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Regenerative medicine holds great promise for the treatment
of degenerative retinal disorders. Kriippel-like factors (KLFs)
are transcription factors that have recently emerged as key tools
in regenerative medicine because some of them can function as
epigenetic reprogrammers in stem cell biology. Here, we show
that KLF16, one of the least understood members of this family,
is a POU4F2 independent transcription factor in retinal gan-
glion cells (RGCs) as early as embryonic day 15. When overex-
pressed, KLF16 inhibits RGC neurite outgrowth and enhances
RGC growth cone collapse in response to exogenous ephrinA5
ligands. Ephrin/EPH signaling regulates RGC connectivity. The
EphAS5 promoter contains multiple GC- and GT-rich KLF-bind-
ing sites, which, as shown by ChIP-assays, bind KLF16 iz vive. In
electrophoretic mobility shift assays, KLF16 binds specifically to
a single KLF site near the EphAS transcription start site that is
required for KLF16 transactivation. Interestingly, methylation
of only six of 98 CpG dinucleotides within the EphAS5 promoter
blocks its transactivation by KLF16 but enables transactivation
by KLF2 and KLF15. These data demonstrate a role for KLF16 in
regulation of RGC neurite outgrowth and as a methyla-
tion-sensitive transcriptional regulator of EphAS expression.
Together, these data identify differential low level methylation
as a novel mechanism for regulating KLF16-mediated EphAS
expression across the retina. Because of the critical role of eph-
rin/EPH signaling in patterning RGC connectivity, understand-
ing the role of KLFs in regulating neurite outgrowth and Eph
receptor expression will be vital for successful restoration of
functional vision through optic nerve regenerative therapies.
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Progressive loss of retinal ganglion cells (RGCs)* leads to
blindness in diseases such as glaucoma, the leading cause of
irreversible bilateral blindness worldwide (1). Current treat-
ments can slow progression but cannot restore lost vision.
Recent advances in generating retinal cells from embryonic and
induced pluripotent stem cells have stimulated interest in the
potential for neuronal regeneration to treat blindness (2—4).
For successful optic nerve regeneration, newly regenerated
RGCs will need to extend axons considerable distances to reach
the visual centers of the brain, where they must make the cor-
rect patterns of termination on post-synaptic neurons to rees-
tablish retinotopic maps. Thus, it is critical to understand the
mechanisms that regulate expression of molecules involved in
axonal growth and connectivity.

Kriippel-like factors (KLFs) are members of the SP/KLF fam-
ily of transcription factors that are characterized by three zinc
finger DNA binding domains near their C terminus (5). KLFs
bind to GT- or GC-rich sequences and can function as either
transcriptional activators or repressors, depending on the pro-
moter context (6). At least 15 of the 17 members of the KLF
transcription factor family are expressed in RGCs, and overex-
pression of different KLF transcription factors in RGCs, hip-
pocampal neurons, or cortical neurons can enhance or inhibit
neurite outgrowth (7). Such differential promotion and inhibi-
tion of growth are unusual among transcriptional regulators of
axon growth. KLF16 and three other members of the basic tran-
scription element binding protein (BTEB) subfamily reduce
neurite outgrowth in cortical neurons (7). However, the roles of
KLF16 in the retina have not yet been determined.

The neural retina is part of the central nervous system and
offers an accessible model for studying cellular processes
related to neurogenesis, degenerative neuropathies, and thera-
peutic interventions. RGCs, the retina’s projection neurons,
convey visual information from the retina to post-synaptic tar-
gets in the brain. Like other sensory and motor systems, the
visual system is organized topographically, such that neighbor-
ing RGCs terminate on neighboring post-synaptic cells in visual
centers of the brain. This retinotopic mapping of RGC termi-

2 The abbreviations used are: RGC, retinal ganglion cell; KLF, Kriippel-like fac-
tor; gPCR, quantitative PCR; EPH, ephrin receptor; EPN, ephrin ligand; GCL,
ganglion cell layer; INL, inner nuclear layer.

SASBMB

VOLUME 291+-NUMBER 35-AUGUST 26, 2016


http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M116.732339&domain=pdf&date_stamp=2016-7-11

nals maintains the spatial organization of visual stimuli at every
level of visual processing, beginning in the retina (8, 9). A key
mechanism regulating the formation of retinotopic maps dur-
ing development is signaling between ephrin receptors (EPH)
and ephrin ligands (EFN) (10, 11).

EPH receptors are the largest identified family of tyrosine
kinase receptors, and the 13 family members present in mam-
mals are classified into EPHA and EPHB subclasses, based on
their structure and ligand binding affinities (12). Ligand bind-
ing activates bidirectional intracellular signaling through both
the receptor and ligand, and it mediates a wide range of cellular
activities (13—16). In projection neurons such as RGCs, activa-
tion of EPH/EEN signaling reduces cell adhesion and leads to
growth cone collapse (17). Eph receptor and Efu ligand mRNA
expression patterns in the retina are complex and vary between
species, depending on the size of ipsilateral projections, but the
overall mechanisms underlying retinotopic mapping are highly
conserved (18). In the mouse, gradients of Epi mRNA expres-
sion across the nasal/temporal (EphA) and dorsal/ventral
(EphB) axes of the retina result in different levels of EPH recep-
tors on RGC growth cones. The EPH receptors interface with
counter-gradients of cognate ligands in the superior colliculus
to drive initial patterns of axon connectivity (19-21).

Despite the extensive characterization of expression patterns
and functions of EPH/EFNs in RGC connectivity, the mecha-
nisms that establish and maintain the spatial patterns of Eph
expression in the retina are not well understood. There is evi-
dence for silencing of EphAS expression by hypermethylation
in cancer (22-24). We previously showed that total CpG meth-
ylation abolishes activity of mEphAS5 promoter-reporter con-
structs in R28 retinal progenitor cells and that transcriptional
silencing of the endogenous EphAS gene in a mouse retinal cell
line (ImM10) is reversed by genome-wide demethylation (25).
Intriguingly, our prior analysis also showed that in the nasal
retina, where EphA5 expression is lowest, CpG methylation is
increased specifically in a cluster of CpG dinucleotides imme-
diately downstream of the EphAS5 transcription start site. This
region contains putative KLF-binding sites, suggesting a role
for KLFs and DNA methylation in regulation of EphAS in the
retina. These studies were designed to test the hypothesis that
KLF16 regulates neurite outgrowth and is a methyla-
tion-sensitive transcriptional regulator of EphAS expression in
RGCs.

Results

KLF16 Expression Is Enriched in the Developing Retina—DPre-
vious RT-PCR analysis showed KLF16 expression in the devel-
oping retina (7). To determine KLF16 cellular expression, we
used immunofluorescence on frozen sections of mouse retina,
cut along the nasal/temporal axis. At E15.5, a time point when
RGC axons have reached the optic tract (26), KLF16 was
observed in cells in the nascent GCL (Fig. 1, A-C). To confirm
the RGC identity of the KLF16-positive cells, we performed
co-localization studies using antibodies against POU4F2
(BRN3Db), a transcription factor that is expressed in ~80% of
RGCs, beginning when they exit the cell cycle (27). As expected,
POU4F2-positive nuclei of new RGCs were present near the
ventricular zone at E15.5, and post-mitotic RGCs continued to
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FIGURE 1. KLF16 protein expression in retina during development. A-C,
retinal section from an E15.5 mouse showing immunoreactivity for KLF16 (A)
and POU4F2 (B) in nascent retinal ganglion cells in the central retina. D-F,
retinal section from postnatal mouse (P7) showing immunoreactivity for
KLF16 (D) and POU4F2 (E); F, overlay of D and E. A-F, small arrows indicate
nuclei immunopositive for both KLF16 and POU4F2; arrowheads indicate
nuclei immunopositive for POU4F2 only; large arrows indicate nuclei immu-
nopositive for KLF16 only. G-/, representative images showing immuno-
staining for KLF16 (green) and DAPI (blue) in the nasal, central, and temporal
retinas of a single section cut along the nasal/temporal axis from P7 mice. G-/,
contrast and brightness were adjusted simultaneously. J, semi-quantitative
analysis of KLF16 immunostaining intensity in nasal versus temporal ganglion
cell layer in PO retinas. Bars show mean pixel intensity/mm? = S.E.K-M, retinal
section double-stained with antibodies against KLF16 (K) and PAX6 (L), with
merged image (M) showing co-localization in P7 the mouse retina. N-P, reti-
nal section double-stained with antibodies against KLF16 (N) and calbin-
din (0), with merged image showing co-localization (P). In all panels, large
arrows indicate cellsimmunopositive for KLF16 only; small arrows indicate
nuclei immunopositive for both proteins; arrowheads indicate nuclei
immunonegative for KLF16. NBL, neuroblastic layer; ONL, outer nuclear
layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars, 100 um
in A-land 50 um in K-P.

express POU4F2 as they migrated to the retinal GCL (Fig. 1B). The
newly post-mitotic RGCs near the ventricular zone were KLF16-
negative. However, POU4F2 and KLF16 were co-localized in the
nuclei of RGCs within the nascent GCL (Fig. 1C). Thus, KLF16 is
expressed at stages of RGC development consistent with a role in
regulation of EphA5 expression and neurite out-growth.
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FIGURE 2. Effects of KLF16 overexpression and EphrinA5 ligands on growth cone collapse in RGCs. A and B, representative images of purified P5 RGCs
transduced with mCherry (A) or KLF-16 (B) and immunostained against B-Ill tubulin to highlight neurites. C, quantification of neurite growth in RGCs (n = 4 with
atleast n = 50 cells per condition; error bars are standard error of the mean (S.E.); *, p < 0.0001 by Student’s t test). D-F, representative images of RGCs treated
with cross-linked EphrinA5 (EFNA5-Fc) or control anti-human Fc antibody for 30 min and then labeled with Alexa Fluor 555-phalloidin (F-actin-rich neurites and
growth cones, orange); GFP is detected in KLF16-transduced cells (green). Phalloidin staining highlights example spread (D’ and D”) and collapsed (E" and F’)
growth cones. G, EFNA5-Fc promotes growth cone collapse in both control transduced (*a, p < 0.0001) and KLF16-transduced RGCs (*d, p < 0.0001). KLF-16
overexpression resulted in a statistically significant but marginal increase in collapse both in control-Fc (*b, p < 0.0001) and EFNA5-Fc-treated RGCs (*¢, p <
0.0001) At least 100 growth cones were scored per condition. Statistics calculated by two-way analysis of variance. Error bars show standard error of the mean

(S.E.). Scale bar, 50 um (A, B, and D-F) and 20 um (D', D", E', and F').

At P7, KLF16 was present in nuclei in the GCL, in the inner
portion of the inner nuclear layer (INL), and in scattered INL
cells that stratified immediately adjacent to the outer plexiform
layer (Fig. 1, D—F). In the GCL, KLF16 and POU4F2 immuno-
reactivity co-localized in some nuclei, but there were also
KLF16-positive nuclei negative for POU4F2 at both E15.5 (Fig.
1C) and at P7 (Fig. 1F). KLF16" /POU4F2 negative cells in the
GCL likely include at least some of the 20% of RGCs that do not
express POU4F2 (28, 29). However, other differentiated cell
types are present the INL and GCL at this developmental stage.
Therefore, additional double immunostaining was used to fur-
ther characterize the KLF16-expressing cells in the postnatal
retina.

PAX6 is expressed in RGCs, amacrine cells, and horizontal
cells in the mature retina, in a pattern similar to that observed
for KLF16 (Fig. 1, K—-M) (30). There was co-localization of
PAX6 and KLF16 in the nuclei of most, but not all, cells in the
GCL. In the inner nuclear layer, KLF16 immunoreactivity was
closely associated with PAX6-positive nuclei of amacrine and
horizontal cells. At P7, KLF16 immunoreactivity appeared to be
both nuclear and cytoplasmic in some cells, and KLF16 staining
was present in horizontal cell processes (Fig. 1K), and the inner
plexiform layer (Fig. 1M). The non-nuclear staining in RGCs
and horizontal cells likely reflects trafficking of KLF16 between
the nuclear and cytoplasmic compartments, as we reported
previously in uterine cells (31).

In the mouse retina, calbindin is a marker of horizontal cells,
a subset of amacrine cells in the inner nuclear layer and dis-
placed amacrine cells in the GCL (32). Consistent with the
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PAX6 double-staining, horizontal and amacrine cells in the
inner nuclear layer were double labeled for KLF16 and calbin-
din (Fig. 1, N-P). We also observed double-labeled cells in the
GCL with robust processes extending to the inner plexiform
layer, identifying them as displaced amacrine cells. There were
additional cells in the GCL that were KLF16-positive and cal-
bindin-negative, consistent with a ganglion cell identity.

KLF16 Inhibits Neurite Outgrowth in RGCs—QOur prior
results showed that KLF16 reduces neurite outgrowth of corti-
cal neurons. KLF16 expression in RGCs prompted us to test
whether KLF16 also modulates neurite outgrowth in RGCs. To
test the biological effect of exogenous KLF16, expression plas-
mids were electroporated into primary RGCs in vitro. Consist-
ent with our previous findings in cortical neurons (7), KLF16
overexpression decreased neurite growth by 77.5% (p = 0.0001)
compared with control-electroporated RGCs (Fig. 2, A-C;
Table 1).

KLF16 Is a Novel Activator of EphAS, a Critical Regulator of
RGC Connectivity in the Visual System—EphAS is one of two
EPHA receptors that regulate positional mapping of RGC
axons along the nasal temporal axis of the retina, and targeted
EphAS KO results in ectopic RGC terminations in the superior
colliculus (33). The known pattern of EphAS expression in
RGCs and inner retinal neurons (33) is similar to KLF16, sug-
gesting a potential regulatory relationship. Bioinformatics anal-
ysis of the mouse EphAS proximal promoter identified multiple
core binding sites for KLF family transcription factors: GT
boxes (GGGTG/CACCC) and GC boxes (GGGCG/CGCCC)
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TABLE 1

Effects of KLF16 overexpression on total neurite length in rat retinal
ganglion cells

Mean No. of cells
Plasmid length/cell S.E. analyzed
wm
KLF16 39 44.8 57
mCherry 1800 287.7 74

(Fig. 3A). Therefore, we next asked whether EphAS5 was a reg-
ulatory target of KLF16.

We found that KLF16 overexpression transactivated the
EphAS5-2300 promoter construct, as well as the deletion con-
structs (Fig. 3B). Compared with pcDNA controls, KLF16
transactivated the EphA5-2300 promoter by 2.51 = 0.23-fold
(p <0.001). Promoter transactivation was greater when KLF16
was co-transfected with the EphAS5-118 promoter compared
with pcDNA control (4.09 £ 0.69-fold, p < 0.003). These
results are consistent with the presence of a positive regulatory
element within the region contained within EphA5-118.

Regulation of the EphAS Promoter Requires KLF16 Binding to
a Distinct Cis-regulatory Element Adjacent to the Transcrip-
tional Initiation Site—The EphAS5-118 promoter construct
extends from —118 to +123 bp relative to the transcription
start site and contains one GT box (GGGTG, at +47 to +51)
and three GC boxes (GGGCG, at —71 to —75, —56 to —60 and
+64 to +68) (Fig. 3A). Interestingly, the GT box is positioned
immediately 3’ to a cluster of CpG dinucleotides that we previ-
ously found to have increased methylation in genomic DNA
from the nasal but not temporal retina (25). Therefore, subse-
quent analysis focused on this site. Mutation of the GT box
from GGGTG to TTTTG (mutEphAS-118) was sufficient to
reduce KLF16 transactivation of the shortest promoter con-
struct to near control levels (1.6 = 0.37-fold, p = 0.47 versus
pcDNA) (Fig. 3B).

In EMSA, KLF16 protein bound to oligonucleotides contain-
ing the GT box (Fig. 3C), consistent with the GT box function-
ing as the KLF16-binding site. Unlabeled oligonucleotides con-
taining the native sequence competed with radiolabeled probes
containing the native sequence for binding with the KLF16 pro-
tein. In contrast, unlabeled oligonucleotides containing the
mutated site did not compete. Thus, decreased KLF16 binding
at this GT box was associated with and likely explained the loss
of KLF16 transactivation of the mutEphAS5-118 promoter
construct.

KLF16 Binds to the EphAS Promoter in Retinal Cells in Vivo—
If KLF16 functions as an in vivo regulator of EphAS5, it should
occupy the EphAS promoter in retinal cells. To test this, we
performed chromatin immunoprecipitation (ChIP) using
KLF16 antibodies and chromatin isolated from retinas of P7
mice. The genomic region containing the GT box/KLF16-bind-
ing site required for KLF16 activation of the EphA5-118 pro-
moter was amplified from KLF16 ChIP’ed chromatin (Fig. 4, A,
B, and D), but an upstream GT box (—2960 to —2779 bp, Fig.
4C) was not. Both sites were amplified from input chromatin,
but not from IgG ChIP’ed chromatin. This localizes the in vivo
KLF16-binding site to the region of EphAS containing the GT
box required for KLF16 transactivation and binding in vitro.
Although we cannot attribute the KLF16 binding specifically to
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RGCs, our ChIP results are consistent with KLF16 occupying
the EphAS promoter in co-expressing cells that are present in
the INL and GCL.

KLF16 Regulates Cone Collapse in RGCs—If KLF16 is a tran-
scriptional regulator of EphAS, we predicted that overexpres-
sion would alter RGC response to exogenous EFNA5 in a
growth cone collapse assay. Postnatal RGCs in culture normally
exhibit growth cones with a spread morphology containing a
central domain and actin-rich filopodia (Fig. 2D), but a fraction
will also exhibit collapsed growth cones (Fig. 2, E and F) (34, 35).
In transfected RGCs treated with control Fc antibodies, over-
expression of KLF16 resulted in a small, but statistically signif-
icant, increase in the number of collapsed growth cones (1.2%,
p = 0.0001) compared with control transfected RGCs (*« in Fig.
2G; Table 2). EFNA5-Fc elicited significant increases in growth
cone collapse in control transfected RGCs (3.2-fold versus con-
trol Fc; *b in Fig. 2G) and KLF16-transfected RGCs (2.9-fold
versus control Fc; *c in Fig. 2G) compared with RGCs treated
with control Fc antibodies (p = 0.0001 for both comparisons).
The mean number of collapsed growth cones per cell in
EFNAS5-Fc-treated cells was marginally higher in KLF16-over-
expressing RGCs compared with control transfected RGCs
(76.2 = 3.9 for control versus 81.5 * 7.8 for KLF16-transfected
RGCs, p = 0.0001) (*d in Fig. 2G). Thus, exogenous KLF16
expression suppresses RGC axon growth but only modestly
increases the overall RGC response to EFNAS5 at the level of
acute growth cone collapse.

KLFI16-related Transcription Factors Contribute to the Regu-
lation of the EphAS Promoter—As other KLFs can reduce or
promote neurite outgrowth, we asked whether other KLF fac-
tors can function as transcriptional regulators of EphAS5.
Eukaryotic expression plasmids containing KIfcDNAs were co-
transfected with the EphAS5-2300-luc promoter construct and
analyzed for promoter activation in luciferase assays (Fig. 54).
KLF9, KLF13, and KLF16, which are all BTEB class KLFs in
subgroup III (36), transactivated the EphAS promoter, as mea-
sured by increased expression of the luciferase reporter. KLF13
and KLF16 up-regulated the EphAS5-2300 promoter construct
most robustly, increasing reporter expression by 3.47 * 0.41-
fold (p = 0.018) and 2.64 * 0.4-fold (p < 0.001), respectively,
compared with pcDNA controls. KLF9 activation of EphAS5-
2300 was more variable, increasing reporter expression by
3.07 £ 0.93-fold when compared with pcDNA controls (p =
0.0438). Other KLFs tested did not transactivate the EphAS5-2300
promoter. Thus, three of the four BTEB class KLF transcription
factors transactivate of the EphAS promoter.

KLF16-dependent Transactivation of mEphAS Is Methyl-
ation-sensitive—The GT box required for KLF16 binding and
transactivation of the EphAS promoter is located near CpG
dinucleotides with increased methylation in nasal retina. To
test whether methylation altered the ability of KLF16 to
transactivate the EphAS promoter, the EphA5-2300 pro-
moter was subcloned into the CpG-free luciferase reporter con-
struct (25, 37), and the promoter was methylated with Hpall
methyltransferase. Hpall methyltransferase targets the internal
cytosines on both strands of a CCGG consensus sequence, and
therefore it methylates only six of the 98 CpG dinucleotides in
the mEphA5-2300 promoter. Hpall methylation effectively
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TABLE 2

Effects of KLF16 overexpression on ephrinA5-mediated growth cone
collapse in rat retinal ganglion cells

Mean no. of No. of cells

Plasmid Ligand collapsed/cells S.D. analyzed
KLF16 Control Fc 28.5 1.7 27
KLF16 EphrinA5-Fc 81.5 7.8 35
mCherry Control Fc 23.6 1.73 25
mCherry EphrinA5-Fc 76.2 3.9 36
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FIGURE 5. Activation of unmethylated and methylated EphA5 promoter
by KLF transcription factors. A, effects of KIf overexpression on EphA5-2300-
luc promoter activity in HEK293FT cells. KLFs are grouped and shaded by phy-
logenetic relationships (36). B, effects KIf overexpression on the activity of
Hpall-methylated pCpGL-EphA5-luc promoter constructs in HEK293FT cells.
Bars show mean fold-change in relative luciferase versus controls *+ standard
error of the mean (S.E.) for empty vector pcDNA3.1+EphA5-2300-luc (A) and
empty vector pcDNA3.1+Hpall methylated pCpGL-EphA5-2300-Iuc) (B). For
each condition, at least 3 independent experiments were analyzed using
ANOVA, with post-hoc, t-tests versus control and Holm-Bonferroni correction
for multiple comparisons. *, p < 0.05 was considered statistically significant.

blocked activation of the mEphA5-2300 promoter by KLF9,
KLF13, and KLF16 (Fig. 5B). Interestingly, KLF2, which had no
effect on the unmethylated EphAS5 promoter, did transactivate
Hpall methylated pCpG-EphA5-2300 (4.01 * 0.36-fold, p <
0.003) compared with pcDNA controls (Fig. 5B). KLF15 also
activated the Hpall-methylated pCpG-EphA5-2300 promoter,
although it only reached the 90% confidence level after correct-
ing for multiple comparisons. Thus, different KLF proteins
transactivate the EphAS promoter, depending on the methyla-
tion status of only six CpG dinucleotides in the promoter.
Nasal/Temporal Expression of KLF16 and EphAS5 in the Ret-
ina Is Independent of Poudf2—Poudf2 is an important tran-
scription factor for RGC differentiation and maturation, and
both KLF16 and EphAS are expressed in RGCs. Therefore, we
asked whether expression of either of these two genes depends
on Pou4f2. RNA isolated from both nasal and temporal thirds of
retinas from Pou4f2 homozygous KO mice and wildtype (WT)
littermates at PO to P2 was analyzed by RT-qPCR. This age was
selected for analysis because the retinas are large enough to
reliably isolate nasal from temporal retina thirds, and sufficient
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FIGURE 6. Quantitative RT-PCR analysis of mRNA expression in nasal ver-
sus temporal retina from Pou4f2*/* (WT) and Pou4f2~/~ (KO) mice. Bars
show mean fold-change in mRNA expression versus WT nasal retina, normal-
ized to Rplp0, Sdha, and Srp14. Horizontal lines show p values versus WT nasal
retina, as determined using the relative expression software tool (75). Error
bars, standard error of the mean (S.E.).

numbers of RGCs are still present in the Pou4f2-KO retina to
permit analysis (27, 29).

We first asked whether KIf16 transcripts were differentially
expressed in the nasal versus temporal retina in WT-Pou4f2
mice. This was not the case, and we detected no difference in
KIf16 mRNA expression in the temporal retina versus nasal ret-
ina (0.85 = 0.19-fold; p = 0.226) (Fig. 6). We confirmed this at
the protein level on KLF16 immunostained retinas using image
analysis and found no differences in KLF16 immunoreactivity
between nasal and temporal retina (Fig. 1)).

We next analyzed expression of EphAS and EphA6 in the
same RNA samples. Both of these genes are expressed in tem-
poral high/nasal low gradients across the retina at this stage
(33), and our results (Fig. 6) were consistent with previous
reports. Both EphAS and EphA6 had higher expression in the
temporal retina of WT littermates mice, with EphAS5 increased
1.35 = 0.33-fold (p = 0.084) and EphA6 increased 2.1 = 0.67-
fold (p = 0.014) in temporal versus nasal retina. Although the
small increase in EphAS did not achieve statistical significance
after normalization, the difference is similar to the 1.5-fold
increase in EphAS we previously reported in temporal versus
nasal retinas of C57BL/6] mice (25). These data are consistent
with the known spatial differences in EphAS and EphA6 mRNA
expression across the retina, validating the nasal versus tempo-
ral origins of the samples and supporting our finding that Kif16
is not differentially expressed between nasal and temporal
retina.

We then asked whether Kif16 expression was dependent on
Pou4f2 by analyzing expression in the retinas of the Pou4f2-KO
mice. KIf16 mRNA expression levels in the retinas of Pou4f2-
KO mice were no different from WT controls and again showed
no apparent nasal/temporal differences (Fig. 6). Expression of
EphAS5 and EphA6 was also largely unaffected by the absence of
Poudf2, and their overall temporal high/nasal low expression
patterns persisted (Fig. 6).

Dix1 mRNA Expression Increases in the Retina Homozygous
Pou4f2—KO mice were compared with wild type and hemizy-
gous controls (38, 39). Therefore, we analyzed DIx1 expression
in the same samples to further verify the genotyping of the
homozygous Pou4f2-KO mice. As expected, DixI expression

JOURNAL OF BIOLOGICAL CHEMISTRY 18089



EphA5 Regulation by KLF16

was increased in both nasal and temporal retinas of Pou4f2-KO
mice by 2.30 = 0.57-fold (p = 0.008) and 2.40 = 0.63-fold (p =
0.011), respectively (Fig. 6), with no differences in Dlx1 expres-
sion between temporal and nasal retinas in either WT or KO
Pou4f2 mice. Taken together, the RT-qPCR data are consistent
with the notion that KIf16, EphAS, and EphA6 expression does
not depend on Pou4f2.

Discussion

KLF16 Inhibition of RGC Neurite Outgrowth and Effects on
EENAS-induced Growth Cone Collapse—KLF16 is one of sev-
eral KLFs that inhibit neurite outgrowth of cortical neurons in
vitro (7). Here, we show that overexpression of KLF16 also
inhibits neurite outgrowth of RGCs. KLF16 is expressed in
RGCs at the appropriate developmental time to be an in vivo
transcriptional regulator of EphAS, and using ChIP, KLF16
occupies the proximal promoter region of EphAS5 in the retina.
It is well known that activation of EPHAS signaling by EFNA
ligands triggers growth cone collapse (40—42) and that the
extent of EFN-mediated growth cone collapse reflects the rela-
tive abundance of the receptor present in the growth cones (43).
Thus, if overexpression of KLF16 increases EphAS expression,
we predicted it would also enhance growth cone collapse in
RGCs treated with EFNAS5 ligands. Compared with control Fc-
treated cells, EFNA5 treatment resulted in robust increases in
growth cone collapse in both KLF16- and control-transfected
cells. Unexpectedly, the extent of EFNA5-induced growth cone
collapse in KLF16-overexpressing RGCs was only slightly
greater than in control transfected RGCs. One possible expla-
nation is that the overall reduction in neurite outgrowth result-
ing from KLF16 overexpression itself is so robust that it renders
the assay relatively insensitive for detecting changes resulting
from EPH/EFN-mediated growth cone collapse.

Another possibility is that endogenous EphAS5 expression in
cultured RGCs is already near maximal levels, and overexpres-
sion of KLF16 only modestly increases the overall levels of
EphAS expression. For example, forskolin, used in the culture
media to maintain RGCs in vitro, up-regulates EphAS tran-
scription in immortalized rat ovarian granulosa (GFSHR-17)
cells (44) and human neuroepithelioma cells (SK-N-MC) (45).
Forskolin and the resultant increase in cAMP alters RGC axon
outgrowth and regeneration and influences retinotectal map
formation (46 —51). Although the forskolin concentration used
in our experiments (5 um) was lower than that used in several
other studies (10 um), both of these concentrations result in
similar plateau elevations of cAMP levels (52—54). Therefore,
the presence of forskolin in the culture media has the potential
to increase basal levels of EphAS expression, contributing to the
unexpectedly modest effects of KLF16 overexpression on
EFNA5-induced growth cone collapse. Future experiments
characterizing EphAS expression in RGCs in vitro and in vivo in
response to KLF16 overexpression and knockdown could
address this hypothesis.

Regulation of EphAS Expression by KLFs and DNA Meth-
ylation—These experiments analyzed regulation of EphA5 pro-
moter activation by DNA methylation and KLF transcription
factors. The rationale was based on evidence that overexpres-
sion of different KLF transcription factors promote or inhibit
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neurite outgrowth of RGCs and other neurons (7), the role of
EPHAS5 in patterning RGC axon connectivity during early vis-
ual system development (33), and our previous identification of
putativeKLF-bindingsitesassociatedwithdifferential CpGmeth-
ylation within the EphAS promoter in the nasal versus temporal
retina (25). DNA hypermethylation is a well known epigenetic
mechanism for gene silencing, and hypermethylation of the
EPHAS promoter (>70%) has been detected in prostate (24),
colorectal (23), and breast cancers (22) and is highly correlated
with transcriptional silencing of EPHAS. We previously showed
that EphAS promoter transactivation in luciferase assays is
blocked by SssI methylation of all CpG dinucleotides and that
transcription of the endogenous EphAS5 gene in a mouse Miiller
glial cell line is silenced by hypermethylation (25). This study,
however, focused on the consequences of low level methylation
on transcriptional activation of the EphAS5 promoter. A key
finding in this study was that methylation of only six out of 98
CpG dinucleotides by Hpall methyltransferase changed the
ability of different subclasses of KLF transcription factors to
transactivate the EphAS promoter.

Methylation and KLF Binding Specificity—KLF transcription
factors have phylogenetically conserved C-terminal DNA bind-
ing domains that consist of three zinc fingers, which recognize
a 9-bp target site (55). Previous studies showed that the second
zinc finger recognizes the GTG or GCG triplet in the core-
binding site, whereas the third zinc finger plays an important
role in overall binding site preferences (56, 57). Among the
KLFs analyzed in this study, the third zinc finger shows the
greatest variation in amino acid sequence. This is consistent
with our finding that only a subset of KLFs function as positive
regulators of EphAS and likely reflects the differences in bind-
ing site preferences of each factor.

Despite the effects of Hpall methylation on KLF transactiva-
tion of the EphA5 promoter, none of the six Hpall methylation
sites were located in the critical GT box (Fig. 3A). Therefore,
sequencesoutsideofthisKLF16-bindingsitemustmediatemeth-
ylation sensitivity. DNA binding by the structurally related SP1
and SP3 transcription factors is unaffected by methylation of
the CpG dinucleotides in the GC box itself, but it is inhibited by
methylation of CpG dinucleotides located 612 bp outside of
the central GC box within the SP1-binding site (58). Consistent
with this, one of the Hpall sites analyzed is located 7-10 bp
from the core GT box that is required for KLF16 to bind and
transactivate the EphAS promoter. In addition, the CpG
dinucleotides with increased methylation in the nasal retina are
located between 8 and 32 bp from the KLF16-binding site in the
EphAS promoter (25). Thus, CpG dinucleotides in the EphAS
promoter that preferentially are methylated in nasal compared
with temporal retina are appropriately positioned to modulate
binding specificity of KLF transcription factors based on meth-
ylation status.

Taken in conjunction with our previously published studies
(25), our data are consistent with low level CpG methylation
serving as a mechanism by which a uniformly expressed tran-
scription factor, such as KLF16, can regulate spatially restricted
patterns of gene expression in the retina (Fig. 7). Additional
research is required to determine whether similar mechanisms
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FIGURE 7. Proposed model for methylation-sensitive regulation of EphA5
expression by KLF16 in the retina. In the nasal retina, DNA methylation near
the transcription start site of the EphA5 promoter (upper triangle) blocks pro-
moter transactivation by KLF16 (rectangle), which is uniformly expressed
along the nasal/temporal axis, resulting in low EphA5 mRNA levels. In the
temporal retina, the EphA5 promoter is unmethylated, and KLF16 increases
EphA5 transcription (lower triangle).

regulate the spatial expression patterns of EphAS5 and other Eph
receptors or Efn ligands throughout the central nervous system.

KLF16 Regulation of EphAS in Retinal Development—A key
question raised by these data is which of the KLFs are likely to
regulate EphAS expression in vivo. EphAS5 expression begins
during embryogenesis, and the nasal/temporal gradient is
detected as early as E9 (59). In the post-natal retina, EphAS is
expressed in both the GCL and inner nuclear layer, and the
nasal/temporal differences persist in the adult, albeit with a
slightly flattened gradient (60). Of the KLF transcription factors
analyzed, the temporal pattern of KLF16 expression is most
consistent with regulating EphA5 in RGCs. KLF16 is expressed
in nascent RGCs as early as E15.5 (Fig. 14) and continues to be
expressed in both RGCs and inner retinal neurons in the
mature retina. In contrast, our prior RT-PCR analysis showed
that KIf9 mRNA is not detected in RGCs until postnatal day 8;
KIf13 mRNA expression is much lower levels than KIf16 in
RGCs from both embryonic and mature retina (7). KLF16 is
expressed in newly generated RGCs, but not until they reach
the nascent GCL (Fig. 1C). Interestingly, KLF16 expression
begins after POU4F2, yet expression of KIf16 and EphAS
mRNA (Fig. 7) was essentially unchanged in the retinas of
Poudf2-KO mice. We interpret these results to show that their
expression is independent of POU4F2.

Despite our evidence supporting a role for KLF16 as a tran-
scriptional regulator of EphAS, there was not complete con-
cordance of expression in early retinal development. KLF16 was
not detected in retinal progenitors, although in situ hybridiza-
tion and LacZ transgenic reporters have shown EphA5 expres-
sion in the neuroblastic layer as early as E9 (59). Therefore,
KLF16 cannot be responsible for initiating EphA5 expression in
the retina. Rather, it is more likely to play a role in sustaining
EphAS expression and in modulating the nasal/temporal differ-
ences in EphAS expression via differential activation of the
methylated versus unmethylated promoter (Fig. 7). An interest-
ing but unanswered question is whether this type of regulatory
relationship exists in other tissues. Based on the distribution of
ESTs in Unigene (www.ncbi.nlm.nih.gov), KiIf16 is more
broadly expressed than EphA5 in both mouse and humans.
However, expression of both Kifl6 and EphAS5 has been
reported in the cortex, spinal cord, tectum, thalamus, and hip-
pocampus (61— 64). Thus, there is potential for KLF16 to func-
tion as a transcriptional regulator of EphAS in multiple regions
of the brain.
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Experimental Procedures

Animals—All studies were performed in accordance with the
recommendations in the Guide for the Care and Use of Labo-
ratory Animals and the Association for Research in Vision and
Ophthalmology Guidelines for the Use of Animals in Vision
Research. All animal use was approved by Institutional Animal
Care and Use Committees of the University of Houston (mice)
and the University of California at San Diego (rats). C57BL/6]
(The Jackson Laboratory), Pou4f2*”~ mice on a C57BL/6J;129
mixed genetic background (gift from Dr. W. H. Kline; M.D.
Anderson Cancer Center, Houston, TX), and Sprague-Dawley
rats (Harlan Laboratories; Placentia, CA) were housed with a
12-h light/12-h dark light cycle and fed standard rodent diet ad
libitum.

Immunostaining—Embryos from timed pregnancies or
whole eyes from post-natal C57BL/6] mice were fixed in 4%
paraformaldehyde (2 h), cryoprotected in sucrose, and flash-
frozen in Optimal Cutting Temperature (OCT, Sakura). Cryo-
sections (10 wm) were immunostained, as described previ-
ously (65), using 1% SDS in PBS to permeabilize and 10% goat
serum or 2% donkey serum in PBS for blocking. Primary
antibodies were rabbit polyclonal anti-KLF16 (1:100; H-46;
Santa Cruz Biotechnology), goat polyclonal anti-POU4F2
(1:100; H-18, Santa Cruz Biotechnology) (66), mouse mono-
clonal anti-calbindin (1:400; catalog no. 300, Swant) (67),
and mouse monoclonal anti-PAX6 (1:400; Developmental
Studies Hybridoma Bank) (68). Secondary antibodies were
diluted 1:400 (Alexa Fluor® 488 or Alexa Fluor® 555 conju-
gates; Molecular Probes, ThermoFisher). Slides were cover-
slipped using VECTASHIELD® containing DAPI (Vector
Laboratories). Images were captured using a Nikon ECLIPSE Ti
microscope and NIS Elements software, pseudocolored, assem-
bled into montages, and adjusted for brightness and contrast
(Photoshop Elements 11).

Image Analysis—Images of KLF16 immunostaining in PO ret-
inas were captured on an inverted microscope (IX71; Olympus)
with a monochrome, cooled CCD digital camera (Rolera-XR;
Q-Imaging) and Q-Capture software using constant exposure
times. With orientation masked to the observer, the GCL,
defined as the band of DAPI-stained nuclei located between the
vitreous cavity and the innermost boundary of the neuroblastic
layer, was digitally isolated. The mean pixel intensity of the
peripheral 500 wm of the nasal and temporal GCL was mea-
sured (Image]) and averaged across two non-adjacent sections
(n = 3 eyes). Nasal versus temporal intensity was compared
using paired ¢ tests, with p < 0.05 considered statistically
significant.

Retinal Ganglion Cell Purification—RGC cultures were pre-
pared as described previously (69, 70) Briefly, the retinas were
dissected from 3- to 5-day-old Sprague-Dawley rat pups in
Ca®"-and Mg? " -free Dulbecco’s PBS (ThermoFisher). Papain-
digested retinas were immunopanned using antibodies against
THY1 (T11D7, ATCC), as described (70). Immediately after
purification, expression plasmids (mCherry control or KLF16)
were electroporated into RGCs using the rat neuron Nucleofec-
tor kit (Amaxa, Lonza). Cells were plated at low density on
poly-D-lysine- (10 mg/ml) and laminin (1 mg/ml)-coated tissue
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culture plates (Falcon) and cultured for 3 days in Neurobasal A
media (ThermoFisher) containing sodium pyruvate, N-acetyl-
cysteine, L-glutamine, Sato supplement, insulin, GS21, brain-
derived neurotrophic factor (BDNF), ciliary neurotrophic fac-
tor (CNTF), and forskolin at 37 °C with 10% CO,, (71).

Axonal Length Quantification—At day 3 in culture, RGCs
were fixed in 4% paraformaldehyde and immunostained against
rabbit B3-tubulin (D71G9) (1:300; ab5568, Cell Signaling) over-
night at 4 °C. Secondary antibodies, goat anti-rabbit 546 (Alexa
Fluor® 546; ThermoFisher), were applied (2 h 22 °C). Images
were captured using a fluorescent microscope (Zeiss) with
treatment condition masked to the experimenter. Neurite
length of RGCs was traced manually for at least 50 neurons per
condition using Neuron] plug-in for Fiji-Image]. Four indepen-
dent experiments were conducted for each condition.

Growth Cone Collapse Assay—EFNAS5 (10 pg/ml; RD Biosci-
ences) was cross-linked in the presence of goat anti-human Fc
antibody (0.45 mg/ml; The Jackson Laboratory) for 45 min at
37 °C in Dulbecco’s PBS (ThermoFisher), as described previ-
ously (42). Cross-linked EFNAS5-Fc or control anti-human Fc
was added to the culture for 30 min. Cells were fixed in pre-
warmed 4% paraformaldehyde (15 min), permeabilized with
0.3% Triton X-100 (20 min 22 °C), and labeled with Alexa Fluor
555-conjugated phalloidin (2 units/ml, Molecular Probes).
Growth cones on at least 25 cells per condition were scored for
growth cone collapse by a masked observer.

Cloning—Full-length ¢DNAs for KLF2 (hKLF2), hKLF4,
hKLF9, mouse KIf5 (mKIf5), mKIf6, mKIf7, mKIf13, mKIf15, and
mKIf16 were subcloned in pcDNA3.1 + HisC (ThermoFisher)
and sequence-verified. All KIf cDNA inserts have been previ-
ously described (7), with the exception of the human KLF9
cDNA insert (GenBank™ accession number BC074880),
which was purchased (GE Healthcare). The mouse EphAS5-2300
promoter clones in pGl2-basic and the CpG-free, pCpGL-basic
vectors have been previously described (25, 37). EphA5-118 was
generated by PCR amplification (Platinum Taq, ThermoFisher)
of the EphA5-2300 clone using primers modified to include
an upstream Kpnl restriction site (in boldface): EphA5-118:
forward 5'-ACGTTGGTACCACACTTACAGTAGCTTGT-
CAC-3', and reverse 5'-CCTGTACCTTCTGGCTCTCGAC-
3"). Gel-purified Kpnl- and Xhol-digested fragments were
directionally cloned into pGL2-basic (Promega) or pCpGL-ba-
sic (37). The GT box in EphAS5-118-luc was mutated (GGGTG
to TTTTGQ) by site-directed mutagenesis (QuikChange site-di-
rected mutagenesis kit; Agilent Technologies). All constructs
were confirmed by DNA sequencing. DNA-modifying enzymes
were obtained from Promega or New England Biolabs unless
otherwise specified.

Luciferase Assays—HEK293FT cells (72, 73) used for lucifer-
ase analysis were purchased directly from ThermoScientific
(P/N51-0035, lot no. 1705662), and cell identity was confirmed
following the experiments by STR DNA fingerprinting (Pro-
mega 16 High Sensitivity STR kit DC2100). The STR profiles
were compared with on-line search databases (DSMZ/ATCC/
JCRB/RIKEN) of 2455 known profiles, along with the MD
Anderson Characterized Cell Line Core (CCLC) database of
2556 known profiles. Cells were maintained in DMEM (4500
mg/liter glucose; Sigma) with 10% heat-inactivated FBS
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(Atlanta Biologicals) and penicillin/streptomycin (Gibco).
DNA for transfection experiments was purified using endotox-
in-free DNA affinity columns (Qiagen). Transfection reactions
containing 5 ul of lipid-based transfection reagent (FuGENE 6;
Promega) diluted in 300 wl of serum-free medium with 2.5 ug
of the promoter-reporter plasmid, 1.25 ug of the expression
plasmid, and 0.125 pg of pCMV-LacZ plasmid (Clontech) were
divided between two plates of suspended cells. Control trans-
fections included promoterless pGI2-basic or pCpGL-basic +
empty pcDNA3.1 plasmids, with the total amount of plasmid
DNA held constant within experiments by addition the corre-
sponding empty vector controls.

Luciferase expression was assayed in cell lysates at 48 h post-
transfection (Reporter Lysis Buffer; Dual-Luciferase Reporter
System, Promega) and luciferase measured using a luminome-
ter (20/20, Promega). 3-Gal was measured using a chemilumi-
nescence reporter system (TROPIX® Galacto-Light Plus; Ther-
moFisher). Relative luciferase activity for each sample was
calculated as the luciferase/3-gal ratio, and samples with a lucif-
erase/-gal ratio greater than three standard deviations from
the overall mean were designated as outliers and excluded from
analysis. Relative luciferase for each sample was normalized to
the mean relative luciferase of control transfections and com-
pared across all conditions using analysis of variance with post
hoc t tests (Microsoft Excel) and the Holm-Bonferroni correc-
tion for multiple comparisons. p = 0.05 was considered statis-
tically significant.

EMSA—TIsolation of GST-tagged, KLF16 zinc finger fusion
protein and EMSAs followed previously described protocols
(31, 74), with 10 mm ZnCl, added to the media and protein
isolation buffers. EMSA used dsDNA probes containing the GT
box located at +47 to +51 of mEphAS (wild-type GT box,
5'-AGCGCCGCGCGGGTGCAGTCGCCG-3'; mutated GT
box: 5'-AGCGCCGCGCTTTTGCAGTCGCCGG-3') (IDT),
end-labeled with [y-**P]ATP, incubated with 1 ug of GST-
KLF16-zinc finger fusion protein in 5X binding buffer supple-
mented with 50 um ZnCl, (30 min 22 °C). In some reactions,
excess unlabeled WT or mutant GT box probes were added as
competitors. EMSAs were replicated at least three times.

Chromatin Isolation—Chromatin was isolated from retinas
of seven C57BL/6] mice at postnatal day 7 (P7) using Tru ChIP
chromatin shearing kit according to the manufacturer’s
instructions (Covaris) with modifications. Briefly, retinas were
cross-linked in fixing buffer with 1% formaldehyde (10 min
22 °C), quenched, washed in PBS (4 °C), pelleted by centrifuga-
tion, flash frozen in liquid nitrogen, and stored at —80 °C for no
more than 3 days. Cross-linked retinas were thawed in lysis
buffer, incubated on ice (20 min), and lysed using a handheld
Dounce homogenizer. Pelleted nuclei were resuspended in SDS
shearing buffer and sonicated (12 min at a peak intensity of 105
watts, 2% duty cycle (factor), 200 cycles/burst) in an S220
Focused Ultrasonicator (Covaris), running Sonolab™" software
(version 7.1.4). Insoluble components were removed by centrif-
ugation, and chromatin was stored at 4 °C for no more than 2
days. For each chromatin preparation, ~4% of the sonicated
chromatin was analyzed by agarose gel electrophoresis to verify
chromatin fragmentation to 200 to 1500 bp.
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Chromatin Immunoprecipitation (ChIP)—ChIP used the
ChIP-IT® express kit (Active Motif) as per the manufacturer’s
directions with protein A magnetic beads (Pierce) and rabbit
anti-KLF16 (H46) or rabbit IgG antibodies (Santa Cruz Bio-
technology). Protein A beads were blocked in PBS with 0.05%
Tween 20, BSA (10 mg/ml), and herring sperm genomic DNA
(10 mg/ml) overnight at 4 °C. Chromatin was pre-cleared by
incubation with blocked protein A beads (15 min 4 °C). For
each experiment, 10% of the pre-cleared chromatin was
reserved for the “input” positive control, and the remaining
chromatin was diluted in ChIP buffer (Active Motif) and
divided between the ChIP reactions as follows: 1) chromatin +
anti-KLF16; 2) chromatin + rabbit IgG (negative control), and
3) KLF16 antibody only (no chromatin, negative control). Fol-
lowing overnight incubation (4 °C with rotation), blocked pro-
tein A beads were added (2 h, 22 °C). Cross-links were reversed
by incubation in ChIP buffer with 3.5 M NaCl (15 min 95 °C),
followed by RNaseA and proteinase K digestion, phenol/chlo-
roform extraction, and ethanol precipitation. DNA was resus-
pended in 10 mMm Tris-HCI, pH 8.5, and analyzed by PCR.

Primers for ChIP analysis were as follows: site 1 forward,
5'-CAGACACAGCAGGAGCGAGC-3', and reverse, 5'-
AACTGGAGAGGCTGGCAGAG-3'; site 2 forward, 5'-AAC-
TTATTCATATATCCAC-3', reverse, 5'-TCAAGATGAGA-
ATGTCTCTG-3', with a 60°C annealing temperature.
Experimental, negative control, and chromatin input samples
were amplified in parallel, using 5% of the purified DNA in each
reaction. Standard PCR used GoTaq polymerase (Promega)
with 30 cycles, and quantitative PCR used SYBR Green chem-
istry (Brilliant II SYBR, Low Rox; Agilent). Quantitative PCRs
were performed in triplicate using an MX3005P thermocycler
(Agilent) with relative quantification (KLF16 versus IgG) calcu-
lated as ACt = (Ct-KLF16-IP) — (Ct-IgG-IP), and fold enrich-
ment was calculated by using formula 2~ <%, The entire exper-
iment was repeated with three independent chromatin
preparations.

In Vitro DNA Methylation—Plasmid DNA was isolated from
transformed Escherichia coli (DH5-«), a strain that does not
methylate CpG dinucleotides. Thus, all purified plasmid DNA
used in transfections was unmethylated, unless subsequently
methylated in vitro using Hpall methyltransferase. The mouse
EphAS promoter, subcloned into the CpG-free pCpGL-basic
vector (pCpGL-EphA5-2.3), was methylated with 3 units of
Hpall methyltransferase and 160 uM S-adenosylmethionine
per ug of DNA (4 h 37 °C). Mock methylated DNA samples
were prepared in parallel, without addition of Hpall methyl-
transferase. Methylation was verified by restriction enzyme
digestion using Hpall restriction endonuclease, which cuts the
consensus CCGG site only when the internal CpGs are
unmethylated. Methylated plasmids used in luciferase assays
remained uncut following Hpall restriction digestion.

RT-qPCR—For RNA isolation, retinal tissue was collected
from neonatal (PO to P2), homozygous Pou4f2 KO mice (gift of
W. H. Klein), and non-transgenic littermates as identified by
PCR genotyping as described previously (29). Orientation
marks were added prior to enucleation, and retinas were dis-
sected in cold diethyl pyrocarbonate-treated PBS. The nasal
and temporal thirds of the retinas from each mouse were iso-
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lated, transferred to lysis buffer (RLT, Qiagen) with 1% B-mer-
captoethanol (Sigma), and stored at —80 °C. Retinal samples
from 2 to 3 pups of the same genotype, from 1 or more litters,
were pooled prior to RNA purification (RNeasy Mini or RNeasy
Micro; Qiagen) and quantification (Nanodrop). All samples
had A,4,/A,g, ratios between 1.96 and 2.11 and RNA integrity
numbers of 6.0 or higher (RNA Nano Kit, Bioanalyzer 2100;
Agilent). For each genotype, three independent samples from
nasal and three from temporal retina were analyzed.

RNA was reverse-transcribed (0.25 ug/reaction) with oli-
go(dT) primers (AffinityScript, Agilent), and quantitative PCR
was performed in triplicate 25-ul reactions containing 2% of
each RT reaction and 250 nm primers with SYBR chemistry
(Brilliant IT, Agilent) (95 °C 305, 60 °C 30's, and 72 °C 30 s for 40
cycles), with dissociation curves (Mx3005p, Stratagene) and gel
electrophoresis to confirm product size. For Dix1 primers, the
annealing temperature was 55 °C, and the amplification read
was at 86 °C, to avoid detection of a minor nonspecific band
with a melting temperature (7,,) of 83 °C. All primer pairs
(available on request) spanned an intron, with the exception of
KIf16. Amplification efficiency for each primer pair was deter-
mined by standard curves spanning a 4 —5-log range. Controls
using RT reactions without reverse transcriptase were per-
formed for all samples and primer pairs and showed no
amplification.

RT-qPCR Analysis—Data analysis used Relative Expression
Software Tool version 2 (75), a method that includes efficiency
corrections and uses mathematical modeling to test expression
ratios for significance using a pairwise fixed reallocation ran-
domization test (2000 iterations). Three normalizing genes
were used, Rplp0, Sdha, and Srp14 (76, 77). A fourth normaliz-
ing gene, B2m, was tested, but it showed consistently increased
expression in samples from Pou4f2-KO mice and was excluded
from normalization. p < 0.05 was considered statistically
significant.
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Note Added in Proof—Fig. 4 was inadvertently omitted in the version
of this article that was published as a Paper in Press on July 11, 2016.
The figure is now shown.
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