstream effectors. On the other hand, there
was no obvious change in the number of amacrine cells
in the double mutant retina except for a minor migra-
tory defect [28], begging the question whether Tfap2a
and 2b can mediate the function of Ptf1a in amacrine
cell differentiation.
We utilized both overexpression and knockdown ap-

proaches to assess the role of Tfap2a and 2b in amacrine
cell development. Previous studies have shown that many
of the transcription factors involved in retinal develop-
ment act as both positive and negative regulators depend-
ing on the cell types. For example, Barhl2 promotes
glycinergic amacrine cell differentiation while negatively
regulating the formation of bipolar and Müller cells [33].
Rax1 and Hes1 are able to promote the Müller glial cell
fate as well as inhibit neuronal cell differentiation [47].
Similarly, we are able to show that misexpressed Tfap2a
and 2b can function as positive factors to promote differ-
entiation of glycinergic and GABAergic amacrine cells
while negatively regulating the formation of photorecep-
tors. Therefore, Tfap2a and 2b indeed can fulfill their ex-
pected role in mediating the function of Ptf1a in amacrine
cell differentiation. However, it appears that they have a
much weaker activity than Ptf1a in facilitating and sup-
pressing retinal cell types: 1) the number of glycinergic
amacrine neurons induced by misexpressed Tfap2b is
about 3-fold less than those induced by Ptf1a (compare
Figures 3, 6); 2) neither Tfap2a nor 2b is able to promote
the formation of TH+ dopaminergic amacrine cells while
Ptf1a has a potent activity to do so; and 3) Tfap2b is un-
able to inhibit bipolar and Müller cell differentiation while
Ptf1a is. Thus, Tfap2a and 2b are able to mediate only part
of the Ptf1a function in amacrine cell development and
there should be other downstream factors that participate
as Ptf1a effectors.
To investigate the necessity for Tfap2a and 2b in ama-

crine cell differentiation, we simultaneously knocked
down Tfap2a and 2b expression by RNAi in newborn

retinal precursors to circumvent the issue of functional
redundancy. This genetic manipulation resulted in a sig-
nificant reduction of glycinergic and GABAergic ama-
crine cells accompanied with a concomitant increase of
photoreceptors. This result tallies well with the gain-of-
function data to demonstrate that Tfap2a and 2b are
both necessary and sufficient to promote amacrine cell
differentiation, but differs from that of the reported
Tfap2a and 2b double mutant retina where no obvious
amacrine cell loss was seen [28]. This discrepancy may
result from the fact that further analysis of amacrine cell
differentiation was impossible beyond the neonatal stage
due to perinatal lethality of the double mutant embryo
on the conventional Tfap2b knockout background [28].
It would be necessary to achieve retina-specific inactiva-
tion of both Tfap2a and 2b to circumvent the lethal
phenotype and resolve the discrepancy.

Transcriptional regulatory pathways to amacrine and
horizontal cell development
Despite the requirement of Pax6 for retinal progenitors
to acquire multipotency, the absence of Pax6 in mice
permits the formation of amacrine cells [48], implicating
that other factors are sufficient to make the progenitors
competent for the generation of amacrine cells. The
identity of these additional regulators have been grad-
ually revealed over time. Targeted inactivation of Foxn4,
RORβ1 or Ptf1a in mice result in a similar retinal pheno-
type, i.e. elimination of horizontal cells and loss of the
great majority of amacrine cells, whereas their misex-
pression in newborn retinas leads to increased amacrine
cells (Figure 3) [13,15,16,21]. The absence of either
Foxn4 or RORβ1 causes marked downregulation of Ptf1a
expression but Foxn4 expression remains unchanged in
the Ptf1a mutant retina [15,21,29]. Our RNA-seq data
also reveal no significant change in the expression level
of Rorb in the Ptf1a mutant. Given the normal expres-
sion of Foxn4 in the RORβ1 null retina [21], Foxn4 and
RORβ1 are likely to act in parallel upstream of Ptf1a
(Figure 8), and indeed are shown to directly and syner-
gistically activate Ptf1a expression through binding to
enhancer elements [21].
Through combined bioinformatic and genetic analyses,

we are able to show that Tfap2a and 2b are dramatically
downregulated in the Ptf1a null retina, and their knock-
down causes decreased amacrine cell differentiation
whereas their overexpression leads to the opposite out-
come. Given that knockout of both Tfap2a and 2b re-
sults in essentially complete loss of horizontal cells [28],
we propose a Foxn4/RORβ1-Ptf1a-Tfap2a/2b transcrip-
tional regulatory cascade that underlies the competence,
specification and differentiation of amacrine and hori-
zontal cells during retinal development (Figure 8). One-
cut1 and Onecut2 have been shown to be required for
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horizontal cell differentiation by activating the expres-
sion of Prox1 and Lhx1, two transcription factor genes
also involved in horizontal cell development [49-52].
However, they appear not to be required for activating
Tfap2a and 2b expression because RNA-seq reveals that
there is no change of Tfap2a expression and even sig-
nificant upregulation of 2b expression in Onecut1 and 2
double mutant retinas [52]. Since Onecut1 and 2 expres-
sion is downregulated in Tfap2a and 2b double mutant
retinas (Judith West-Mays, personal communication),
these two Tfap2 factors are likely to function upstream
of the Onecut factors to control horizontal cell differen-
tiation (Figure 8). We and others have also shown that
Ptf1a inactivation causes overproduction of retinal gan-
glion cells while its misexpression inhibits ganglion cell
differentiation and expression of Atoh7 (Figure 4)
[15,16,18], a transcription factor essential for conferring
the ganglion cell competence [53-55]. Thus, Ptf1a ap-
pears to ensure proper specification of competent pre-
cursors to amacrine and horizontal cells not only by
promoting these two cell fates but also by suppressing
the alternative ganglion cell fate (Figure 8).

Methods
Mice
All procedures in animals were performed according to
the IACUC standards, and approved by Rutgers, the
State University of New Jersey, and/or by Zhongshan
Ophthalmic Center and Sun Yat-Sen University. All mice
were maintained and bred in the university vivarium
with normal diet. The C57BL6/J mice were obtained
from the Jackson Laboratory (Bar Harbor, ME). The
CD1 mice were purchased from the Charles River La-
boratories (Wilmington, MA). The Foxn4 and Ptf1a
knockout mouse lines were reported previously [13,56]
and maintained by breeding with C57BL6/J mice. The

starting stage of mouse embryos was defined as E0.5
when the copulation plug was seen in the morning.
Mouse genotype was determined by standard PCR.

RNA-Seq
Total RNA was extracted from E14.5 wild type and Ptf1a
null mutant retinas using the TRIzol reagent (Invitrogen)
according to the manufacturer’s instruction. Ribosomal
RNA was depleted prior to RNA-seq library preparation.
The prepared DNA was sequenced using an Illumina
HiSeq 2000 sequencer. The obtained sequence reads were
trimmed and mapped to the mouse reference genome
(mm10) using Tophat [57] (http://ccb.jhu.edu/software/
tophat/index.shtml). Gene expression and changes were
analyzed using Cufflinks (http://cole-trapnell-lab.github.io/
cufflinks/), whose output was then further analyzed by
CummeRbund (http://compbio.mit.edu/cummeRbund/)
and iReport (Qiagen). Cluster analysis was performed
using Genesis [58] and GO term enrichment using
DAVID [59] (http://david.abcc.ncifcrf.gov/).

Antibodies and immunostaining
Tissue processing and immunostaining were carried out as
described previously [13,32]. The following primary anti-
bodies were used: mouse anti-Brn3a (1:100, Cat: MAB1585,
Millipore); goat anti-Brn3b (1:200, Cat:sc-6026, Santa Cruz
Biotech.); goat anti-Bhlhb5/BETA3 (1:800, Cat: sc-6045,
Santa Cruz Biotech.); rabbit anti-calbindin D-28 k (1:3000,
Cat: CB-38, Swant); mouse anti-calretinin (1:1000, Cat:
mab1568, Millipore); goat anti-choline acetyltransferase
(ChAT) (1:300, Cat: AB144P, Millipore); sheep anti-Chx10
(1:1600, Cat: x1180p, Exalpha); rabbit anti-Dab1 (1:200,
Cat: sc-13981, Santa Cruz Biotech.); goat anti-EBF (1:40,
Cat:sc-15888, Santa Cruz Biotech.); rabbit anti-GABA
(1:3000, Cat: a2052, Sigma); mouse anti-Gad65 (1:5000,
Cat: 559931, BD Biosciences); mouse anti-Gad67 (1:1000,

Figure 8 Model by which Tfap2 and Ptf1a factors promote the differentiation of amacrine and horizontal cells. Tfap2a and 2b act downstream of
Ptf1a to promote the differentiation of glycinergic and GABAergic amacrine cells while functioning upstream of Onecut1 and 2 for the specification of
horizontal cells. Ptf1a, whose expression is activated by both Foxn4 and ROR 1, is required not only for specifying amacrine and horizontal cells in part
by activating Tfap2a and 2b expression, but also for suppressing the ganglion cell fate by repressing Atoh7 expression.

Jin et al. Molecular Brain  (2015) 8:28 Page 11 of 14

http://ccb.jhu.edu/software/tophat/index.shtml
http://ccb.jhu.edu/software/tophat/index.shtml
http://cole-trapnell-lab.github.io/cufflinks/
http://cole-trapnell-lab.github.io/cufflinks/
http://compbio.mit.edu/cummeRbund/
http://david.abcc.ncifcrf.gov/


Cat: mab5406, Millipore); rabbit anti-GFP (1:800, Cat: 598,
MBL International); Goat anti-GFP (1:1500, Cat: ab6673,
Abcam); mouse anti-glutamine synthetase (1:5000, Cat:
mab302, Millipore); goat anti-GLYT1 (1:4000, Cat: AB1770,
Millipore); mouse anti-Lim1/2 [1:100, Cat: 4 F2, Develop-
mental Studies Hybridoma Bank (DSHB)]; rabbit anti-
Nr4a2/Nurr1 (1:1000, Cat: sc-990, Santa Cruz Biotech.);
rabbit anti-Pax6 (1:2000, Cat: ab5409, Millipore); rabbit
anti-recoverin (1:10000, Cat: ab5585, Millipore); Mouse
anti-syntaxin (1:3000, Cat: S0664, Sigma); rabbit anti-Sox9
(1:1000, Cat: ab5535, Millipore); rabbit anti-Tfap2a/2b
(1:500, Cat: sc-184, Santa Cruz Biotech.); rabbit anti-Tfap2b
(1:100, Cat: sc-8976, Santa Cruz Biotech.); mouse anti-
Tfap2a (1:200, Cat: 5E4, DSHB); and rabbit anti-tyrosine
hydroxylase (1:2000, Cat: ab152, Millipore). Secondary anti-
bodies conjugated with fluorophore Alexa 488 or 594 were
purchased from Life Technologies. Images were captured
by a Leica TCS-SP2 confocal system or with a Nikon
Eclipse 80i microscope.

Plasmid electroporation and virus infection
The pCIG vector was reported previously [30-32]. It is a
mammalian expression vector containing the CMV en-
hancer, chicken β-actin promoter, multiple cloning sites
(MCS), IRES-eGFP and rabbit β-globin PolyA sequences.
For misexpression experiments, the full-length ORFs of
mouse Ptf1a, Tfap2a and Tfap2b were amplified from ret-
inal cDNA and subcloned into the MCS of the pCIG vec-
tor. 0.5-2 μg of each plasmid was injected into the
subretinal space at P0 and electroporated into retinal cells
[60]. Injected retinas were collected at P12 for analysis.
The methods to prepare retroviruses, infect retinas

and collect samples are described in detail previously
[32,60]. For retrovirus preparation, the full-length ORF
of mouse Ptf1a was cloned into the MMLV-based
replication-incomplete retroviral vector pLZRSΔ-IRES-
GFP [33]. E13.5 retinal explants were infected with ret-
roviruses and harvested after 4.5 days in culture to
analyze horizontal and ganglion cells or collected after
12.5 days in culture for analysis of other cell types.

shRNA plasmids and RNAi interference
For RNAi knockdown experiments, selected small hair-
pin sequences were inserted into the shRNA interference
vector pBS/U6 containing the human U6 promoter [34].
Knockdown efficiency was tested by cotransfection into
293 cells of the shRNA plasmid, pmCherry-N1 vector
and pCIG construct containing the corresponding gene.
To rule out differences in transfection efficiency,
pmCherry-N1 was used as a red fluorescence marker to
monitor transfection efficiency. The constructs with the
best knockdown efficiency were used in the retinal
knockdown experiments. The targeting sequence used
for Tfap2a is: 5’-AACATTCCGATCCCAATGAGC-3’

(Tfap2ai5), and for Tfap2b is: 5’-CTACTCAGTTC
AACTTCAAAGTACA-3’ (Tfap2bi4). To perform retinal
knockdown, pBS/U6 constructs and pCIG vector (as a
GFP reporter) were mixed at a ratio of 2:1 (μg/μl) and
1 μl of the mixture was injected into the subretinal space
of P0 CD1 mice. Electroporation was carried out imme-
diately following injection [32]. Transfected retinas were
collected at P12 when the great majority of retinal cells
are determined and developed into mature cell types.

Semi-quantitative RT-PCR
Total RNA was isolated from E14.5 wild type and Ptf1a
mutant mouse retinas, and cDNA was made using the
NEB Reverse Transcription Kit. The following primers
were used for semi-quantitative RT-PCR (all from 5’ to
3’): Tfap2a, GCCTGAATCCTCTGCACGC and GTCC
TCGTGCCGCCGATA; Tfap2b, CCAGCTCTCCGGCC
TTGATC and CAACTGACTGCACGTCTTCCATG;
Gapdh, CGTGCCGCCTGGAGAAACCTG and GAGT
GGGAGTTGCTGTTGAAGTCGC. The products were
amplified for 27 cycles and visualized on a 1.5% agarose gel.

Quantification and statistical analysis
For misexpression experiments, depending on the fre-
quency or ratio of each cell type, hundreds to thousands
of GFP+ cells in each infected retina were scored; at
least 3 retinas were used for each individual cell marker.
All quantification data were subjected to significance test
using two sample Student’s t-test with unequal variances
and two tails.

Additional files

Additional file 1: Table S1. List of genes differentially expressed
between E14.5 wild type and Ptf1a mutant retinas.

Additional file 2: Figure S1. Expression of Tfap2b during mouse retinal
development. (A-D) Retinal sections from the indicated developmental
stages were immunostained with an anti-Tfap2b antibody and weakly
counterstained with DAPI. Tfap2b-immunoreactive cells are seen in
scattered cells at E13.5 in the central retina, and gradually become
concentrated in the presumptive inner nuclear layer from E14.5 to E16.5
(B-D). (E-G) A P21 retinal section was double-immunolabeled with
anti-Tfap2a and anti-Tfap2b antibodies. Tfap2a and 2b are colocalized in
the great majority of immunoreactive cells. Arrows point to labeled
horizontal cells. Abbreviations: GCL, ganglion cell layer; INL, inner nuclear
layer; IPL, inner plexiform layer; L, lens; ONBL, outer neuroblastic layer;
ONL, outer nuclear layer; OPL, outer plexiform layer; R, retina. Scale bar in
C: A, B, 50 μm; C, D, 25 μm. Scale bar in G: E-G, 47.6 μm.

Additional file 3: Figure S2. Ptf1a misexpression alters the distribution
pattern and morphology of retinal cells. (A) Schematics of the pCIG and
pCIG-Ptf1a expression plasmids. The internal ribosomal entry site (IRES)
allows for efficient expression of both Ptf1a and GFP. (B, C) Transfected GFP
+ cells were visualized in retinal sections that were weakly counterstained
with TOPRO3. Ptf1a misexpression causes an obvious increase of GFP+ cells
located in the INL but a reduction of photoreceptors residing in the ONL.
(D) Percentages of GFP+ cells located in different cellular layers of the retina
(means ± SD). Three retinas were scored for each virus and more than 700
GFP+ cells were counted in each retina. Abbreviations: GCL, ganglion cell
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layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear
layer; and OPL, outer plexiform layer. Scale bar: B, C, 39.7 μm.

Additional file 4: Figure S3. Expression of Tfap2b in retinal cell types.
(A-G) Sections from P21 mouse retinas were double-immunolabeled with an
anti-Tfap2b antibody and those against the indicated cell type-specific protein
markers. Tfap2b is colocalized with calretinin and TH in amacrine cells,
but not expressed in Brn3a- or Brn3b-immunoreactive ganglion cells,
Chx10-immunoreactive bipolar cells, Sox9-immunoreactive Müller cells,
or in recoverin-immunoreactive photoreceptors. (H) Percentages of
marker-positive retinal cells that are immunoreactive for Tfap2b.
Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner
plexiform layer; ONL, outer nuclear layer. Scale bar: A-G, 47.6 μm.

Additional file 5: Figure S4. Tfap2b misexpression alters the
distribution pattern and morphology of retinal cells. (A) Schematics of the
pCIG and pCIG-Tfap2b expression plasmids. (B, C) Transfected GFP+ cells
were visualized in retinal sections that were weakly counterstained with
TOPRO3. Tfap2b misexpression causes an increase of GFP+ cells located
in the INL but a decrease of photoreceptors residing in the ONL. (D)
Percentages of GFP+ cells located in different cellular layers of the retina
(means ± SD). Three retinas were scored for each virus and more than
700 GFP+ cells were counted in each retina. Abbreviations: GCL, ganglion
cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer
nuclear layer; and OPL, outer plexiform layer. Scale bar: B, C, 39.7 μm.

Additional file 6: Figure S5. Effect of misexpressed Tfap2a on the
differentiation of different retinal cell types. (A) Schematics of the pCIG and
pCIG-Tfap2a expression plasmids. (B, C) Transfected GFP+ cells were visualized
in retinal sections that were weakly counterstained with DAPI. Tfap2a
misexpression results in an increase of GFP+ cells located in the INL but a
decrease of photoreceptors residing in the ONL. (D) Percentages of GFP+ cells
located in different cellular layers of the retina (means ± SD). Three retinas
were scored for each virus and more than 1000 GFP+ cells were counted
in each retina. (E-N) Sections from retinas electroporated with pCIG or
pCIG-Tfap2a DNA were double-immunostained with an anti-GFP antibody
and antibodies against the indicated cell type-specific markers. Misexpressed
Tfap2a increased amacrine cells immunoreactive for Pax6, GLYT1, GABA, or
Gad65 (E-L), but not the number of TH-immunoreactive dopaminergic
neurons (M, N). Arrows point to representative colocalized cells and insets
show corresponding outlined regions at a higher magnification. Abbreviations:
GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL,
outer nuclear layer; and OPL, outer plexiform layer. Scale bar: B, C, E-L, 39.7 μm;
M, N, 30.2 μm.

Additional file 7: Figure S6. Specificity of the Tfap2a and 2b shRNA. (A)
Schematics of Tfap2a and 2b protein structural domains and regions targeted
by the corresponding shRNA. AD, activation domain; HSH, helix-span-helix
motif. (B-G) In transfected HEK293 cells, the Tfap2ai5 shRNA greatly reduced
expression of the Tfap2a-IRES-GFP cassette, as marked by GFP; whereas it had
no effect on the expression of Tfap2b (B,C,E,F). The opposite was true for the
Tfap2bi4 shRNA (B,D,E,G). Comparable transfection efficiency was observed by
the presence of similar number of mCherry-expressing cells co-transfected
with the pmCherry-N1 expression plasmid (B’-G’).

Additional file 8: Figure S7. Reducing Tfap2a and 2b expression alters
the distribution pattern of retinal cells. (A, B) Simultaneous transfection of
Tfap2a and 2b shRNA caused a significant decrease of GFP+ cells distributed
in the INL. (C) Percentages of GFP+ cells located in different cellular layers of
retinas transfected with pU6 or with both pU6-Tfap2ai5 and pU6-Tfap2bi4
plasmids (mean ± SD). Three retinas were scored for each plasmid and more
than 900 GFP+ cells were counted in each retina. Abbreviations: GCL, ganglion
cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL, outer nuclear
layer; and OPL, outer plexiform layer. Scale bar: A, B, 39.7 μm.

Abbreviations
ChAT: Choline acetyltransferase; GABA: γ-aminobutyric acid; GAD: Glutamic
acid decarboxylase; GFP: Green fluorescent protein; GLYT1: Glycine
transporter 1; GO: Gene ontology; GS: Glutamine synthetase; INL: Inner
nuclear layer; IRES: Internal ribosome entry site; MMLV: Moloney murine
leukemia virus; ONL: Outer nuclear layer; ORF: Open reading frame;
shRNA: Short hairpin ribonucleic acid; TH: Tyrosine hydroxylase.
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