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Pten Regulates Retinal Amacrine Cell Number by
Modulating Akt, Tgf(3, and Erk Signaling
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All tissues are genetically programmed to acquire an optimal size that is defined by total cell number and individual cellular dimensions.
The retina contains stereotyped proportions of one glial and six neuronal cell types that are generated in overlapping waves. How
multipotent retinal progenitors know when to switch from making one cell type to the next so that appropriate numbers of each cell type
are generated is poorly understood. Pten is a phosphatase that controls progenitor cell proliferation and differentiation in several
lineages. Here, using a conditional loss-of-function strategy, we found that Pten regulates retinal cell division and is required to produce
the full complement of rod photoreceptors and amacrine cells in mouse. We focused on amacrine cell number control, identifying three
downstream Pten effector pathways. First, phosphoinositide 3-kinase/Akt signaling is hyperactivated in Pten conditional knock-out
(cKO) retinas, and misexpression of constitutively active Akt (Akt-CA) in retinal explants phenocopies the reduction in amacrine cell
production observed in Pten cKOs. Second, Akt-CA activates Tgff3 signaling in retinal explants, which is a negative feedback pathway for
amacrine cell production. Accordingly, Tgf(3 signaling is elevated in Pten cKO retinas, and epistatic analyses placed Pten downstream of
TgfBRII in amacrine cell number control. Finally, Pten regulates Raf/Mek/Erk signaling levels to promote the differentiation of all
amacrine cell subtypes, which are each reduced in number in Pten cKOs. Pten is thus a positive regulator of amacrine cell production,
acting via multiple downstream pathways, highlighting its diverse actions as a mediator of cell number control.
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Despite the importance of size for optimal organ function, how individual cell types are generated in correct proportions is poorly
understood. There are several ways to control cell number, including readouts of organ function (e.g., secreted hormones reach
functional levels when enough cells are made) or counting of cell divisions or cell number. The latter applies to the retina, where
cell number is regulated by negative feedback signals, which arrest differentiation of particular cell types at threshold levels.
Herein, we show that Pten is a critical regulator of amacrine cell number in the retina, acting via multiple downstream pathways.
Our studies provide molecular insights into how PTEN loss in humans may lead to uncontrolled cell division in several patholog-
ical conditions.
J
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ment. The neural retina contains one glial and six neuronal cell
types that form three distinct cellular layers: the outer nuclear
layer (ONL), inner nuclear layer (INL), and ganglion cell layer
(GCL), each with stereotyped cellular compositions. In mouse,

Introduction
Proper formation of functional neural networks requires that
correct numbers of each cell type are generated during develop-
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there are two differentiation peaks; the bulk of retinal ganglion
cells (RGCs), cone photoreceptors, horizontal cells, and ama-
crine cells differentiate between embryonic day 11 (E11) and
postnatal day 2 (P2), while differentiation of rod photoreceptors,
bipolar cells and Miiller glia peaks postnatally, ending at P11
(Young, 1985; Cepko et al., 1996). While some retinal cells arise
from committed retinal precursors with fixed lineages (Pearson
and Doe, 2004; Cayouette et al., 2006; He et al., 2012), others
share a common lineage, arising from multipotent retinal pro-
genitor cells (RPCs; Young, 1985; Alexiades and Cepko, 1997;
Waid and McLoon, 1998). RPC fate decisions are stochastic, with
the differentiation of more numerous retinal cell types occurring
with higher probabilities (Close et al., 2005; Gomes et al., 2011).
However, while the genes that specify individual retinal cell iden-
tities have been extensively studied, the molecules that “sense”
cell number to bias RPC fate selection so that the same numbers
of each cell type are made from individual to individual are just
beginning to be explored.

An optimally sized organ requires correct numbers of each
cell type to function. Cell number is regulated either by using
readouts of organ function or by counting cell divisions or cell
number (Wu et al., 2003). The latter applies to the retina,
where cell number is regulated by secreted negative feedback
signals, which stop the differentiation of a particular cell type
upon reaching threshold levels (Reh and Tully, 1986; Belliveau
and Cepko, 1999; Harmon et al., 2004). In the retina, a well-
characterized feedback pathway controls amacrine cell pro-
duction; the transcription factor ZacI acts in amacrine cells to
initiate transforming growth factor B 2 (Tgfbll) expression,
which negatively regulates RPC proliferation and amacrine
cell differentiation (Tobin and Celeste, 2005; Ma et al., 2007).
What remains unclear is how amacrine cell feedback signals
are themselves regulated.

Several extracellular signals bias the decision by RPCs to pro-
liferate or differentiate along a specific cell lineage (Marquardt,
2003; Hatakeyama and Kageyama, 2004; Ohsawa and Kageyama,
2008; Wallace, 2011). Included are ligands that signal through
receptor tyrosine kinases (RTKs) and the two major downstream
signal transduction cascades, Mek/Erk and phosphoinositide
3-kinase (PI3K) pathways (Stambolic et al., 1998; Downward,
2004; Comer and Parent, 2007). Here, we ask which RTK path-
ways influence the decision by RPCs to proliferate or differentiate
in the retina and, in so doing, control cell number. It is difficult to
genetically manipulate PI3K as it is a multisubunit enzyme en-
coded by several genes. We thus targeted Pten, which is a single
gene-encoding lipid and protein phosphatase that is a major an-
tagonist of PI3K signaling (Leslie et al., 2008). We previously
found that Pten is required for the differentiation of the full com-
plement of retinal amacrine cells and horizontal cells (Cantrup et
al., 2012). In addition to defects in cell number, Pten mutations
lead to neuronal hypertrophy and errors in migration and den-
drite arborization in the retina, as well as cerebellum and cerebral
cortex (Backman et al., 2001; Groszer et al., 2001; Marino et al.,
2002; Yue et al., 2005; Kwon et al., 2006; Fraser et al., 2008; Lehti-
nen et al.,, 2011; Jo et al., 2012; Sakagami et al., 2012). Other
studies have similarly found that retinal cell numbers are altered
in Pten cKO retinas, but with conflicting findings, possibly be-
cause of the use of different Cre drivers (Sakagami et al., 2012)
and a focus on the very peripheral retina (Jo et al., 2012). To
further elucidate the role of Pten in retinal cell number control,
we studied Pten cKO retinas, identifying three Pten effector path-
ways influencing amacrine cell differentiation.
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Materials and Methods

Animals. All animal procedures were approved by the University of Cal-
gary Animal Care Committee in agreement with the guidelines of the
Canadian Council of Animal Care. The Pax6::Cre driver (Marquardt et
al., 2001) and Rosa26R-EGFP reporter (Gomer, 2001) lines were gener-
ated previously, and PCR genotyping was performed as described. The
Pten allele, in which exons 4 and 5 are flanked by loxP sites, was also
generated previously, and PCR genotyping was performed as described
(Backman et al., 2001).

Western blotting. Retinas were collected from embryos and postnatal
pups at the indicated stages, lysed in RIPA buffer with protease (1X
protease inhibitor complete, 1 mm PMSF) and phosphatase (50 mm NaF,
1 mM NaOV) inhibitors, and 10 g of lysate was run on SDS-PAGE gels
for Western blot analysis as described previously (Ma et al., 2007). Pri-
mary antibodies included pAkt 5™ (1:1000; Cell Signaling Technology,
catalog #4060), total Akt (1:1000; Cell Signaling Technology, catalog
#9272), pErk (1:1000; Cell Signaling Technology, catalog #9106), Erk
(1:1000; Cell Signaling Technology, catalog #9102), Pten (1:1000; Cell
Signaling Technology, catalog #9559), B-actin (1:10,000; Abcam, catalog
#8227), pSmad2 (1:1000; Cell Signaling Technology, catalog #3101),
Smad2/3 (1:1000; Cell Signaling Technology, catalog #5678), TgtBII (1:
1000; Abcam, catalog #36495), and TgfBRII (1:2000; Abcam, catalog
#186838). Each Western blot was performed a minimum of three times
on three sets of independent samples, and densitometries were calculated
using UN-SCAN-IT gel densitometry software (Silk Scientific). The av-
erage values of normalized expression levels were plotted.

Immunohistochemistry. Whole eyes or retinal explants were fixed over-
night in 4% paraformaldehyde diluted in PBS, washed three times for 10
min each in PBS, and then immersed in 20% sucrose overnight. Eyes
were embedded in optimal cutting temperature compound and sec-
tioned on a cryostat at 10 wm. Blocking solution (10% horse serum, 0.1%
Triton X-100 in PBS, pH 7.5) was added for 1 h to limit nonspecific
immunoreactivity before immunostaining. Primary antibodies diluted
in blocking solution were incubated on slides overnight at 4°C. The fol-
lowing primary antibodies were used: pAkt®™*”> (1:500; Cell Signaling
Technology, catalog #4060), Akt (1:500; Cell Signaling Technology, cat-
alog #9272), AP2« (1:100; Developmental Studies Hybridoma Bank, cat-
alog #3B5), Barhl2 (1:500; Sigma, catalog #AV31981), Beta3 (1:200;
Santa Cruz Biotechnology, catalog #sc-6045), Brn3a (1:500; Millipore,
catalog #AB5945), BrdU (1:50; Oxford Biotech, catalog #OBT0030),
Chx10 (1:200; Santa Cruz Biotechnology, catalog #SC-21690), cone-
arrestin (1:500; Millipore, catalog #AB15282), GAD65/67 (Abcam,
catalog #ab11070), Glyt1 (1:200; Abcam, catalog #ab113823), phospho-
histone H3 (pHH3; 1:1000; Millipore, catalog #06-570), Neurod6 (1:100;
Abcam, catalog #ab85824), Pax6 (1:500; Covance, catalog #PRB-278P),
Pten (1:500; Cell Signaling Technology, catalog #9559), rhodopsin (1:
500; Millipore, catalog #MAB5356), and Sox9 (1:500; Millipore, catalog
#AB5535). Slides were washed three times in PBS with 0.1% Triton
X-100, and primary antibodies were detected using secondary antibodies
conjugated with Alexa568 (1:500; Invitrogen, catalog #A11057) or Al-
exa488 (1:500; Invitrogen, A11055).

BrdU labeling. To label S-phase progenitors, pregnant females were
injected intraperitoneally with 100 wg/g body weight BrdU (Sigma) 30
min before being killed for proliferation assays, or were injected at E12.5,
E14.5, or E18.5 for birthdating studies and killed at P7. Eyes were dis-
sected and were processed for anti-BrdU staining as described above
except for the addition of a pretreatment with 2N HCl for 30 min at 37°C.

Aggregation assay. Aggregation assays were performed as described
previously, with a slight modification (Assinder et al., 2009). E15.5 reti-
nas were treated with 0.125% trypsin for 10 min at 37°C and triturated in
Ca**/Mg>" -free PBS/20% fetal bovine serum (FBS). Dissociated E15.5
retinal cells were then labeled with 10 um BrdU for 1 h at 37°C. P2
Pten™" or Pte™”; Pax6:Cre retinas were dissociated with the same
method. Following dissociation, cells were counted and then resus-
pended in culture media at 1 X 10¢ cells/ml (P2) or 5 X 10 cells/ml
(E15.5). For cocultures, 100 ul (5 X 10* cells) of BrdU-labeled E15.5
progenitors were added to 1 ml (1 X 10° cells) of dissociated P2 Pten ™"
or Pten™”; Pax6::Cre retinal cells. A total of 1 X 10° cells of E15.5 cells
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were aggregated as a control. Aggregated cells were collected by low-
speed centrifugation (100 rpm for 2 min), transferred as a pellet onto 0.25
um nucleopore membranes, and cultured at 37°C, 5% CO, for 8 d in
vitro (DIV) in retinal explant medium (50% DMEM, 25% HBSS, 25%
heat-inactivated horse serum, 200 um L-glutamine, 0.6 mm HEPES, 1%
Pen-Strep). Pellets were processed for anti-BrdU and anti-Pax6 staining
as described above.

Ex utero electroporation for cell counts. E18.5 CD1 retinas were dis-
sected and retinal pigmented epithelia were removed in cold PBS. The
tissues were then placed on a 2% agarose plug poured into the bottom of
24-well plates. All genes were cloned into pCIG2, a bicistronic expression
vector containing a 3-actin promoter/CMV enhancer and an internal
ribosome entry site (IRES)-EGFP cassette (Hand et al., 2005). Genes
cloned into pCIG2 included wild-type Pten [PTEN(wt); Spinelli et al.,
2015], PTEN(C124S) (protein and lipid phosphatase dead; Spinelli et al.,
2015), constitutively active Akt (Akt-CA; Eder et al., 1998), T¢gfBRII-CA
(Wei et al., 2013), TgfBRII-DN (Wei et al., 2013), bRAF(V600E) (Add-
gene plasmid 15269; Boehm et al., 2007), hMAP2K1-CA (Yoshimura et
al., 2006), and MEK-DN (dominant negative Mek; Yoshimura et al,,
2006). Expression plasmids were purified using an endotoxin-free plas-
mid DNA purification kit (Qiagen, Maxi kit). Ten microliters of each
expression plasmid (1 ug/ul) were applied directly on the retina, fol-
lowed by the application of seven 50 ms pulses of 50 mV using a BTX
electroporator. The retinas were then flat mounted on 0.25 wm nucleo-
pore membranes and cultured at 37°C, 5% CO, for 8 DIV in retinal
explant medium. The explants were processed for anti-Pax6 staining as
described above.

Transfections for Western blot analyses. Eighty percent confluent HEK
cells grown in six-well plates were transfected with 3 ug of plasmid DNA with
Lipofectamine 2000 (Invitrogen) according to the manufacturer’s instruc-
tions. Twenty-four hours after transfection, cells were rinsed with PBS,
transferred into 2.0 ml tubes, and lysed in RIPA buffer with protease (1X
protease inhibitor complete, 1 mm PMSF) and phosphatase (50 mm NaF, 1
mum NaOV) inhibitors. Ten micrograms of lysate were run on SDS-PAGE
gels for Western blot analysis as described previously (Ma et al., 2007).

In vitro electroporation for qPCR. In vitro electroporation was per-
formed on retinal explants as described previously (Matsuda and Cepko,
2004). Briefly, dissected retinas were placed in 2 mm gap cuvettes (VWR
International) along with 30 ul of 0.5 ug/ul DNA and electroporated
using five square 20 V pulses of 50 ms duration and 950 ms intervals using
an ECM830 pulse generator (BTX Harvard Apparatus). The expression
plasmids used are described above. Electroporated retinas were cultured
on the 0.25 um nucleopore membranes at 37°C, 5% CO, for 3 DIV in
retinal explant medium.

FACS. Electroporated retinal explants were dissociated with 0.125%
trypsin at 37°C for 10 min and triturated in 20% FBS diluted in Ca**/
Mg?*-free PBS. Dissociated cells were washed with cold 0.1% BSA dis-
solved in Ca®"/Mg?"-free PBS (hereafter, 0.1% BSA/PBS) twice, then
resuspended in 1 ml of 0.1% BSA/PBS. One microliter of Viability Dye
eFlour 780 (eBioscience) was added, and cells were kept on ice for 20 min.
Cells were washed twice and resuspended in 500 ul of 0.1% BSA/PBS.
Resuspended cells were filtered through a cell strainer (Falcon) to remove
cell clumps. Cell suspensions were then sorted by FACS to sort out GFP™
cells. GFP™ cells were collected in TRIzol reagent (Thermo Fisher Scien-
tific) for RNA extraction.

RNA extraction and gPCR. Total RNA was extracted from sorted GFP™
cells using TRIzol reagent following the manufacturer’s instructions.
First-strand cDNA was synthesized from 25 ng of RNA using an RT ? First
Strand kit (Qiagen, catalog #330401). Target gene mRNA levels were
assessed by qPCR using RT > SYBR Green Flour qPCR Mastermix (Qia-
gen, catalog #330500) and the CFX Connect Real-Time PCR Detection
System (Bio-Rad). The relative change in Pax6 (RT? qPCR primers;
Qiagen, catalog #PPM04498B) expression was determined using CFX
Manager (Bio-Rad), with values normalized to three housekeeping genes
using the following RT? qPCR primers (Qiagen): Gapdh (catalog
#PPMO02946E), B2m (catalog #PPMO03562A), and Hrpt (catalog
#PPMO03559F). The AACt method was used to analyze qPCR data.

Measurements and statistical analysis. Images were captured with a
QImaging Retiga 2000R or QImaging Retiga EX digital camera and a
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Leica DMRXA?2 optical microscope using OpenLab5 software (Improvi-
sion). All images for analysis were captured within 400 um from the optic
nerve, avoiding the centralmost retina, where Pten was not deleted, and
the peripheralmost region, where the retina thins out and layering is
altered. All analyses were performed on a minimum of three eyes per
genotype or manipulation and a minimum of three photomicrographs
per eye, which were used to count cell number per field. N values refer to
the number of experimental repeats, whereas n values refer to the num-
ber of technical replicates within each experiment. Statistical significance
for cell counts and Western blotting densitometry were calculated using
two-way Student’s t-tests (for two samples) or one-way ANOVA and
post-hoc Tukey corrections (for multiple samples) using GraphPad
Prism software, version 5.0. Error bars represent SEM.

Results

Generation of a conditional Pten loss-of-function allele in

the retina

While previous reports suggested that Pten influenced final numbers
of different retinal cell types at the end of the differentiation period,
the results were conflicting. For example, while two studies reported
areduction in amacrine cell number in Pten cKO retinas (Cantrup et
al., 2012; Jo et al., 2012), another reported an increase (Sakagami et
al., 2012). As we did not quantitate all retinal cell types in our previ-
ous study (Cantrup et al., 2012), we set out to determine which cell
types were most adversely affected by the loss of Pten in our model.
Because Pten null mutations lead to early embryonic lethality (Di
Cristofano et al., 1998), we conditionally deleted a floxed allele of
Pten (Backman et al., 2001; Suzuki et al., 2001) using a Pax6::Cre
retinal driver line (Marquardt et al., 2001) (Fig. 1A). To monitor Cre
tissue specificity, we crossed Pax6::Cre driver mice with a Rosa26R-
EGFP reporter line. In double heterozygous embryos harvested at
PO, GFP expression was observed throughout the flat-mounted ret-
ina, except in a medial wedge that was wider on the dorsal side (Fig.
1 B, B'), aspatial restriction that was consistent with previous reports
(Marquardt et al., 2001). Accordingly, while Pten expression was
detected throughout the mediolateral extent in sections of PO wild-
type retinas (Fig. 1C), in PO Pten U Pax6::Cre (hereafter referred to
as Pren cKO) sections, remaining Pten expression was confined to
the central retina (Fig. 1D). We thus focused all further analyses on
the ventral half of the retina but avoided the most medial domain,
where Pten was not deleted. We also stayed away from the lateral
edge, where the study by Jo et al. (2012) was focused, since the retina
narrows and lamination differs in this domain.

To determine in which retinal layers Pten was expressed, and
when in retinal development expression was lost in Pten cKOs, we
conducted a series of immunostaining experiments from E12.5 to
P4. In wild-type retinal tissue at E12.5, Pten expression was detected
atlow levels in the outer neuroblast layer (ONBL), where proliferat-
ing RPCs reside, as well as at higher levels in the developing GCL (Fig.
1E). By E15.5 and until P4, Pten expression was detected at low levels
in the ONBL and at higher levels in the developing GCL, INL, and
the intervening inner plexiform layer (IPL; Fig. 1F-H ). In Pten cKO
retinas, a clear reduction in Pten expression levels was observed as
early as E12.5 (Fig. 1E'), with an almost complete ablation at later
developmental stages (E15.5-P4; Fig. 1F',G',H"). The reduction in
Pten expression was confirmed by Western blots, with approxi-
mately half the normal Pten levels observed in Pten cKO retinas at
E12.5 (1.83-fold decrease; N = 3, n = 9; p = 0.0488), and a progres-
sive, almost complete loss of expression between E15.5 and P4 (8.07-
fold decrease at E15.5, p = 0.0009; 26.1-fold decrease at E18.5, p <
0.0001; 46.3-fold decrease at P4, p < 0.0001; N = 3, n = 9
Fig. 1I-M).

Pten is thus expressed in both RPCs and differentiating cells in
the GCL/INL in the embryonic/early postnatal retina, and this



Tachibana et al. e Pten Regulates Amacrine Cell Number

J. Neurosci., September 7, 2016 - 36(36):9454-9471 « 9457

A Pten” Pax®6::cre-IRES-GFP
exon3 exon4 exon 5 exon 6
phosphatase X Pax6 1N GFP =
loxP loxP l
exon 3 exon 6

Pax6::cre; Rosa26-egfp expression

POI PTEN**;Pax6::cre* ” PTEN":Pax6::cre*

E12.5

1.04

normalized PTEN

EX.x

E12.5

E15.5

E18.5

k%

B-actin g = = -~ — s

wild-type Pten cKO

PTEN st Gt St St e

B-actin & — et ““’ e
Pten cKO

wild-type

PTEN wwwe owee amee

B-ACtiN e ww—— — — —— —

wild-type Pten cKO

PTEN s v gy

B-Actin wes v w—— e a—

wild-type Pten cKO

B wild-type
Bl Pten cKO

k%%

P4

Figure 1.  Generation of a retinal-specific Pten conditional mutation. A, Schematic illustration of crosses between transgenic animals carrying floxed Pten (Pten™) and Pax6c/P0::Cre-IRES-GFP
transgenes. B, Flat-mount image of Pax6.:Cre; Rosa26R-EGFP retina at P0. GFP is not expressed in the central retina. The dotted line outlines the domain where Cre was not active. B’, Schematic
illustration of Cre activity domain. C, D, Expression of Pten in P7 wild-type (C) and Pten cKO (D) retinal transverse sections. The bracket in D shows central region (Figure legend continues.)
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Loss of Pten alters proliferation and retinal cell number. A-C, Immunolabeling of wild-type and Pten cKO retinas at E15.5 (4,A”) and P4 (B, B") for BrdU (red). Blue is a DAPI counterstain.

The graph (€) shows the number of BrdU ™ cells in wild-type and Pren cKO retinas at E12.5, E15.5, E18.5, and P4. D~F, Inmunolabeling of wild-type and Pten cKOretinas at E15.5 (D, D) and P4 (E, E')
for pHH3 (red). The graph (F) shows the number of pHH3 ™ cellsin wild-type and Pten cKOs at E12.5, E15.5, E18.5, and P4. G—L, DAPI staining of wild-type and Pten cKO retinas at E15.5 (G, 6'), E18.5
(I,I),and P7 (K, K"). The total number of cells in wild-type and Pten cKO retinas at three different stages are shown in the graphs (H, J, L). M—R, Immunolabeling of P7 wild-type and Pten cKO retinas
for BrdU after administeringat E12.5 (M, M’),E14.5(0,0'),and E18.5 (Q, Q). The graphs show the percentages of BrdU ™ cellsin each retinal layer (left) and the total number of BrdU ™ cells (right;

N, P, R). *p < 0.05;**p < 0.01;***p < 0.001.

expression is rapidly lost in Pren cKOs starting as early as E12.5,
except in the medialmost retina.

Biphasic effects on RPC proliferation and cellular
differentiation in Pten cKO retinas

Pten is a tumor suppressor, while Akt1 is an oncogene, suggesting
that Ptren prevents, while Aktl promotes, cellular proliferation
(Sinor and Lillien, 2004; Cully etal., 2006). Indeed, the deletion of
Pten and consequent activation of PI3K/Akt signaling in tumor
cells accelerates the progression through G1 and into S-phase of
the cell cycle (Ramaswamy et al., 1999). To test whether the de-
letion of Pten in the retina would similarly promote RPC prolif-
eration, we quantitated the number of S-phase progenitors
labeled with a 30 min BrdU pulse and the number of G2/M-phase
progenitors expressing pHH3. Proliferation was assessed at
E12.5, E15.5, E18.5, and P4, a protracted window of time when
RPCsare still actively proliferating in the retina (Dyer and Cepko,
2001).

<«

(Figure legend continued.) ~ where Pten is not deleted and expression is maintained. E-M,
Western blot analysis and densitometry of Pten expression levels in wild-type and Pten cKO
retinal lysates at E12.5 (E, E', 1), E15.5 (F, F', J), E18.5 (G, G’, K), and P4 (H, H', L). Pten levels
were reduced at all stages analyzed (M). *p << 0.05; **p < 0.01; ***p < 0.001. D, Dorsal; le,
lens; N; nasal, re, retina; T, temporal; V, ventral.

At E12.5 (1.45-fold increase; n = 3; p = 0.0004; Fig. 2C) and
E15.5 (1.18-fold increase; n = 3; p = 0.0217; Fig. 2A,A’,C), total
numbers of BrdU ™ S-phase progenitors were elevated in Pten
cKO retinas compared to wild-type retinas. In contrast, by E18.5,
BrdU ™ cells were detected at wild-type levels in Pten cKO retinas
(n = 3; p = 0.1974; Fig. 2C), and by P4, the total number of
S-phase cells began to decline (3.04-fold decrease; n = 3; p =
0.0006; Fig. 2 B, C). A similar biphasic effect of Pten loss was ob-
served when examining the mitotic marker pHH3, with more
mitotic cells observed in Pten cKO retinas at E12.5 (1.56-fold
increase; n = 3; p = 0.0106; Fig. 2F) and E15.5 (1.45-fold in-
crease; n = 3; p = 0.0107; Fig. 2D, D’,F), followed by a normal-
ization at E18.5 (n = 3; p = 0.507; Fig. 2F) and a decline by P4
(1.55-fold decrease; n = 3; p = 0.0280; Fig. 2 E, F). Notably, the
biphasic effect of Pten loss on cell proliferation was consistent
with a previous report (Jo et al., 2012). Pten-deficient RPCs thus
hyperproliferate during early retinal development, but the pro-
liferative pool is depleted by the early postnatal period.

We next asked whether hyperproliferation of Pten cKO RPCs
at early embryonic stages translated into an overall increase in
retinal cell number. To test this possibility, we quantitated total
DAPI-labeled nuclei of the retina at three different developmen-
tal stages (E15.5, E18.5, and P4), when the proliferative pool of
RPCs is still expanding. Quantitation of DAPI * nuclei at E15.5
showed no significance difference in Pten cKO retinas versus
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wild-type controls (n = 5; p = 0.6974; Fig. 2G,H ). However, by
E18.5, the number of total DAPI ™ nuclei increased by 12% in
Pten cKOs compared to wild-type controls (n = 5; p = 0.0162;
Fig. 21,]), probably because of elevated proliferation at earlier
stages (E12.5 to E15.5; Fig. 2C). Finally, at P7, 39% fewer DAPI *
nuclei were present in Pten cKO retinas (n = 5; p = 0.0006; Fig.
2K,L). Notably, we do not attribute these differences in cell num-
ber to cell death, as the proportion of cleaved caspase 3 * apopto-
tic cells in wild-type and Pten cKO retinas was similar at E15.5,
PO, and P7 (Cantrup et al., 2012).

Shifts in retinal cell birthdating in each cellular layer in the
Pten cKO retina

We next asked whether the temporal sequence of cellular differ-
entiation was shifted by the loss of Pten in RPCs. We conducted
BrdU birthdating experiments at distinct days of gestation to
mark newly differentiated retinal cells undergoing their final cell
division. P7 retinas that were BrdU pulse labeled at E12.5 (Fig.
2M,M"), E14.5 (O,0’), or E18.5 (Q,Q’) in wild-type (M, 0,Q)
and Pten cKO (M’',0',Q’) retinas were immunostained with
BrdU and counterstained with DAPI. When BrdU was injected at
E12.5 and labeled cells were quantitated at P7, there was an eight-
fold increase (n = 6; p < 0.0001; Fig. 2N) in BrdU * cells in the
ONL in the Pten cKO relative to wild-type retinas. Conversely,
the INL contained 17% fewer (n = 6; p = 0.0008; Fig. 2N) BrdU *
cells in Pten cKO retinas relative to wild-type, while the GCL
showed no significant difference in BrdU™ cells (n = 6; p =
0.2303; Fig. 2N ). When BrdU was injected at E14.5 and immu-
nostaining quantitated at P7, we observed an 8.6-fold increase
(n=6;p = 0.0673; Fig. 2P) in BrdU " cells in the ONL in the Pten
cKO retina relative to wild-type. Conversely, the INL contained
18% fewer (n = 6; p = 0.0002) BrdU * cells in the Pten cKO retina
relative to wild-type, while the GCL showed a 1.32-fold increase
(n = 6; p = 0.0001; Fig. 2P). Finally, when BrdU was injected at
E18.5 and immunostaining quantitated at P7, we found a 1.64-
fold increase (n = 6; p = 0.0151; Fig. 2R) in BrdU " cells in the
ONL in the Pten cKO retina relative to wild-type. Conversely, the
INL contained 11% fewer (n = 6; p = 0.0100; Fig. 2R) BrdU "
cells in Pten cKO retinas relative to wild-type, while the GCL
showed no significant differences (n = 6; p = 0.9614; Fig. 2R).
Notably, at each of the three developmental stages tested, no
change in the total number of BrdU * cells was detected, suggest-
ing that it is the proportion of cells differentiating in each layer
that is altered (n = 6; p = 0.3044 at E12.5, p = 0.5655 at E14.5,
p = 0.0869 at E18.5; Fig. 2N, P,R, right). Collectively, these data
show that the lack of Pten in RPCs alters the birthdates of cells
destined for distinct retinal cell layers.

Pten is required to produce the full complement of retinal
amacrine cells and rod photoreceptors

We speculated that the differences in RPC proliferation and
birthdates in Pten cKO retinas might influence the final num-
bers of individual retinal cells that differentiated. To test this
possibility, we quantified the number of cells expressing cell
type-specific markers, focusing on P7 retinas, when differen-
tiation is mostly complete except in peripheralmost domains,
which we avoided. We first examined retinal cells whose
differentiation windows peaked in the embryonic period.
Brn3a™* RGCs (Pan et al., 2005; Nadal-Nicolas et al., 2009),
which are the first retinal cells to differentiate, were produced
in similar numbers in P7 wild-type and Pten cKO retinas (n =
3; p = 0.1188; Fig. 3A,B,M). The numbers of cone arrestin
pedicles was also similar in P7 wild-type and Pten cKO retinas
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(n = 3; p = 0.4723; Fig. 3E,F,M). In contrast, 20% fewer
Pax6-labeled amacrine cells (de Melo et al., 2003) were de-
tected in the Pten cKO INL at P7 (n = 3; p = 0.0167; Fig.
3C,D,M). These data were consistent with our previous dem-
onstration that there are fewer amacrine cells in Pten cKO
retinas at P21, which we attributed to a decrease in the birth-
rate of these cells at all embryonic stages examined, including
E12.5, E15.5, and E18.5 (Cantrup et al., 2012). Notably, we
also demonstrated previously that horizontal cells were re-
duced in number in Pten cKO retinas (Cantrup et al., 2012),
but because these cells are so sparse in number, cell counts
could not be performed in sections (as in this study), but
rather were performed on retinal flat mounts (Cantrup et al.,
2012). Thus, of the retinal cells whose production peaks in the
embryonic period, only horizontal cells and amacrine cells
were reduced in number in Pten cKO retinas.

We next analyzed the differentiation of later-born retinal
cell types. The numbers of Chx10 " bipolar cells (n = 3; p =
0.6608; Fig. 3G, H,M) and Sox9 * Miiller glial cells (n = 3; p =
0.1461; Fig. 3K—M ) were similar in P7 wild-type and Pten cKO
retinas, although the positioning of Sox9 ™ cells was clearly
disrupted. In contrast, DAPI " nuclei were present in reduced
numbers in the ONL of P7 Pten cKO retinas (1.21-fold de-
crease; n = 3; p = 0.0031; Fig. 31,J,M). Notably, 97% of ONL
nuclei were rod (as opposed to cone) photoreceptors (Carter-
Dawson and LaVail, 1979; Volland et al., 2015), allowing us to
conclude that changes in DAPI " nuclei in the ONL reflect
changes in rod number, in particular given that cone numbers
were unchanged in Pten cKO retinas (Fig. 3E,F,M). Indeed,
the rhodopsin * rod photoreceptor layer was noticeably thin-
ner in P7 Pten cKO retinas (Fig. 3LJ).

Collectively, we conclude that Pten regulates the production
of early-born horizontal and amacrine cells, as well as later-born
rod photoreceptors, but is dispensable for the production of
early-born RGCs and cone photoreceptors and late-born bipolar
cells and Miiller glia. Pten thus plays a selective role in regulating
cellular production during retinal neurogenesis, and its function
is not restricted to a specific temporal window. To begin to un-
derstand mechanisms of action, we set out to determine how Pten
specifically influences amacrine cell number.

Akt is activated in Pten cKO retinas and is sufficient to inhibit
amacrine cell differentiation

PI3K phosphorylates and activates membrane inositol phospholip-
ids by converting PIP2 (phosphatidylinositol-4,5-bisphosphate)
into PIP3 (phosphatidylinositol-3,4,5-triphosphate), which serves
as a lipid second messenger, activating downstream Akt kinases
(Whitman et al., 1988; Engelman et al., 2006; Kriplani et al., 2015).
Conversely, Pten removes the 3'-phosphate in PIP3 to block down-
stream signaling, including PI3K/Akt activation. To determine when
in development Pten was functionally deleted, we assessed pAkt 547
levels, which serves as a readout of PI3K activation. At E12.5,
pAkt>™”* was detected at very low levels in the wild-type retina, but
by E15.5, pAkt 57, expression was detected in the developing GCL,
INL, and IPL, with only weak immunoreactivity in the ONBL, a
pattern that was maintained at E18.5 and P4 (Fig. 4A-D). In Pten
cKO retinas, a similar expression profile was observed, except that
from E15.5 onward, pAkt*™*”* levels were strikingly upregulated in
the GCL, INL, and IPL, while weak ONBL expression remained (Fig.
4B',C",D"). To confirm the increases in pAkt Serd73 levels in Pten
cKOs, especially after E15.5, Western blotting was performed. While
there was only a 1.34-fold increase in pAkt >*” levels in Pten cKOs
at E12.5, levels were increased 3.17-fold, 9.46-fold, and 14.2-fold,
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Figure 3.

Loss of Pten alters the generation of rod photoreceptors and amacrine cells. A-L, Inmunolabeling of wild-type and Pten cKO retinas at P7 for Brn3a (A, B), Pax6 (C, D), cone arrestin

(E, F), Chx10(G, H), rhodopsin (1,J), and Sox9 (K, L). Blue is a DAPI counterstain. M, The graph shows the number of cell-type marker positive cells in wild-type and Pten cKO retinas. *p << 0.05; **p <

0.01. ACs, Amacrine cells; BCs, bipolar cells; PR, photoreceptor.

respectively, at E15.5, E18.5, and P4 (N = 3, n = 9; p = 0.0054 at
E12.5;p = 0.0004 at E15.5; p = 0.0001 at E18.5; p = 0.0051 at P4; Fig.
4E-I). Together, these data indicate that conditional deletion of Pten
in the retina elevated pAktS™*7? levels as early as E12.5.

We next asked whether activation of Akt in Pten cKO retinas
contributed to the inhibition of amacrine cell production. To
address this question, we used ex utero electroporation to over-
express Akt-CA in E18.5 retinal explants, comparing the effects
on amacrine cell production to those observed when PTEN(wt)
or dominant negative PTEN (PTEN-DN ) was overexpressed. To
visualize transfected cells, each gene was cloned into pCIG2. After
culturing electroporated retinas for 8 DIV, the number of GFP™
cells that acquired an amacrine cell fate (Pax6 ") was enumerated.
Notably, while Pax6 is expressed in both amacrine cells and
RGCs, RGCs rapidly die upon optical nerve transection, so the
only remaining Pax6" cells in retinal explants are amacrine cells.
As expected, when PTEN-DN was overexpressed in E18.5 retinal
explants, fewer amacrine cells were produced compared to
pCIG2 controls (1.22-fold decrease; N = 3, n = 9; p = 0.0010;
Fig. 4],M,N), phenocopying the Pten cKO phenotype, whereas
PTEN(wt) had no effect on amacrine cell production (N = 3,

n=9;p = 0.3892; Fig. 4],L,N). Strikingly, Akt-CA had a similar
ability to reduce amacrine cell production in E18.5 retinal ex-
plants (1.47-fold decrease; N = 3, n = 9; p = 0.0170; Fig.
4J,K,N). To confirm alterations in number of Pax6™ amacrine
cells, electroporated cells were sorted by FACS, and qPCR was
performed after 2 DIV to quantify Pax6 transcript levels. Both the
overexpression of Akt-CA and PTEN-DN reduced Pax6 tran-
script levels compared to pCIG2 controls (Akt-CA, 1.96-fold de-
crease, N = 3,n =9, p = 0.0060; PTEN-DN, 2.75-fold decrease,
N=3,n=9,p=0.0004; Fig. 40). In contrast, consistent with the
cell count data, PTEN(wt) did not alter Pax6 transcript levels
(N =3,n=9;p=0.7399; Fig. 40). Notably, while Pax6 is also
expressed in retinal progenitors at P1 (the equivalent of E18.5
explants cultured 2 DIV), it is expressed at significantly lower
levels in progenitors versus amacrine cells in the early postnatal
retina (Dixit et al., 2014). Together with the enumeration of
Pax6™ amacrine cells, we thus conclude that Pten controls ama-
crine cell number at least in part by regulating Akt activation,
which must be kept at low levels to allow amacrine cell differen-
tiation to ensue.
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Tgfp signaling is activated by Akt and acts cell autonomously
to block amacrine cell differentiation

While our data suggested that activated Akt could influence ama-
crine cell production, the underlying mechanisms were not
known. It was shown previously that amacrine cell number is
controlled by TgfBII-mediated negative feedback signaling (Ma
etal., 2007), suggesting that Akt could influence this pathway. To
assess interactions between TgfpIl and Akt signaling, we first
asked whether the manipulation of TgfBII signaling via ex utero
electroporation influenced amacrine cell production. TgfBII
binds to two related dual specificity transmembrane kinase re-
ceptors (TgfBRI and TgfBRIL; Akhurst and Padgett, 2015). To
manipulate this pathway, TgfBRII-CA and TgfBRII-DN expres-
sion vectors were electroporated into E18.5 retinas, at a time
when amacrine cell genesis begins to decline as feedback signaling
becomes operational. As expected, misexpression of activated
TgfBRII-CA reduced the production of Pax6* amacrine cells af-
ter 8 DIV (1.83-fold decrease; N = 3, n = 9; p = 0.0084; Fig.
5A,B,D), whereas T¢fBRII-DN enhanced amacrine cell differen-
tiation (1.29-fold increase; N = 3, n = 9; p = 0.0171; Fig.
5A,C,D). These data were consistent with the increased produc-
tion of amacrine cells observed in Tg¢fBRII-cKOs (Ma et al.,
2007). Further validating these findings, FACS of GFP™ electro-
porated cells 2 d after electroporation followed by qPCR analysis

<«

(Figure legend continued.) cells (GFP™Pax6™) after electroporation of p(1G2, Akt-CA,
PTEN(wt), or PTEN-DN. 0, qPCR to assess Pax6 transcript levelsin GFP ™ cells sorted by FACS after
electroporation of p(1G2, Akt-CA, PTEN(wt), or PTEN-DN. *p << 0.05; **p << 0.01;***p << 0.001.

confirmed that Pax6 mRNA levels were indeed reduced by
TgfBRII-CA (2.63-fold decrease; n = 3; p = 0.0082) and in-
creased by TgfBRII-DN (1.43-fold increase; n = 3; p = 0.0467)
overexpression (Fig. 5E).

To confirm that TgfBII signaling was altered in this assay, we
examined the phosphorylation status of Smad2/3, which is phos-
phorylated upon TgfBII ligand binding to TgfBRI/RII (Akhurst
and Padgett, 2015). For that we transfected HEK cells with
TgfBRII-CA or TgfBRII-DN (Fig. 5F), followed by Western blot.
As expected, 24 h after overexpression of TgfBRII-CA in HEK
cells, levels of pSmad2 5¢™¢>/*%” were elevated (2.43-fold increase;
N =3,n=9;p=0.0004; Fig. 5G), whereas TgfBRII-DN reduced
Smad2 phosphorylation (2.7-fold decrease; N = 3, n = 9; p =
0.0006; Fig. 5H). Finally, we asked whether Akt signaling could
influence TgfBII signaling. Strikingly, overexpression of Akt-CA
in HEK cells led to a significant increase in pSmad2 >"*%4%” Jevels
after 24 h (4.95-fold increase; N = 3, n = 9; p = 0.0004 Fig. 5I).

Together, these data suggest that Akt may influence amacrine
cell production by enhancing the TgfBII negative feedback re-
sponse (Fig. 5]), a working model that we further validate below.

Pten acts downstream of Tgff signaling to control amacrine
cell number

To further examine the potential link between activated Akt and
TgfB/Smad signaling, we examined Pten cKO retinas, in which
Akt signaling is hyperactivated. Specifically, we asked whether
Tgf3 signaling was enhanced in Pten cKO retinas by performing
Western blot analyses of Tgff signaling pathway components,
including the ligand (TgfBII), receptor (TgfBRII), and down-
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stream effector (pSmad25¢>/*¢7) In E18.5 retinas, at a stage
when feedback signaling is active, TgfBII ligand levels were un-
changed in Pten cKO retinas (N = 3, n = 10; p = 0.6148; Fig.
6A,B). In contrast, there were significant increases in Tgf3RII
(2.25-fold increase; N = 3, n = 10; p = 0.0061; Fig. 6A,C),
pSmad2 (1.75-fold increase; N = 3, n = 10; p = 0.0017; Fig.
6A,D) and Smad2 (1.16-fold increase; N = 3,n = 10; p = 0.0017;
Fig. 6 A, E) protein levels in Pten cKO retinas, suggesting that in
the absence of Pten, Tgfp signaling is elevated.

Next, to test TgfBII-Pten epistasis, we used ex utero electropo-
ration to inhibit both Tg¢fBRII and Pten functions at the same
time. In double knock-downs, the downstream phenotype
should prevail, allowing us to determine upstream/downstream
relationships (i.e., fewer amacrine cells if Pten is downstream of
TgfBRII, or more if vice versa). Consistent with previous data
(Figs. 4N, 5D), misexpression of TgfBRII-DN increased (1.55-
fold increase; N = 3, n = 9; p = 0.0002; Fig. 6K,L,0) while
PTEN-DN decreased amacrine cell numbers (1.29-fold decrease;
N =3,n=29;p=0.0246; Fig. 6 K, M,0) 8 d after electroporation

at E18.5. However, when the two constructs were coelectropo-
rated in E18.5 retinas, the ability of TgfBRII-DN to enhance ama-
crine cell production was suppressed by Pten (N = 3,n = 9;p =
0.4649; Fig. 6K, N,0).

Together with the enhanced Smad2/3 phosphorylation ob-
served in Pten cKO retinas, these data strongly suggest that Pten is
required downstream of TgfBII to limit responsiveness of RPCs
to this negative feedback signal (Fig. 6P).

Pten acts in RPCs to control responsiveness to amacrine cell
negative feedback signals

Our data suggested that the Tgfp negative feedback signaling
pathway that normally limits amacrine cell production later in
development was overactive in Pten cKO retinas. To test
whether Pten was an essential component of this negative
feedback loop, we performed heterochronic aggregation as-
says, mixing early stage (E15.5) BrdU-labeled RPCs (peak
amacrine cell production) with a 20-fold excess of late-stage
(P2) retinal cells (amacrine cell feedback signal source; Fig.
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Figure7.  Ptenactsin RPCs to control responsiveness to amacrine cell negative feedback signals. A, Schematic llustration of aggregation assay protocol. RPCs are shown in green and amacrine

cellsin red. B-G, The combinations of aggregate conditions are shown in B, D, and F. Immunolabeling of aggregated cell pellets with Pax6 (green) and BrdU (red) is shown with DAPI counterstain
(blue). E15.5 RPCs were cultured alone (B, €) or with P2 wild-type (D, E) or Pten cKO (F, G) retinal cells. Arrowheads mark Pax6/BrdU double * nuclei (€, E, G). H, Percentage of BrdU ™ E15.5 cells
differentiated into Pax6 ™ amacrine cells when cultured alone (black bar) or with P2 wild-type (white bar) or Pten cKO (red bar) retinal cells. /-P, Inmunolabeling of aggregated cell pellets with Pax6
(green) and BrdU (red) with DAPI counterstain (blue). E15.5 RPCs were cultured alone (1, J) or with P2 wild-type (K, L), and E15.5 Pten cKO RPCs were cultured alone (M, N) or with P2 wild-type (0, P)
retinal cells. Arrowheads mark Pax6/BrdU double ™ nuclei (J, L, N, P). Q, Percentage of BrdU ™ E15.5 cells differentiated into Pax6 ™ amacrine cells when cultured alone (wild-type, black bar; Pten
KO, white bar) or with P2 wild-type (blue bar, light blue bar) retinal cells. *p << 0.05; **p << 0.01; ***p << 0.001.

7A). This assay measures the ability of factors secreted from
mature amacrine cells to inhibit amacrine cell fate choice in
younger RPCs and tests the site of Pten function by combining
wild-type and mutant cells (Ma et al., 2007). The latter feature
is important since Pfen is expressed in both RPCs and ama-
crine cells, and it may function in either cell type to control
amacrine cell number.

To first test Pten function in amacrine cells, we generated
aggregates of E15.5 wild-type BrdU-labeled RPCs alone (con-
trol) or E15.5 wild-type BrdU-labeled RPCs mixed with a 20-
fold excess of P2 wild-type or Pten cKO RPCs. After 8 DIV, the
number of Pax6™ amacrine cells that arose from BrdU-labeled
RPCs was quantified. In E15.5 RPC pellet cultures, 39.0% of
BrdU " RPCs became Pax6"BrdU " amacrine cells (N = 3, n =
9; Fig. 7B,C,H), consistent with previous results (Ma et al.,
2007). In contrast, amacrine cell differentiation from the
E15.5-labeled cohort was reduced 1.2-fold in cocultures with
wild-type P2 retinal cells (N = 3, n = 9; p = 0.0218; Fig.

7D,E,H ), and a similar 1.25-fold reduction was observed in P2
Pten cKO cocultures (n = 3; p = 0.0059; Fig. 7F-H ). Thus, P2
retinal cells emit negative feedback signals that curtail further
amacrine cell production, and these feedback signals are re-
leased independently of Pten.

To next test Pten function in RPCs, we performed similar
heterochronic aggregation assays, but this time cultured E15.5
wild-type or Pten cKO BrdU-labeled RPCs with a 20-fold excess
of wild-type P2 retinal cells. When wild-type E15.5 BrdU-labeled
RPCs were cultured alone, 40.1% of BrdU" RPCs became
BrdU "Pax6™ amacrine cells (N = 3, n = 9; Fig. 71,],Q), consis-
tent with the previous experiment (Fig. 7B,C,H). Similarly,
37.2% of Pten cKO BrdU-labeled RPCs differentiated into
BrdU *Pax6™ amacrine cells (N = 3, n = 9; Fig. 7 M, N,Q). While
these data suggest that the loss of Pten does not affect the intrinsic
ability of RPCs to differentiate into amacrine cells, it does not assess
feedback responsiveness. Indeed, when comparing the two cocultur-
ing conditions (i.e., E15.5 wild-type RPCs plus P2 wild-type retinal
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Figure 8.  Pten regulates amacrine cell differentiation via Raf/Mek/Erk signaling. A, B, Westem blot analysis (4) and densitometry (B) of pErk in E18.5 wild-type and Pten cKO retinal lysates. C, D,
Western blot analysis (€) and densitometry (D) of pErk in Akt-CA transfected HEK cells. Loss of Pten or constitutive activation of Akt reduces pErk levels. E-H, E18.5 retinas electroporated with pClG2 control (E),
bBRAF(V600F) (F), hMAP2K1-CA (G), or MEK-DN (H) and cultured for 8 DIV. GFP™ (green) electroporated amacrine cells were identified by Pax6 immunolabeling (red). Blue is a DAPI counterstain. /, Percentages
of GFP™ amacrine cells (GFP ™ Pax6 ) after electroporation. J, qPCR to assess Pax6 transcript levels in GFP™ cells sorted by FACS 2 d after electroporation of pCIG2, bRAF(V600F), or MEK-DN. K, L, Western blot
analysis (K) and densitometry (L) for pSmad2 24 h after transfection of pClG2, AMAP2KT-CA, or MEK-DN. *p << 0.05; **p << 0.01; ***p < 0.001.

cells vs E15.5 Pten cKO RPCs plus P2 wild-type retinal cells; Fig.  suggesting that mutant RPCs are hypersensitive to feedback
7K,L,0,P,Q), there was a further 1.2-fold reduction in amacrinecell  signaling.

production when Pten cKO RPCs were exposed to a source of ama- Pten is thus required in RPCs to curtail responsiveness to feed-
crine cell feedback signals (N = 3, n = 9; p = 0.0062; Fig. 7Q),  back signals. Together, our data support a model in which Pten
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acts in RPCs to limit responsiveness to

wild-type

TgfBll-mediated amacrine cell negative —
feedback signaling.

Erk signaling declines in Pten cKO
retinas and is required to promote
amacrine cell differentiation

PI3K/Akt signaling can be activated by a
variety of extracellular stimuli that also
target the Raf/Mek/Erk signaling path-
way (Myers et al., 1994; Foncea et al,,
1997). Importantly, these two signaling
pathways can also cross talk, with active
Akt (pAktThr308/5eri73y Hinhibiting Raf
by phosphorylating Ser-259 (Zimmer-
mann and Moelling, 1999; Moelling et
al., 2002; Steelman et al., 2011). Thus,
we posited that Pten might also control
the Raf/Mek/Erk signaling pathway to
regulate amacrine cell genesis. To assess
whether Raf/Mek/Erk signaling was al-
tered in E18.5 Pten cKO retinas, we per-
formed Western blotting with anti-pErk
(phospho-p44/42  MAPK "hr202/Tyr204,
hereafter, pErk), revealing a 3.75-fold
reduction in pErk levels in mutant reti-
nas (N = 3, n = 9; p = 0.0001; Fig.
8A,B). To next test whether PI3K/Akt
signaling influenced activity of the Raf/
Mek/Erk pathway, Akt-CA was trans-
fected into HEK cells, followed 24 h later
by pErk Western blotting. Misexpres-
sion of activated Akt-CA led to a
1.93-fold reduction in pErk levels (N = 3,n =
9; p = 0.0094; Fig. 8C,D). Upregulation of
PI3K/Akt signaling thus reduces Raf/Mek/Erk
activity levels, consistent with the observations
made in Pfen cKOs.

We next tested whether activation of
Raf/Mek/Erk signaling could influence
amacrine cell production by electoporating
constitutively active Raf [bRAF(V600E)]
and Mek (hMAP2K1-CA) or MEK-DN into
E18.5 retinal explants (Fig. 8E-I). After 8
DIV, bRAF(V600E) and hMAP2K1-CA in-
duced 1.35-fold (N = 3,n = 9; p = 0.0159; Fig. 8 E, F,I ) and 1.26-fold
(N = 3,n = 9; p = 0.0344; Fig. 8F,G,I) increases in Pax6*GFP™"
amacrine cells, respectively, whereas the numbers of amacrine cells
produced were decreased 2.32-fold by MEK-DN (N = 3,n = 9;p =
0.0009; Fig. 8 E, H,I ). The changes in Pax6 expression were also con-
firmed by qPCR of E18.5 electroporated retinal explants after 2 DIV,
with a 1.75-fold decrease in Pax6 transcript levels following activa-
tion of the pathway with bBRAF(V600E) (n = 3; p = 0.0173; Fig. 8]),
and a 2.61-fold increase in Pax6 transcript levels following the elec-
troporation of MEK-DN (n = 3; p = 0.0002; Fig. 8]). Activation of
Erk signaling thus promotes amacrine cell production in the retina.

Finally, we wanted to determine whether Erk signaling influ-
enced amacrine cell production via modulating TgfBII signaling.
Transfection of MEK-CA into HEK cellsled to a 1.98-fold increase in
pSmad2 levels (N = 6, n = 18; p = 0.0006; Fig. 8K, L). In contrast,
MEK-DN did not alter phosphorylation of Smad2 (N = 6, n = 18;
p = 0.7781; Fig. 8 K, L). The Raf/Mek/Erk signaling is thus sufficient
but not necessary to influence TgfBII negative feedback signaling.
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Figure 9.  A-J, Pten requlates differentiation of all amacrine cell subtypes. Immunolabeling of P7 wild-type and Pten cKO
retinas with antibodies against AP2«x (4, A"), Pax6 (C~C"", green), Barh|2 (C~C"", red), GAD65 (E, E’), GlyT1 (G, '), and Neurod6
(I, 1"). BarhI2 and Pax6 are colabeled, as ectopic Barhl2 expression is seen in Pten cKO retinas (C’). Blue is a DAPI counterstain.
Arrowheads in E,E’,G,G" mark amacrine cell bodies in the INL. The graphs show the number of AP2«c ™ (B), Barhl2 Pax6™ (D),
GAD65 * (F), GlyT1 ™ (H), and Neurod6 ™ (J) cells per field in P7 wild-type and Pten cKO retinas. *p < 0.05; **p < 0.01; ***p <

Pten controls the differentiation of all amacrine cell subtypes
via the Erk signaling pathway

Amacrine cells can be classified based on their neurotransmitter phe-
notypes, with the major groups including glycinergic (~35%),
GABAergic (~40%), and nonglycinergic/non-GABAergic (nGnG;
~25%; Kay et al,, 2011; Zhang and McCall, 2012). To determine
whether the loss of Pten influenced the generation of a particular
class of amacrine cells, we immunolabeled P7 wild-type and Pten
cKO retinas with different amacrine cell subtype markers. Similar to
our observations with Pax6, the numbers of cells expressing the pan-
amacrine cell markers AP2« (Jin et al., 2015) and Barhl2 (Mo et
al., 2004) were reduced in Pten cKO retinas (AP2a ™, 1.24-fold
decrease, n = 3, p = 0.0071; Barhl2 *, 1.35-fold decrease, n =
3, p = 0.0008; Fig. 9A-D). Of note, Barhl2 was also ectopically
expressed in the upper INL in Pten cKO retinas (Fig. 9C’),
where bipolar cells and Miiller glia primarily reside, so cola-
beling was performed with Pax6 to identify amacrine cells.
This reduction in total amacrine cell number influenced all
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Figure 10.  Pten requlates amacrine cell differentiation via Erk. A-L", E18.5 retinas electroporated with p(lG2 control (A-A", D-D", G-G", J-J"), bRAF(V600F) (B-B", E-E", H—H", K-K"), or

MEK-DN (¢=C", F-F", I-I",

L-1") and cultured for 8 DIV. GFP* (green) electroporated cells were immunolabled for Barhl2 (A~C"), GAD65 (D—F"), GlyT1 (G-I"), and Neurod6 (J-L"). Arrowheads

mark GFP+marker+ double positive cells. M—P, The number of amacrine cells increases when Raf is constitutively active, whereas it decreases when Mek activity is downregulated. *p << 0.05;

#p < 0,01,

amacrine cell subclasses, as there were reductions in the num-
bers of GABAergic amacrine cells expressing GAD65 * (Feng
et al., 2006; 1.15-fold decrease; n = 3; p = 0.0104; Fig.
9E,E',F), glycinergic amacrine cells expressing GlyT1 ™ (Pow
and Hendrickson, 1999; 1.46-fold decrease; n = 4; p = 0.0386;
Fig. 9G,G',H), and nGnG amacrine cells expressing Neu-
rod6 " (Kay et al., 2011; 1.40-fold decrease; n = 3; p = 0.0033;
Fig. 9L I',]) in Pten cKO retinas.

Finally, we used our electroporation assay to determine
whether the Erk signaling pathway influenced the production ofa
particular amacrine cell subtype. Analysis of the pan-amacrine
cell marker Barhl2 revealed that activation of the Erk pathway by
electroporation of bRAF(V600E) into E18.5 retinal explants in-
creased the number of Barhl2 * amacrine cells after 8 DIV (3.07-
fold increase; p = 0.0054; N = 3, n = 9; Fig. 10A-B",M ), whereas

MEK-DN reduced amacrine cell production (1.33-fold decrease;
p=0.0246; N = 3, n = 9; Fig. 10A-A",C-C",M ). These results are
similar to those of our analyses of expression of Pax6, which is
also a pan-amacrine cell marker (Fig. 81). Similarly, electropora-
tion of bRAF(V600E) into E18.5 retinal explants increased the
production of GABAergic (GAD65 *; 3.53-fold increase; N = 3,
n = 9; p = 0.0072; Fig. 10D-E",N), glycinergic (GlyT1 *; 1.59-
fold increase; N = 3, n = 9; p = 0.0017; Fig. 10G-H",0), and
nGnG (Neurod6 *; 1.75-fold increase; N = 3, n = 9; p = 0.0020;
Fig. 10/-K",P) amacrine cells after 8 DIV. Conversely, electropo-
ration of MEK-DN decreased the production of GAD65 " (1.90-
fold decrease; N = 3, n = 9; p = 0.0474; Fig. 10D-D",F-F',N),
GlyT1™" (1.83-fold decrease; N = 3, n = 9; p = 0.0058; Fig.
10G=G",I-I",0), and Neurod6 " (2.21-fold increase; N = 3, n =
9; p = 0.0034; Fig. 10/-J",L-L",P) amacrine cells.
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Pten and the downstream Erk pathway
are thus both necessary and sufficient to
influence the differentiation of all ama-
crine cell subtypes.

Discussion

Amacrine cell differentiation is regulated
by intrinsic factors that also specify sub-
type identities, conferring morphological
and neurotransmitter phenotypes onto
postmitotic cells. However, the molecular
mechanisms that ensure that appropriate
numbers of the correct types of amacrine
cells are generated are poorly understood.
Here, we reveal that Pten, an intracellular
phosphatase that functions downstream
of several extracellular signals, is a critical
regulator of amacrine cell number con-
trol, impacting differentiation through
several downstream pathways (Fig. 11).
First, we show that in the retina, as in
other tissues, Pten functions as a negative
regulator of PI3K signaling, and we dem-
onstrate that elevated activity of the downstream effector Akt in
the absence of Pten negatively impacts amacrine cell production
by enhancing RPC responsiveness to TgfBII negative feedback
signals. Specifically, Pten normally limits Smad2 phosphoryla-
tion, such that in the absence of Pten, Smad?2 is hyperphosphory-
lated and amacrine cell production is inhibited. In addition, Pten
is a positive regulator of Raf/Mek/Erk signaling, which promotes
amacrine cell differentiation. Thus, in Pten cKO retinas, pErk
levels are reduced, and glycinergic, GABAergic, and nGnG ama-
crine cells all decline in number. We have thus provided new
molecular insights into how appropriate numbers of amacrine
cells arise from multipotent RPCs.

Figure 11.

Pten differentially regulates RPC proliferation in embryonic
and early postnatal development

Ptenisatumor suppressor gene in neural and nonneural lineages,
such that a reduction in activity or loss of Pten expression leads to
uncontrolled cell division (Cully et al., 2006; Knobbe et al., 2008;
Alimonti, 2010). We found that Pten is a critical regulator of RPC
proliferation as more RPCs cycle in Pten cKO retinas in early
embryogenesis (E12.5 and E15.5), culminating in an increase in
retinal cell number by PO. This trend reverses by E18.5, when
proliferation normalizes in Pten cKOs, followed by a sharp de-
cline in RPC division by P4. As a consequence, fewer retinal cells
are detected in Pten cKOs by P7. Such a biphasic effect on prolif-
eration in Pten cKO retinas was also observed by Jo et al. (2012);
however, their examination of peripheral retina suggested that
there was an overall increase in cell number at P8. Jo et al. (2012)
suggested that early on, RPCs hyperproliferate in Pten cKOs, fol-
lowed by premature differentiation, which leads to a hypercellu-
lar retina and a subsequent depletion of the progenitor pool.
Furthermore, they likened their observations to a similar require-
ment for Pren in hematopoietic stem cell maintenance, with
overproduction of hematopoietic cells observed in Pten cKOs
(Yilmaz et al., 2006). While we did not observe a similar increase
in retinal cells in Pten cKOs at P7, cell number was increased at
P0O. Moreover, our birthdating studies suggested that there are
defects in temporal identity transitions in Pten cKO retinas. In-
deed, we have evidence for precocious neurogenesis in Pten cKO
retinas, as more ONL cells (i.e., 97% rod photoreceptors) differ-
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Pten controls amacrine cell production via multiple downstream pathways. Upon Tgf 81l binding to the receptor on
the RPC plasma membrane, Smad2 is activated through phosphorylation. Elevation in pSmad2 levels within RPCs inhibits the
acquisition of an amacrine cell fate, and thus amacrine cell production is inhibited. Pten/Akt signaling also leads to elevated Smad2
phosphorylation. Finally, Pten signaling also controls amacrine cell differentiation via Raf/Mek/Erk signaling. Upon activation of
Erk, RPCs favor an amacrine cell fate, which will differentiate into all subtypes. Akt signaling blocks this event by inhibition of Erk.

entiated at E12.5, E14.5, and E18.5, even though rod photorecep-
tors are normally one of the latest born cell types in the retina.
However, at the same time, fewer retinal cells were generated in
the INL at these three stages, a reduction that we attributed to the
underproduction of amacrine cells (Cantrup et al., 2012). The
normal timing of retinal cell differentiation is thus perturbed by
Pten loss.

Pten and retinal cell number control

In addition to our work (Cantrup et al., 2012; current study), two
additional groups assessed the role of Pfen in controlling the
differentiation of individual retinal cell types, but in several in-
stances the results were conflicting. With regard to amacrine cells,
we found that fewer Pax6™ amacrine cells were produced in Pten
cKO retinas (Cantrup et al., 2012; current study), as did Jo et al.
(2012), albeit to a lesser extent. Importantly, while Jo et al. (2012)
used the same Cre driver (Pax6-a-Cre) and amacrine cell marker
(Pax6), they focused on lateralmost domains, where retina width
tapers off and cell numbers are generally lower. In contrast, using
a different Cre driver (ChxI0-Cre), Sakagami et al. (2012) found
a small 4.2% increase in amacrine cell number at P10. One dif-
ference is that the Chx10-Cre driver may be active earlier than the
Pax6-a-Cre transgene, as GFP expression initiates at E11 in
Chx10-Cre-GFP transgenic animals (Sakagami et al., 2012),
whereas Pax6-a-Cre only starts to be active at ~E12.5, when we
see an ~50% reduction in Pten levels in Pten cKO retinas (cur-
rent study). Consistent with earlier Chx10-Cre activity, there was
a45.5% decrease in RGCs, which are the earliest-born cells in the
retina, in Pten cKO animals generated with this Cre driver (Sak-
agami et al., 2012). In contrast, we (current) and Jo et al. (2012)
did not observe a significant decline in RGCs at early postnatal
stages (P7 and P8), possibly because Pax6-Cre activity is initiated
after RGC differentiation has already begun. However, Jo et al.
(2012) did observe more RGCs in E12.5 retinas, suggesting that
differentiation is accelerated in the absence of Pten, which we also
have evidence for (see Figure 2M-R). It is more difficult to rec-
oncile our data with those from the study by Sakagami et al.
(2012) based on marker analysis, since we found reduced num-
bers of AP2a™ amacrine cells in Pten cKO retinas. AP2a is ex-
pressed in a large number but not all amacrine cells (Bassett et al.,
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2007), suggesting that Cre-driver activity most likely accounts for
differences in our studies.

The two major amacrine cell subtypes are glycinergic and
GABAergic (Balasubramanian and Gan, 2014). Recent studies
have revealed that these amacrine cell subtypes are born in a
defined order, with GABAergic neurons born first, followed by
glycinergic amacrine cells (Voinescu et al., 2009). Our data indi-
cate that Pten is required for the genesis of both amacrine cell
subtypes, even though negative feedback signaling is only active
during the genesis of late-born amacrine cells (Ma et al., 2007).
Accordingly, in our prior birthdating studies, amacrine cell pro-
duction was reduced at E12.5, E14.5, and E18.5 (Cantrup et al.,
2012). These data suggest that Pten may function through path-
ways in addition to TgfpII to regulate amacrine cell production.
Indeed, we show here that activated Erk, which is reduced in Pten
cKO retinas, is required and sufficient to influence the produc-
tion of glycinergic, GABAergic, and nGnG amacrine cells, pro-
viding another mechanism by which Pten specifies an amacrine
cell fate.

While we did not perform an in-depth analysis of other retinal
cell types, we did observe a 1.2-fold decrease in rod photoreceptor
number. This result more closely resembles the report by Sak-
agami et al. (2012), in which there was a 36.4% decrease in pho-
toreceptor number, whereas Jo et al. (2012) reported a 27%
increase. Again, a notable difference between our study and the
study by Jo et al. (2012) is that they focused on the lateralmost
retina, where tapering of the cell layers suggests that cell number
control is differentially regulated in this domain. Notably, while
amacrine cell differentiation peaks in the embryonic period, rod
photoreceptor differentiation is at its highest in the early postna-
tal period, suggesting that Pren function is not restricted to a
specific developmental window. Further studies will be required
to assess how Pten controls rod development.

Pten and Tgff negative feedback signaling

We found that one of the ways in which Pten controls retinal
amacrine cell number is by limiting RPC responsiveness to
TgfBII negative feedback signaling. Specifically, we found that
activated Akt, which is elevated in Pten cKO retinas, increases
Smad2 phosphorylation, which is a readout of active TgfBII sig-
naling. Our aggregation assays provided further support for a role
for Pten in limiting the negative feedback response by RPCs.
What remains unclear is how amacrine cell feedback signals in-
teract with fate determinants. For example, in skeletal muscle,
myostatin (Gdf8) is a Tgf3 family member that controls skeletal
muscle mass through negative feedback signaling. Upon activa-
tion, myostatin induces Smad2/3 phosphorylation, which di-
rectly inhibits MyoD and Myogenin activity, which are bHLH
transcription factors that specify a skeletal muscle identity
(Langley et al., 2002). This raises the possibility that within the
amacrine cell lineage, transcription factors might be directly reg-
ulated by TgfBII and/or PI3K/Pten signaling. There are several
candidate amacrine cell fate determinants that may be directly
impacted by these signaling pathways, including Foxn4 (Li et al.,
2004), RorPBI (Liuetal.,2013), and Ptfla (Nakhai etal., 2007), the
loss of all of which leads to a sharp decline in amacrine cell pro-
duction. We showed previously that another tumor suppressor
gene, Zacl, which encodes a zinc finger transcription factor, also
selectively regulates final numbers of amacrine cells, but rather
than functioning in RPCs, Zacl controls TgfBIl secretion by
postmitotic amacrine cells (Ma et al., 2007). Further dissection of
the amacrine cell regulatory pathways are thus likely to lead to the

J. Neurosci., September 7, 2016 - 36(36):9454-9471 * 9469

identification of regulators of amacrine cell number that function
both within RPCs and amacrine cells.

In summary, our study builds on the prior identification of
key regulators of amacrine cell development, filling in gaps in our
understanding of how the retina acquires a predefined size and
cell number.
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