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Neurobiology of Disease

Regulating Set-f3’s Subcellular Localization Toggles Its
Function between Inhibiting and Promoting Axon Growth
and Regeneration
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The failure of the CNS neurons to regenerate axons after injury or stroke is a major clinical problem. Transcriptional regulators like Set-3
are well positioned to regulate intrinsic axon regeneration capacity, which declines developmentally in maturing CNS neurons. Set- 3 also
functions at cellular membranes and its subcellular localization is disrupted in Alzheimer’s disease, but many of its biological mecha-
nisms have not been explored in neurons. We found that Set-3 was upregulated postnatally in CNS neurons, and was primarily localized
to the nucleus but was also detected in the cytoplasm and adjacent to the plasma membrane. Remarkably, nuclear Set-3 suppressed,
whereas Set-3 localized to cytoplasmic membranes promoted neurite growth in rodent retinal ganglion cells and hippocampal neurons.
Mimicking serine 9 phosphorylation, as found in Alzheimer’s disease brains, delayed nuclear import and furthermore blocked the ability
of nuclear Set- to suppress neurite growth. We also present data on gene regulation and protein binding partner recruitment by Set-3
in primary neurons, raising the hypothesis that nuclear Set-3 may preferentially regulate gene expression whereas Set-£3 at cytoplasmic
membranes may regulate unique cofactors, including PP2A, which we show also regulates axon growth in vitro. Finally, increasing
recruitment of Set-3 to cellular membranes promoted adult rat optic nerve axon regeneration after injury in vivo. Thus, Set-£ differen-

tially regulates axon growth and regeneration depending on subcellular localization and phosphorylation.

Introduction

Axons do not regenerate after injury or stroke in the adult mam-
malian CNS (Goldberg and Trakhtenberg, 2012). In mammals,
CNS axon regeneration capacity declines after birth (Goldberg et
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al., 2002; Blackmore and Letourneau, 2006) and is partially con-
trolled by transcriptional regulators (Trakhtenberg and Gold-
berg, 2012), including Kriippel-like factors (KLFs; Moore et al.,
2009, 2011; Blackmore et al., 2012) and P300 (Gaub et al., 2011),
oncogenes such as PTEN and SOCS3 (Park et al., 2008; Sun et al.,
2011), growth factors such as BDNF and CNTF (Harvey et al.,
2012), and the development of an inhibitory extracellular envi-
ronment (Yiu and He, 2006). The Set- oncogene, also known as
TAF-1B3, PHAPIIL, and I,PP2A (von Lindern et al., 1992; Vaesen et
al., 1994; Li et al., 1996; Nagata et al., 1998; Saito et al., 1999;
Neviani et al., 2005) is predominantly a nuclear protein and reg-
ulates transcription (Seo et al., 2001; Gamble and Fisher, 2007),
but also functions at the cellular membrane in Xenopus (Piper et
al., 2008) and mammalian cells (Christensen et al., 2011; Vasude-
van et al., 2011; Le Guelte et al., 2012). Set-’s subcellular local-
ization is regulated by its nuclear localization signal (NLS) and
phosphorylation (Adachi et al., 1994; Qu et al., 2007; ten Klooster
etal.,2007; Lam et al., 2013), and is altered in Alzheimer’s disease
(Tanimukai et al., 2005; Yu et al., 2013). Because Set-f’s devel-
opmental upregulation in retinal ganglion cells’ (RGCs) nuclei
(see Results) coincides with the onset of decline in their axon
regeneration capacity (Goldberg et al., 2002), we hypothesized
that nuclear Set-3 would suppress axon growth. Remarkably, we
found that Set-f’s differential localization toggles its function
between inhibiting and promoting CNS axon growth: nuclear
Set-B suppressed neurite growth, whereas localization to cellular
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membranes promoted neurite growth in vitro and axon regener-
ation in vivo.

Materials and Methods

Animals. All animal procedures were approved by the University of Mi-
ami Institutional Animal Care and Use Committee and by the Institu-
tional Biosafety Committee at the University of Miami, and performed in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Visual Research. Sprague-Dawley rats were obtained from
Harlan Laboratories, and C57BL/6] mice were obtained from Charles
River Laboratories Animals of both sexes were used through the study in
similar numbers.

Cell culture and reagents. RGCs were purified from early postnatal
(P3-P4) Sprague-Dawley rats or P5 C57BL/6] mice by immunopanning
using antibodies against Thyl (T11D7 from ATCC for rat, and CD90,
MCAO2R, Serotec, for mouse), as described previously (Meyer-Franke et
al., 1995; Hu et al., 2010). RGCs were electroporated immediately after
purification, as described previously (Corredor et al., 2012), plated at low
density in 48-well tissue culture plates (Falcon) for quantification or on
glass Lab-Tek II chamber slides (Thermo Fisher) for representative and
Z-stack 3D images, on poly-p-lysine (10 mg/ml) and laminin (1 mg/ml;
Life Technologies). RGCs were cultured for 1-4 d in defined growth
medium consisting of Neurobasal media (Life Technologies) supple-
mented with sodium pyruvate, N-acetyl cysteine, L-glutamine, Sato sup-
plement, insulin, BDNF, CNTF, and forskolin, as described previously
(Meyer-Franke et al., 1995), and homemade supplement similar to B27
made as follows: reagents were purchased from Sigma-Aldrich unless
specified. To 100 ml of neurobasal media (21103-049, Life Technologies)
was added 12.5 g BSA (A4161), followed by addition of the following
dissolved in 5 ml of sterile water: L-carnitine (C7518) 2 mg/ml, ethanol-
amine (E9508) 1 mg/ml, p(+)-galactose (G0625) 15 mg/ml, putrescine
(P5780) 16.1 mg/ml, sodium selenite (§9133) 14.35 ng/ml, T3 (T6397) 2
mg/ml in 10% 1 N sodium hydroxide, and insulin (91077C) 4 mg/ml in
0.1% glacial acetic acid. Then the following reagents dissolved in 50 ul of
99% ethanol were added: corticosterone (C2505) 2 mg/ml, linoleic acid
(L1012) 100 ng/ml, linolenic acid (L2376) 100 mg/ml, lipoic acid
(T1395) 4.7 mg/ml, progesterone (P8783) 0.63 mg/ml, retinyl acetate
(R7882) 10 mg/ml, retinol all-trans (95144) 10 mg/ml, a-Tocopherol
(T3251) 100 mg/ml, and a-Tocopherol acetate (T3001) 100 mg/1 ml.
Last, the following were added: catalase (C40) 80 mg, L-glutathione
(G6013) 5 mg, transferrin (T1147) 10 mg, and superoxide-dismutase
(55395) equivalent of 6000 KU. The B27 substitute was filtered (0.22 um)
and stored at —80°C until used at a 1:50 dilution. Embryonic day (E)18
rat hippocampi were dissected and disassociated into single cells, as de-
scribed previously (Kaech and Banker, 2006), electroporated as de-
scribed previously (Moore et al., 2009), plated as described in this
paragraph, and cultured for 24 h in defined growth medium, as described
in this paragraph.

Constructs. Mammalian pcDNA3.1 expression vectors N-terminally
tagged with Xpress for wild-type Set-B, GFP for Set-BANLS (NLS se-
quence KRSSQTQNKASRKR deleted, gifts from Dianbo Qu, University
of Ottawa), HA for myr-Set-B (myristoylation substrate sequence:
MGCCVSSEPQEEGGRKT), myc for Set-8 with Serine 9 (S9) mutated
either to glutamic acid (AGT—GAG, gifts from Peter Hordijk, Univer-
sity of Amsterdam) or to alanine (AGT— GCT), as well as N-terminally
tagged with DsRed PP2A-A in pDsRed-N1 vector (gift from Michael
Kapiloff, University of Miami) and mCherry in pSPORT-6 vector. Ex-
pression in all constructs was driven by CMV promoter. Anti-Set-£
shRNA (5'-ATTTGGCCAAATCCTTTGC-3', RSH046403-3-HIVmU6)
designed with OmicsLink proprietary algorithm and scramble shRNA
control (5'-GCTTCGCGCCGTAGTCTTA-3’, CSHCTR001-HIVmU6)
were both in psiHIV-mUBS6 vector with U6 driving shRNA expression and
CMV driving mCherryFP reporter expression (Genecopoeia).

qRT-PCR. The RNeasy Mini kit (74104, Qiagen) was used for RNA
extraction from acutely purified E18, P8, and P21 Sprague-Dawley rats,
according to the manufacturer’s instructions, and RNA concentration
was measured with Nanodrop 2000 Spectrophotometer (Thermo Scien-
tific). Ninety nanograms of total RNA from each sample was reverse
transcribed using iScript cDNA synthesis kit (Bio-Rad) according to the
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manufacturer’s instructions, and quantitative-PCR performed using iQ5
SYBR Green (Bio-Rad) on an iCycler iQ5 quantitative RT-PCR (qRT-
PCR) detection system (Bio-Rad) with Set-B primers (forward: 5'-
CCGACGAGACCTCAGAAAAA-3'; reverse: 5'-AGCAGTGCAGACAC
TTGTGG-3"); cDNA template was diluted 100X for reactions with 18S
primers (forward: 5'-CATTCTTGGCAAATGCTTTC-3'; reverse: 5'-
GAACTGAGGCCATGATTAAGA-3"). Three to four replicate wells
were used for each condition; standard no-template and no-RT controls
were used. Fold-change was calculated using a standard qRT-PCR for-
mula: 2" — ([Avg(P4RGC Set-B) — Avg(P4RGC 18S)] — [Avg(E18 RGC
Set-B) — Avg(E18 RGC 18S)]). Statistical analysis was performed with
ANOVA and post hoc least significant difference (LSD; SPSS).

Immunocytochemistry, imaging, immunofluorescence, and neurite
quantification. Sprague-Dawley E19, P8, and P21 (for P21 also 5 d after
injury; see last paragraph in this section on optic nerve injury) rat eyes
were dissected and fixed for 2 h in 4% paraformaldehyde after punctur-
ing the cornea, washed three times in PBS, incubated in 30% sucrose at
4°C, washed three times in PBS, cryopreserved in OCT with liquid nitro-
gen, and cryosectioned (30 wm). Retinal cryosections were mounted on
Superfrost Plus micro slides (VWR), blocked and permeabilized with
20% goat serum and 0.5% Triton X-100 for 1 h, incubated overnight at
4°C with primary antibodies, Set-B (1:200, rabbit polyclonal antibody
against N-terminal Set-@ epitope, amino acids 3-14, gift from Suzanne
Specht, NCI-NIH) and Brn3A (1:100, MAB1585, Millipore), washed
three times in PBS, incubated overnight at 4°C with DAPI (1:3000, Life
Technologies) and Alexa fluorophore-conjugated secondary antibodies
(1:500, Life Technologies), washed three times in PBS, mounted in Pro-
Long Gold (P36934, Life Technologies) with a glass coverslip, and im-
aged using confocal at 40X (LSM710, Zeiss). Nuclear and cytoplasmic
average pixel intensity of Set-B8 immunofluorescence in RGCs was mea-
sured in Brn3A+ cells in the ganglion cell layer with AxioVision 4.8
(Zeiss). Three biological replicates with at least 85 randomly selected
RGCs per experiment were subjected to statistical analysis with ANOVA
and post hoc LSD, with day of the experiment treated as a random (block-
ing) factor (SPSS).

Immunostaining of cultured RGCs or hippocampal neurons was per-
formed similarly, with fixation for 30 min in 4% paraformaldehyde, and
block and permeabilization with 10% goat serum and 0.2% Triton X-100
for 30 min, except for staining with membrane markers for which per-
meabilization was minimized. Primary antibodies included rabbit anti-
Set-B (as in the previous paragraph), mouse Ox7 (hybridoma
supernatant; ATCC) and Vcl.1 (hybridoma supernatant; Kunzevitzky et
al., 2010), mouse anti-Xpress (1:300; R91025, Life Technologies), mouse
anti-myc (1:300; sc-40, SCBT), mouse anti-HA (1:400; H3663, Sigma-
Aldrich), rabbit anti-Tujl (1:350; MRB-435P, Covance), mouse anti-
Tujl (1:350; MMS-435P, Covance), chicken anti-MAP2 (1:10,000;
ab5392, Abcam), and mouse anti-PP2A-A (1:200; sc13600, SCBT). Im-
ages of transfected cells were acquired at 20X on an AxioObserver.Z1
(Zeiss). Total neurite length, average number of branches per neurite,
and the number of neurites per cell were quantified in masked fashion
using Skeletonize and AnalyzeSkeleton Image] Plugins. mCherry-
transfected neurons were quantified for controls and for data normaliza-
tion, and are represented by the 0 baseline in the graphs. Statistical
analysis used ANOVA and post hoc LSD, with day of experiment treated
as a random (blocking) factor as described in the previous paragraph.
Representative and Z-stack 3D images of cells plated on glass or of retinal
cryosections (as described in the previous paragraph) were acquired on a
confocal fluorescent LSM710 microscope (Zeiss) and processed using
ZEN software (Zeiss). Images spanning more than one field-of-view were
stitched using Photoshop CS5 (Adobe).

Survival assay. Acutely purified P4 RGCs transfected with mCherry
and Xpress-tagged wild-type Set-B, were plated at low density in 48-well
tissue culture plates in defined growth medium, as described in Cell
culture section. Three biological replicates each counted >1300 cells per
condition in each experiment. Statistical analysis was performed with
ANOVA and post hoc LSD, with day of the experiment treated as a ran-
dom (blocking) factor, as described in the previous section. In parallel, at
1,2,and 3 d, the number of RGCs per unit area transfected with mCherry
and Xpress-tagged wild-type Set-B (immunostained as described in the
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Figure1. Set- B expression and developmental regulation in RGCs. A, RNA-seq on acutely purified P5 RGCs shows significantly
more reads aligning uniquely to Set- 3-specific exon as compared with the Set-«-specific exon (red arrowhead Set-c, red asterisk
Set-f3). Mouse transcripts and alignment to genome visualized using the Genomatix Genome Browser. Scale bar, 2 kb. B, Acutely
purified P5 RGCs immunoblotted for Set- 3. C, qRT-PCR from acutely purified E18, P8 and P21 rat RGCs with Set- B-specific primers
normalized to 185 demonstrated that Set-3 mRNA is upregulated at P8 and then declined by P21 (n = 7— 8, mean = SEM shown;
*¥ <<0.01 by ANOVA with post hocLSD). D, E, E19 and P8 retinal sections were immunostained for Set- 3 and Brn3A (RGC marker),
and counterstained with DAPI (nuclear marker), as marked (D); scale bar, 250 pem. Example RGCs and their nuclei are outlined with
dashed white lines (E). Scale bars: 100 wm; insets, 25 pm. GCL, Ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer; NBL, neuroblast layer. F, Analysis of nuclear and cytoplasmicaverage pixel intensity of Set- 3 immunofluorescence in E19 and
P8 RGCs showed that Set-[3 immunoreactivity is predominantly nuclear, although also detected in the cytoplasm, and was more
intense in postnatal RGCs nuclei. (V = 3; =85 randomly selected RGCs per experiment. Mean = SEM shown; *p << 0.05,
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Cell culture section), were counted using Axio-
Vision 4.8 (Zeiss) and normalized to 1 d (106
cells per condition). Statistical analysis was
performed using ANOVA with repeated mea-
sures and post hoc LSD (SPSS).

FACS and microarrays. Acutely purified P4
RGCs transfected with mCherry, Xpress-
tagged wild-type Set-B, and HA-tagged myr-
Set-B, and cotransfected with pMAX-GFP
(Lonza) constructs, were plated at high density
on uncoated glass Lab-Tek II chamber slides
(Thermo Fisher Scientific). The following
morning, after gentle trituration, GFP-positive
cells were fluorescence-activated cell sorting
(FACS)-isolated at 37°C in PBS with BD
FACSAria I cell sorter at 20 psi using a 130 wm
nozzle; GFP-negative threshold was set by first
processing untransfected RGCs. Cells were
gated on a FSC-A versus SSC-A plot to exclude
dead cells and/or debris, and aggregates were
removed using single cell gating with FSC-H
versus FSC-W and SSC-H versus SSC-W plots.
Immediately after isolation, GFP-positive cells
were diluted in pre-equilibrated growth me-
dium, centrifuged 15 min at 80 X g, resus-
pended in growth medium in a 48-well tissue
culture plastic plate as described in Materials
and Methods, and cultured two more days in
growth medium, as described in Materials and
Methods. The Quick-RNA MicroPrep kit
(R1050, Zymo Research) was used for RNA ex-
traction 3 d after transfection, according to the
manufacturer’s instructions. Total RNA were
used as input for the whole transcriptome am-
plification Ovation Pico WTA System V2 kit
(3302-12, NuGEN), the ¢cDNA product was
quantified with Nanodrop 8000 Spectropho-
tometer (Thermo Scientific) and its quality was
examined with a Bioanalyzer 2100 using the
Nano 6000 kit (Agilent). Five micrograms of
c¢DNA product from each sample was used as
input for fragmentation and labeling using the
Encore Biotin Module kit (4200-12, NuGEN);
the fragmentation product quality was again
tested by Bioanalyzer. The labeled product was
hybridized to whole genome GeneChip Rat
Gene 2.0 ST Arrays (Affymetrix). The staining,
washing and scanning of the arrays was per-
formed using a Fluidics 450 station, GeneChip
Operating Software and GeneChip Scanner
3000 7G (Affymetrix). Image intensities were
analyzed with Expression Console (Af-
fymetrix) from CEL files for quality control us-
ing standard GeneChip Rat Gene 2.0 ST Array
control probes (Affymetrix), and to determine
the expression values and for annotations. Mi-
croarray data were deposited under NCBI GEO

<«

**p <0.01 by ANOVA with post hoc LSD). G, H, P4 RGCimmu-
nostained at 1d for endogenous Set- 3 after permeabilization
(G), and Vc1.1 and 0x7 (cell surface markers) without permea-
bilization (see Materials and Methods), to confirm Set- B local-
ization in the cytoplasm and at the membrane (H). Images
with confocal microscopy: (top) nucleus outlined with dashed
white line in X,Y planes; (bottom) distinct punctae (arrow-
heads) at the membrane in Z planes. Scale bars, 10 um.
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(accession GSE56951). Expression values were
normalized to the median for each sample.

Cell fractionation and Western blots. Twelve
million E18 rat hippocampal neurons purified
as described in the Cell culture section, were
separated into cytoplasmic and nuclear frac-
tions, as described previously (Carmona-Mora
etal., 2012). Briefly, cells were washed twice in
1 ml of Dulbecco’s PBS by centrifuging 5 min at
600 X gat 4°C, resuspended in 40 pl cytoskel-
eton buffer (10 mm pipes pH 6.8, 100 mm NaCl,
300 mm sucrose, 3 mm MgCl,, 1 mm EGTA, and
0.5% Triton X-100) per million cells. The up-
per half of the supernatant was isolated as the
cytoplasmic fraction, and the pellet was washed
again and resuspended in 20 ul Cell Lysis Buf-
fer (98035, Cell Signaling Technology) per mil-
lion cells as the nuclear fraction. Fractions were
sonicated (Bioruptor UCD-200TN-EX, Diag-
enode) at 4°C 5 times for 1 min with 20 s inter-
vals and the output selector switched to high,
and stored immediately at —80°C; protease
(11836153001, Roche) and phosphatase (78428,
Pierce) inhibitors were added at 1 tablet per 10
ml or 1X, respectively, recommended dilu-
tions. Fraction lysates were immunoblotted
with rabbit anti-GAPDH (1:2000; 14C10, Cell
Signaling Technology) and rabbit anti-acetyl-
histone H3 (1:3000; 06599, Millipore). For
whole-cell protein RGCs Western blotting, 1.5
million P5 rat RGCs acutely purified as above
were processed the same way and immuno-
blotted with rabbit anti-Set- (1:6000; as de-
scribed in the Immunocytochemistry section).

For Western blotting, lysates in LDS sample
buffer (4X; NP0007, Life Technologies) with
10 mm dithiothreitol (DTT) were incubated at
98°C for 5 min, electrophoresed on 8-16%
NuPAGE SDS-PAGE gradient gel (Life Tech-
nologies), transferred to post-transferred poly-
vinylidene fluoride membranes (Millipore),
blocked in 3% BSA, 0.1% Tween20 at pH 7.6
for 1 h, incubated at 4°C overnight in block
with primary antibodies, washed in PBST 3
times, incubated with horseradish peroxidase-
conjugated anti-rabbit IgG (1:2500; SCBT) for
2 h at room temperature, washed in PBST 3
times, and developed with SuperSignal West
Pico Chemiluminescent Substrate (34077,
Thermo Scientific). The blots were imaged us-
ing LAS3000 (Fujifilm) and processed with
Multi Gauge (Fujifilm).

IP. For sample preparation, for E18 rat hip-
pocampal neuron fractions, lysates were ex-
tracted as described in previous paragraph. For
E18 rat brain or hippocampal homogenates,
acutely dissected hippocampi or cortices were
frozen in liquid nitrogen and homogenized us-
ing a cold mortar and pestle, resuspended in
immunoprecipitation (IP) buffer (87787,
Pierce) with protease (11836153001, Roche)
and phosphatase (78428, Pierce) inhibitors at
one tablet per 10 ml or 1X, respectively, rec-
ommended dilutions, sonicated as described in
previous paragraph, centrifuged at 12,000 X g
for 10 min at 4°C, and the supernatant imme-
diately stored at —80°C. For IP, 4 ug of anti-
Set-B (as above) or control rabbit IgG (2729,
Cell Signaling Technology) antibody were in-
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Figure 2.  Set-£3 and Set-3 mutants’ subcellular localization and effects on neurite growth. 4, Set-3 domains and mutant
constructs, highlighting S9 phosphorylation site (P) and (3 isoform-specific antibody epitope (), PP2A inhibitory domain, NLS,
myristoylation (M) tag, and acidic C-terminal domain. B, RGCs transfected with mCherry control or with tagged Set-3 constructs as
marked, were immunostained at 1d for Tuj1 (neurite marker, red) and for Set- 3 tags (green). Set-3, Set—BSgA, and in one third
of RGCs Set-B°* localized to the nucleus (example marked Set-3%E-N). Set- BANLS and one third of Set-3 °*E localized to the
cytoplasm (labeled Set-B°%6-C). The last third of Set-BAE localized to both nucleus and the cytoplasm, data not shown. Myr-
Set-3 localized to cellular membranes and neurites. Scale bar, 20 wm. €, RGCs transfected with mCherry or tagged Set-f3 con-
structs as marked, were immunostained at 3 d for fused tags (red), Tuj1 (neurite marker, green), MAP2 (dendrite marker, data not
shown), and counterstained with DAPI (nuclear marker, blue). Set-3, Set—B”A, and Set—BSgE inall cells localized to the nucleus,
Set-BANLS and myr-Set- 3 localized to nucleus and cytoplasm, and myr-Set- 3 also localized to cellular membranes and neurites.
Nucleus outlined with dashed white line. Scale bars, 500 pum; insets, 20 wum. D, E, At 1 (D) and 3 (E) days, Tuj1-positive neurites of
transfected RGCs were traced. Set-[3 and Set-BA *** significantly suppressed neurite growth, whereas Set-B*-N failed to
meaningfully suppress neurite growth (N = 3; =30 neurons per experiment, mean == SEM normalized to mCherry shown; *p <
0.05, **p << 0.01 by ANOVA with post hoc LSD). Myr-Set- B significantly increased neurite growth, whereas Set-BANLS only
affected neurite growth at 3 d (N = 3; =30 neurons per experiment, mean == SEM normalized to mCherry shown; *p < 0.05,
**p <0.01 by ANOVA with post hoc LSD).
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samples were processed in parallel through the
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measures, with post hoc LSD). N.S., Not significant.

cubated with 20 ul of Protein A/G Plus Agarose beads (sc2003, SCBT)
rotating in 500 ul of 0.02% PBST buffer at 4°C for 1 h. The beads were
washed in PBST twice, crosslinked to antibodies using BS 3 (21585,
Thermo Scientific) in conjugation buffer followed by quenching buffer,
and washed with IP buffer three times. Four milligrams of protein ex-
tracts were first precleared by incubating for 1 h with 20 ul of uncoated
beads at 4°C, centrifuged at 2000 rpm for 1 min, and the supernatant then
incubated overnight at 4°C with the beads crosslinked to antibodies. The
IP beads were then diluted to 350 wl in IP buffer with protease and
phosphatase inhibitors, washed with IP buffer three times, resuspended
in 40 ul of 2X LDS sample buffer (NP0007, Life Technologies) with 10
mM DTT, incubated at 95°C for 5 min, centrifuged at 2000 rpm for 1 min,
and the supernatant immediately stored at —80°C. Immunoprecipitated
proteins were either immunoblotted as described in previous paragraph,
using rabbit anti-Set-B (1:6000; as above) or mouse anti-PP2A-A (1:
6000; sc13600, SCBT) and anti-mouse IgG (1:2500, SCBT), or processed
with mass spectrometry, as follows.

Mass spectrometry. In two parallel preps, 40 million E18 rat hippocam-
pal neurons were purified and separated into cytoplasmic and nuclear
fractions, as described in the section Cell fractionation, and the replicate
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Set-3 expression is not associated with generalized cellular toxicity. A, Acutely purified P4 RGCs transfected with
mCherry or wild-type Set-3 were immunostained at 1, 2, and 3 d for reporter tag (red), Tuj1 (neurite marker, green), and
counterstained with DAPI (nuclear marker, blue). Nuclei outlined with white dashed line. Scale bar, 20 um. B, At 1,2, and 3 d, the
number of RGCs transfected with constructs as marked were counted per unit area normalized to 1d (106 cells per condition); no
significant difference between the conditions was observed (mean = 95% Cl shown; nonsignificant by ANOVA with repeated

rest of the experiment. Proteins were coimmu-
noprecipitated using anti-Set- 3 or normal rab-
bit IgG antibody, as described in the previous
paragraph, except after samples were incu-
bated overnight with the beads, they were
washed with NP-40 (1% in PBS) three times
followed by 50 mm ammonium bicarbonate
three times. Protein concentrations were deter-
mined by Bradford assay (Bio-Rad), using BSA
standards. For the cytoplasmic fractions, 4.8
pg of all four Set-B and rabbit IgG IP samples
each were diluted to 30 ul in a solution of 0.1%
RapiGest (Waters) 50 mm ammonium bicar-
bonate; for the nuclear fractions, 4.8 ug of
Set-B IP samples 1 and 2.6 ug of Set-B IP sam-
ple 2 and rabbit IgG IP samples 1 and 2 each
were diluted to 32 pl in a solution of 0.1%
RapiGest (Waters) 50 mm ammonium bicar-
bonate. The samples were incubated at 40°C
with shaking for 10 min. Reduction was ac-
complished using 10 mum dithiothreitol at 80°C
for 15 min and alkylation was performed using
20 mm iodoacetamide in the dark at room tem-
perature for 30 min. Trypsin digestion with a
1:50 enzyme/protein ratio was performed
overnight at 37°C with shaking. Trifluoroacetic
acid and acetonitrile were added to final con-
centrations of 1% and 2% respectively. The
samples were incubated at 60°C for 2 h to
cleave the RapiGest, and lyophilized and resus-
pended in 12 ul of 1% trifluoroacetic acid/2%
acetonitrile in water. LC/MS/MS data were ob-
tained using 1 ul of protein digest per sample,
using a nanoAcquity UPLC system (Waters)
coupled to a Synapt G1 HDMS high-resolution
accurate mass tandem mass spectrometer (Wa-
ters) via a nanoelectrospray ionization source.
Briefly, the sample was first trapped on a Sym-
metry C18 300 X 180 mm trapping column (5
wul/min at 99.9/0.1 v/v water/acetonitrile), after
which the analytical separation was performed
usinga 1.7 um Acquity BEH130 C18 75 X 250
mm column (Waters) using a 30 min gradient
of 5-40% acetonitrile with 0.1% formic acid at
a flow rate of 300 nl/min with a column at
45°C. Data collection on the Synapt G2 mass
spectrometer was performed in Data Depen-
dent Acquisition mode (DDA). The DDA was
processed using Mascot Daemon 2.2.2, Mascot
Distiller 2.4.3.3 and Mascot Server 2.2 (Matrix Science), searching
against the NCBInr database, using Rattus Taxonomy. Carbamidom-
ethyl Cys was searched as a fixed modification, and oxidized Met and
deamidated Gln and Asn were allowed as variable modifications. For
analysis, proteins identified with a threshold false discovery rate (FDR) of
1.3 in both cytoplasmic fractions of Set-f3 IP samples but in neither of
cytoplasmic fractions of rabbit IgG IP samples, and a protein identified
with FDR of 2.6 in both nuclear fractions of Set-8 IP samples but in
neither of nuclear fractions of rabbit IgG IP samples, were considered
positive hits.

Optic nerve injury, RGC survival, and axon regeneration measurements.
Sprague-Dawley rats (150—250 g) were anesthetized before all surgical
procedures by an intraperitoneal injection of ketamine (60 mg/kg) and
xylazine (8 mg/kg). Following surgery, animals recovered on a heating
pad and were given subcutaneous injections of buprenorphine HCI (0.05
mg/kg) twice a day for three consecutive days to minimize discomfort.
Rats were intravitreally injected in the left eye with 3 ul of AAV2-eGFP or
AAV2-myr-Set-B-eGFP (titers ~2 X 10'? GC/ml) at P21, P23, and P25,
just posterior to the pars plana with a 31 gauge needle (Hamilton) ona 5
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wul Hamilton syringe. Care was taken not to
damage the lens. Two weeks after injection,
transduction efficiency was ~20% based on
eGFP expression, and optic nerve injury was
induced at this time point as follows. The left
optic nerve was exposed from temporal side
and crushed gently with Dumont no. 5 forceps
(Fine Science Tools) for 5 s ~1-2 mm behind
the optic disc, to minimize the damage to the
tissue through which regenerating axons
would regrow (Tan etal., 2012). Care was taken
to avoid damaging the central retinal arterial
blood supply to the retina. Intravitreal injec-
tions of 2 ul cholera toxin subunit B (CTB Al-
exaFluor 594, 5 pug/ul; C22841, Life
Technologies) were performed 2 d before ani-
mals were killed at 2 or 3 weeks after optic
nerve injury. Care was taken not to damage the
lens. Retinas and optic nerves were dissected
and fixed in 4% PFA for 2 h followed by 20%
sucrose overnight at 4°C. Optic nerves were
sectioned with 10 wm thickness, longitudi-
nally, mounted on Superfrost Plus micro slides
(VWR), imaged at 20X using Imager.Z1
(Zeiss), and images processed with AxioVision
4.8 (Zeiss). Retinal flatmounts were processed
similarly, stained with DAPI, and immuno-
stained with Brn3A; although Brn3A expres-
sion decreases after optic nerve injury, it is still
detectable and useful to quantify and compare
RGC survival across treatment conditions
(Nadal-Nicolas et al., 2009). To assess survival,
Brn3A+/DAPI+ cells in the RGC layer were
manually quantified in 10-12 0.2 mm? fields
of view randomly distributed through the ret-
ina and analyzed with ¢ test, two-tailed (SPSS);
we report the data as RGC density per mm?.
Regenerating RGC axons in injured optic
nerves distal to the crush site were quantified
with the method described previously (Park et
al., 2008; Smith et al., 2009). The researcher
who performed quantifications was masked to
the samples’ identities. For axon regeneration
quantification, the number of CTB-labeled fi-
bers extending different distances from the end
of the crush site was counted in every fourth
section of each optic nerve. The width of the nerve at the point at each
distance was measured and used to calculate the number of axons per
millimeter of nerve width. The average number of all sections was con-
sidered as axons per millimeter width. The total number of axons extend-
ing distance, d, in a nerve with a radius, r, was estimated by summing over
all sections having a thickness ¢ (10 um): Sa,; = 7% x (average axons/
mm)/t. For the representative images, imaged sections of single represen-
tative optic nerves were stitched and merged from 22 sections using
Photoshop CS5 (Adobe). Statistical analysis was performed using
ANOVA with repeated measures and LSD post hoc (SPSS).
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Figure 4.

0.05 by ANOVA).

Results

The Setlocus encodes Set-a and - B isoforms, differing only by the
first exon (Nagata et al., 1995), which contains the epitope for the
Set-B-specific antibody used through this study. Our RNA-seq
analysis showed that Set-B is the predominantly expressed iso-
form in RGCs (Fig. 14; Set locus RNA-seq reads raw data are
available upon request), and Western blot confirmed the expres-
sion of the full-length 39 kDa Set- 8 protein (Nagata et al., 1995)
in RGCs (Fig. 1B). qRT-PCR on purified RGCs showed that Set-3
transcript is upregulated twofold (p < 0.01) postnatally but then
declined to slightly below embryonic level (not statistically
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Set-3 suppresses and myr-Set-[3 increases neurite growth of hippocampal neurons. A, E18 hippocampal neurons
transfected with mCherry or Set-3 constructs were immunostained at 1 d for Tuj1 and fusion tags and counterstained with DAPI,
as marked. Set-3 localized to the nucleus, myr-Set- 3 localized to the nucleus, cytoplasm, cellular membranes, and neurites, and
Set-BANLS localized predominantly to the cytoplasm. Nucleus outlined with dashed white line. Scale bars: left, 25 wm; right, 100
um. B, At 1d, wild-type Set-B suppressed whereas myr-Set-f3 increased neurite growth. Set-BANLS also promoted neurite
growth but to a lesser extent (=30 neurons per condition, mean = SEM normalized to mCherry transfected cells shown; *p <

significantly) in adult RGCs (Fig. 1C). This developmental
expression profile resembles that of another axon growth-
suppressing transcriptional regulator, KLF4 (Moore et al., 2009;
Blackmore et al., 2012), although we did not find that KLFs or
Set-f regulate each other’s expression (see paragraph in this sec-
tion describing Fig. 5).

We immunostained embryonic and postnatal retinal sections
for Set-B and the RGC marker Brn3A, and found that Set-3
immunofluorescence intensity was predominantly nuclear, and
was stronger in postnatal RGCs’ nuclei (Fig. 1D-F), but distinct
punctae were detected in RGCs’ cytoplasm and at cellular mem-
branes (Fig. 1G,H ). In a separate set of experiments we found that
Set-B immunofluorescence intensity was also predominantly nu-
clear in adult RGCs in retinal sections (see Fig. 7 A, B, uninjured).
Although mean nuclear to cytoplasmic signal ratio trended down
from 2.7 (P8) to 2.1 (P21), the difference was not significant (p =
0.23, t test, two-tailed). The N-terminal-directed Set- antibody
we used (Fig. 2A) was previously validated for specificity for
Western blot and immunofluorescence (Adachi et al., 1994), and
we saw no background staining in no-primary or irrelevant-
primary controls. We also performed a bioinformatics analysis to
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A Time S9 phosphorylation has been shown to
modulate Set-B’s nuclear import in non-
0 1DIV 3DIV. neuronal cells (ten Klooster et al., 2007)
L L 1= Microarray and is enriched in AD patients’ neurons
Transfect FACS Collect (Yu et al., 2013). We asked whether S9
RGCs RNA phosphorylation modulates Set-B’s
subcellular localization or effect on
B C axon growth in neurons using alanine
120+ D WT Set-B (Set-B5°*) as a nonphosphorylatable
Z W WT Set- I:] myr-Set- residue, or gl.utamic. ac.id (szt—BS9E) asa
B 100 I:] myr-Set-B phosphorylation mimic (Fig. 24). We
2 |:| Both found that Set-B°* was localized to the
ﬁ_ 80— nucleus and suppressed neurite growth,
n whereas Set-3°°F was localized to both the
o 607 nucleus and the cytoplasm at 1 d and only
9] .
® to the nucleus at 3 d, a delay in nuclear
g 40— import; furthermore, Set-B%F failed to
o suppress neurite growth when in the nu-
! 20— cleus (Fig. 2B-E). At 3 d the number of
5 neurites per cell did not change signifi-
o 0 cantly with Set-B or Set-B%°*, and only
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Figure 5.

requlated by myr-Set-3 are also requlated by wild-type Set-3.

predict whether Set-B could be recruited to the cellular mem-
brane directly, but we did not identify transmembrane domains
in Set-B using NCBI Conserved Domains and UniProtKB/Swiss-
Protal tools. We also did not find in Set-B motifs predicted for
lipid modification, specifically, we analyzed for palmitoylation
(http://www.bioinfo.tsinghua.edu.cn/~tigerchen/NBA-Palm;
Xue et al., 2006), myristoylation (http://web.expasy.org/myristoylator;
Bologna et al., 2004), glycosylphosphatidylinositol-anchor
(http://gpi.unibe.ch, Fankhauser and Miser, 2005), and farnesy-
lation and geranylgeranylation (http://mendel.imp.ac.at/sat/
PrePS; Maurer-Stroh and Eisenhaber, 2005). Thus Set-f’s
developmental expression profile in RGCs exhibits a postnatal
peak, and Set- protein is predominantly nuclear but is also de-
tected in the cytoplasm and by cytoplasmic membranes through
development.

To test whether Set-B regulates axon growth we expressed
Set-B in postnatal RGCs (Fig. 2A). Set-f localized to the nucleus
(Fig. 2B,C), similar to endogenous Set-f (Fig. 1G), and sup-
pressed neurite growth (Fig. 2D, E). In this and all subsequent
experiments with Set-B, we immunostained for Tujl (axon
and dendrite marker), and also with MAP2 (somatodendritic
marker) after 3—4 d in culture, and in all cases there was never any
obvious change unique to MAP2-positive dendrite growth, sug-
gesting that all effects were on axon growth or neurites in general.
Knockdown of Set-B with shRNA promoted neurite growth by
11% at 4 d (N = 3; =30 neurons per experiment, p < 0.05 by
ANOVA with post hoc LSD). The number of neurites per cell and
the number of branches per neurite did not change significantly
with Set-B expression or knockdown (ANOVA, post hoc LSD).
Set-3 expression was not associated with a generalized cellular
toxicity (Fig. 3) nor did Set- knockdown overtly affected sur-
vival. Together, these data suggest through overexpression and
knockdown approaches that endogenous nuclear Set-8 sup-
presses neurites and axon elongation.

Genes regulated >1.75 fold, p <0.05

Set- 3 regulates transcription. A, Experimental timeline for microarray analysis of transfected and FACS-sorted RGCs
(see Materials and Methods for details). B, The number of gene probes regulated at least 1.75-fold with p << 0.05 (N = 3, t test,
two-tailed) is higher after wild-type Set- 3 than myr-Set- 3 expression, relative to control mCherry expression. €, A subset of genes

slightly in Set-B5°F (average 5.3 neurites
per cell, compared with 6.3 neurites per
cell in control, p < 0.05 ANOVA, post hoc
LSD). The number of branches per neu-
rite did not change significantly in Set-f3
or Set-B%°%; there were 12.1% fewer
branches per neurite in Set-8%* com-
pared with control (p < 0.05 ANOVA,
post hoc LSD), consistent with Set-35°*’s strong overall suppres-
sive effect on neurite growth. These data suggest that S9 phos-
phorylation delays but does not prevent Set-B8’s nuclear
translocation in neurons, and that in the nucleus it blocks Set-f’s
suppressive effect on neurite growth.

Because Set-f also localizes to cellular membranes in RGCs
(Fig. 1G) and can function there in other cells (Piper et al., 2008;
Vasudevan et al., 2011; Le Guelte et al., 2012), we expressed Set-3
fused to a myristoylation tag (myr-Set-3; Fig. 2A) which recruits
proteins to cellular membranes (Peitzsch and McLaughlin,
1993). Myr-Set-B localized predominantly to cellular mem-
branes (Fig. 2B,C). Unexpectedly, myr-Set-3 increased total
neurite growth at 1 and 3 d (Fig. 2 D, E). The average number of
branches per neurite was 7.2% higher after myr-Set- 3 expression;
however, the difference was not statistically significant, suggest-
ing that the myr-Set- 8 promotes elongation of neurites.

This neurite growth promotion could arise from Set-@’s bio-
logical action at the cellular membrane, or through a dominant-
negative effect, for example by retaining endogenous Set- 3 in the
cytoplasm through dimerization (ten Klooster et al., 2007) or by
interfering with endogenous Set-f’s nuclear import machinery
(Qu et al.,, 2007). To test these possibilities, we expressed Set-8
with the NLS deleted (Qu et al., 2007; Set-BANLS; Fig. 2A). Set-
BANLS localized predominantly to the cytoplasm at 1 d (Fig. 2B)
and did not affect neurite growth (Fig. 2D); by 3 d Set-BANLS
was also detected in the nucleus and suppressed neurite growth
albeit to a lesser degree than the wild-type Set- 3, consistent with
its decreased nuclear import (Fig. 2C,E). Neither the number of
neurites per cell nor branches per neurite changed significantly in
either condition (ANOVA, post hoc LSD). As Set-BANLS in the
cytoplasm failed to act as a dominant-negative and promote
growth, these data suggest that Set-3 at cellular membranes pro-
motes neurite growth due to local activity there. In primary cul-
ture of embryonic (E18) hippocampal neurons, similar results
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Table 1. List of genes regulated by wild-type Set- 8 and myr-Set- 3 expression Table 1. Continued
WT- myr-  WT-Set-S3: myr-Set-3: WT- myr-  WT-Set-S3: myr-Set-3:
mCherry Set-B  Set-B mCherry mCherry mCherry Set-B  Set-B mCherry mCherry

ProbeID  Genesymbol ~ (mean) (mean) (mean) FC(pvalue) FC(pvalue) ProbelD  Genesymbol ~ (mean) (mean) (mean) FC(pvalue)  FC(pvalue)
17708398 2388 318 1066 —7.51(0.02) —224(NS) 17681409 4728 2236 2545 —2.11(0.04) —1.86(N.S)
17686716 116.7 196 1084 —5.95(0.01) —1.08(N.S.) 17775226 468.1 216 2927 —2.11(0.03) —1.60(N.S.)
17671809 519.1 973 2340 —5.33(0.000 —222(N.S) 17876611 L0C100361854 1209.5 5785 7046 —2.09(0.04) —1.72(N.S)
17764004 165.6 333 1586 —4.97(0.01) —1.04(NS) 17693944 Srp72 5036 2416 281.0 —2.08(0.00) —1.79(NS.)
17787097 189.2 403 1085 —4.69(0.01) —1.74(N.S.) 17724140  Mbd2 456.0 2192 2721 —2.08(0.03) —1.68(N.S.)
17732718 161.9 350 1000 —4.63(0.00) —1.62(NS) 17811254 17963 864.6 1109.1 —2.08(0.00) —1.62(N.S.
17670112 2152 530 930 —4.06(0.03) —231(NS) 17838723 4124 2003 3681 —2.06(0.01) —1.12(N.S)
17811543 195.6 515 1135 —3.80(0.01) —1.72(N.S) 17681249 Mrps14 543.8 2659 351.0 —2.04(0.04) —155(N.S.)
17842136 1513 423 660 —3.58(0.000 —229(N.S) 17615359 16223 7981 9737 —2.03(0.00) —1.67(N.S.)
17680180 2203 616 8.7 —3.58(0.00) —254(NS) 17751160 Mettl14 2177 1074 1591 —2.03(0.01) —137(NS)
17635338 162.1 45.8 63.6 —3.54(0.04) —2.55(N.S.) 17817437 759.6 3773 4981 —2.01(0.04) —1.52(NS.)
17688094 51.0 146 312 —3.49(0.01) —1.64(NS) 17693945 6940 3484 3574 —1.99(0.00) —1.94(NS.)
17721906 287.1 842 2132 —3.41(0.04) —135(NS) 17674643 Corolc 14613 7340 9501 —1.99(0.00) —1.54(N.S)
17882217 198.4 589 1098 —3.37(0.02) —1.81(NS) 17799944 10C100912024  18.0 9.1 140 —1.98(0.00) —1.29(N.S.)
17875773 5685 1764 3122 —3.22(0.05) —1.82(N.S) 17825478 Ptges3 193.8 988 1170 —1.96 (0.00) —1.66 (N.S.)
17693876 3344 1060 1480 —3.15(0.01) —2.26(NS) 17623006 mrpl11 3381 1732 2243 —1.95(0.00) —1.51(NS.)
17721921 431.5 1386 1777 —3.11(0.02) —2.43(NS.) 17832396 430.3 206 2724 —1.95(0.000 —1.58(N.S.)
17811252 5712 1841 3549 —3.10(0.01) —1.61(NS) 17866714 Dtymk 2382 1223 1492 —1.95(0.00) —1.60(NS.)
17764017 3850 1272 3836 —3.03(0.02)  1.00(N.S) 17751301 Aplar 433 2287 2672 —1.94(0.01) —1.66(0.03)
17693958 748.3 2476 5262 —3.02(0.04) —1.42(NS) 17745465 Mrps30 454.0 2362 2440 —1.92(0.00) —1.86(N.S.)
17811547 146.9 489 537 —3.01(0.02) —274(NS) 17854297 RGD1564964  389.6 2048 2215 —1.90(0.02) —1.76(N.S.
17807271  0Ir845 46.1 158 187 —2.91(0.04) —246(NS) 17677593 Tmed2 10324  549.6 660.2 —1.88(0.03) —1.56(N.S.)
17848892 373.8 1323 2382 —2.83(0.02) —1.57(NS.) 17742955 H2afz 951.3 509.7 5426 —1.87(0.00) —1.75(N.S.)
17748627 9488 3386 9209 —2.80(0.00) —1.03(N.S) 17880182 2698 1487 1487 —1.81(0.02) —1.82(NS.)
17636394 7903 2821 4203 —2.80(0.01) —1.88(NS) 17741407 456.5 8496 7303  1.86(0.00)  1.60 (N.S.)
17870521 RGD1563150 623 224 284 —2.78(0.01) —2.19(N.S.) 17784258 RGD1565252 4274  817.8 7435 1.91 (0.00) 1.74 (N.S.)
17798066 837.0 3067 3673 —2.73(0.03) —228(NS) 17875772 8927 17263 15648  1.93(0.00)  1.75(N.S.)
17743543 3062 1152 1597 —2.66(0.00) —1.92(NS) 17816550 3545 6926 5272 1.95(0.03)  1.49(NS)
17656383 L0C100362685  495.1 1881 2235 —2.63(0.00) —2.22(NS.) 17719021 RGD1565509 63.4 1266 1411 2.00 (0.04) 223(N.S)
17623010 2881 1099 1215 —2.62(0.01) —237(NS) 17870184 4641 9351 8758  2.02(0.03)  1.89(N.S)
17774856 4832 1848 2503 —2.61(0.000 —1.93(NS) 17832361 5902 1189.6 973.8  2.02(0.01)  1.65(NS)
17748801  Fdps 593.0 2293 3408 —2.59(0.03) —1.74(N.S.) 17881239 97.7 197.5 96.3 2,02 (0.00) —1.01(N.S.)
17636391 3541 1378 2060 —2.57(0.01) —172(NS) 17758222 29.6 598 406  2.02(0.03) 137(NS)
17808769 3904 1521 13674 —2.57(0.02)  3.50(NS) 17772379 3641 7469 5905  2.05(0.03)  1.62(NS)
17780694 40.1 15.7 328 —2.56(0.03) —1.22(N.S.) 17818435 32.2 70.2 65.6 2.18 (0.01) 2.04 (N.S.)
17796931 1242 487 1670 —2.55(0.03)  134(N.S) 17627324 10C100361672 467 1040 797  2.23(0.00)  1.70(N.S)
17636378 5943 2339 4325 —2.54(0.01) —137(NS) 17687349 2074 4631 3388  2.23(0.02)  1.63(NS)
17610773 38.2 150 1347 —2.54(0.01) 3.53(N.S) 17619189 0Ir168 3347 750.8  855.6 2.24 (0.04) 2.56 (N.S.)
17811253 1509.6 5988 900.0 —2.52(0.02) —1.68(NS) 17740501 1043.6 24229 20086  2.32(0.01)  1.92(NS)
17853807 12360 4933 7546 —2.51(0.01) —1.64(NS) 17828539 233 59.2 1086  2.54(0.04) 467 (NS)
17690399  Rab28 198.3 796 1173 —2.49(0.01) —1.69(N.S.) 17670639 132.9 3515 2222 2.65 (0.01) 1.67 (N.S.)
17622672 1102.6 4455 6644 —2.48(0.03) —1.66(NS) 17702361 500 1360 895  2.72(0.04)  1.79(NS)
17636536  Ybx1 6934 2808 3570 —2.47(0.03) —194(NS) 17656469 161.8 4495 366.5  2.78(0.04) 227 (NS)
17789529  Bet1 476.2 196.6 2412 —2.42(0.04) —1.97(NS.) 17747984 173 3385 3321 2.88 (0.05) 2.83(N.S)
17850299 5989  249.0 4708 —2.41(0.01) —1.27(NS) 17744450 1344 4188 5009  3.12(0.03)  3.73(NS)
17688096 4657 1952 2057 —2.39(0.03) —226(NS) 17723299 912 3040 3287  3.33(0.02)  3.60 (N.S)
17731750  Mt2A 622.1 2609 3708 —2.38(0.04) —1.68(N.S.) 17848558 7364 2837.7 2719.6 3.85(0.01) 3.69 (N.S)
17810932  Zcchl7 6842 2894 3751 —236(0.00) —1.82(NS) 17807894 340 1311 737 3.85(0.04) 217 (NS)
17829401  LOC686736 8189 3465 5658 —2.36(0.01) —145(NS) 17851136 OIr1194 550 2976 2016  5.41(0.02)  3.67(NS)
17646083  Mrpl22 290.6 1256 2033 —2.31(0.01) —1.43(NS.) 17671811 293.4 49.5 1003 —5.92(0.01) —2.92(0.03)
17678890 2520 1090 2499 —231(0.01) —1.01(NS) 17811553 6360 1622 1885 —3.92(0.01) —3.37(0.02)
17827707  Ccdc4l 3212 1396 1696 —230(0.03) —1.89(NS) 17824961 59.2 19.6 108 —3.02(0.03) —5.47(0.02)
17817435 125.0 54.4 785 —2.30(0.00) —1.59(N.S.) 17828799 145.6 52.4 522 —2.78(0.01) —2.79(0.01)
17821662  Arlda 2734 1207 1457 —2.26(0.01) —1.88(N.S.) 17811550 1575.1 5733 6160 —2.75(0.00) —2.56 (0.01)
17826268 19503  867.2 1083.0 —2.25(0.02) —1.80(NS) 17688101 4531 1834 137.6 —2.47(0.01) —3.29(0.02)
17854027  Tmod2 583.6 260.1 3587 —2.24(0.03) —1.63(N.S.) 17688897 464.0 2171 1917 —2.14(0.00) —2.42 (0.00)
17836358  Slc16a7 160.5 716 8.7 —2.24(0.02) —185(NS) 17809654 4277 2134 1796 —2.00(0.03) —2.38(0.02)
17881132 9786 4394 5327 —2.23(0.00) —1.84(NS) 17699513 461 1228 2102 2.66 (0.00)  4.56 (0.04)
17681323 258.2 116.6 2052 —2.21(0.01) —1.26(N.S.) 17853199 31.4 1328 107.6 4.23 (0.04)  3.42(0.01)
17748626 22265 10199 18760 —2.18(0.00) —1.19(NS) 17614769 64.4 275 209 —234(NS) —3.09(0.04)
17688862 7100 3275 4550 —2.17(0.01) —1.56(NS) 17774882 RGD1309730 2745 1516 880 —1.81(NS) —3.12(0.04)
17731941 Fto 502.1 2319 2184 —2.16(0.02) —2.30(N.S.) 17688866 493.5 2740 2134  —1.80(NS) —2.31(0.02)
17703287 3564 1672 2006 —2.13(0.03) —1.78(N.S) 17870626 RGD1564541 138.6 879 662 —1.58(0.04) —2.09(0.01)

(Table Continues) (Table Continues)
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Table 1. Continued

WT- myr- WT-Set-3:  myr-Set-f3:

mCherry  Set-B  Set-B mCherry mCherry

ProbelD  Genesymbol (mean)  (mean) (mean) FC(pvalue) FC(pvalue)
17822955 515 68.1 1167 132(NS)  2.27(0.00)
17681711 42.1 56.4 108.2 1.34(NS)  2.57(0.02)
17796151 159.5 218.6 3737 137(NS)  2.34(0.00)
17720627 528 806 1141 153(NS)  2.16(0.01)
17724855 14.1 255 46.5 1.81(N.S)  3.30(0.00)
17633331 57.3 152.2 149.7 2.65(N.S.)  2.61(0.01)
17820101 224 61.9 172.2 277 (N.S) 7.70 (0.02)
17633551 40.1 114.2 81.2 2.85(N.S.)  2.03(0.01)
17831284 19.4 97.2 494 50T(N.S.)  2.54(0.00)

Genes regulated by wild-type Set-3 and myr-Set- 3 expression. The fold-change and the p value (shown in paren-
theses next to the fold-change) for genes with =1.75 fold-change at p << 0.05 are in bold type. N.S., Not significant.

A B pp2A-A/Set-B
kDa BH C N WB:

S & GAPDH
17— Histone H3
c IP/co-IP
kDa Input IgG-Rb Set-3 WB:
65 W PP2A-A
30 - e Set-B
D mCherry

Figure 6.  Set-g interacts with axon growth-suppressing PP2A-A. A, Acutely purified E18
hippocampal neurons’ nuclear (N) and cytoplasmic (C) fractions confirm successful separation
when immunoblotted for GAPDH (cytoplasmic marker) and histone H3 (nuclear marker; BH,
brain homogenate). B, P4 RGCs immunostained at 1d for endogenous PP2A-A (red) and Set-3
(green). Nucleus outlined with dashed white line. Side panel shows Z plane with blue and
orange lines indicating x-y plane shown in the middle, demonstrating PP2A-A localization at
the membrane and neurites. Scale bar, 20 um. €, Proteins from E18 hippocampal homogenates
coimmunoprecipitated using anti-Set-/3 antibody or IgG control as marked, immunoblotted for
PP2A-A or Set- 3 as marked. Set- 3 and PP2A-A immunoprecipitated with anti-Set- 3 antibody
but not with IgG control. D, P4 RGCs transfected with mCherry or DsRed-PP2A-A, were immu-
nostained at 3 d for Tuj1 (neurite marker, green), transfection reporter (red), MAP2 (dendrite
marker, data not shown), and counterstained with DAPI (nuclear marker, blue). Nucleus out-
lined with dashed white line. PP2A-A localized predominantly to the cytoplasm and cellular
membranes. Scale bars: 100 wm; insets, 10 wm.

were seen for effects of wild-type Set-B, myr-Set-f, and Set-
BANLS on localization and neurite growth (Fig. 4), although in
the hippocampal neurons the myr-Set-f appeared to also be de-
tected in the nucleus as early as after 1 d in culture, whereas in
RGCs nuclear myr-Set-f punctae was detected only after 3 d;
nevertheless, the cytoplasmic myr-Set-f was sufficient in all cases
to promote neurite growth (Fig. 4). Together, these data support
a model in which nuclear Set-f suppresses axon growth and
membrane-localized Set-B promotes axon growth, and suggest
that Set-B’s differential promotion versus inhibition of neurite
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Table 2. Set-f3 binding partners identified with MS after co-IP from primary
hippocampal neurons

FDR Identified proteins Accession
Cytoplsmic fraction
13 r(G28086, isoform CRA_b 0i:149065001
13 SLC25A5 gi 32189350
13 NUDT21 gi 13386106
13 PPP2R2D gi 148747146
13 Tubulin T beta15 gi 224839
13 (aBP1 gi 488838
13 YWHAZ gi 1051270
Neuclear fraction
24 Importin c-6 gi 68341941

Peptides available on request.

Table 3. PP2A subunits ranked by relative expression levels in purified P5 mouse
RGCs

Gene NE

PPP2R1A 2.16
PPP2CA 1.73
PPP2(B 0.9

PPP2R2(C 0.62
PPP2R5B 0.61
PPP2R2B 0.57
PPP2R2D 0.44
PPP2R4 0.41
PPP2R5D 0.32
PPP2R2A 0.31
PPP2R5C 0.29
PPP2R5E 0.22
PPP2R3C 0.18
PPP2R1B 0.12
PPP2R3A 0.1

PPP2R5A 0.01

PP2A subunits loci RNA-seq reads raw data is available upon request. Normalized expression (NE) values were
determined based on the total number of nucleotides from all the reads which uniquely mapped to a transcript,
normalized to both the length of a transcript and the total number of nucleotides of all uniquely mapped reads
(Genomatix; www.genomatix.de).

growth depending on subcellular localization is robust across
populations of CNS neurons.

If Set- 3 has different mechanisms of action in promoting ver-
sus suppressing axon growth, we hypothesized that we should be
able to detect differences in the molecular phenotypes between
nuclear and membrane-directed Set-B3. For example, Set-f3 is a
transcriptional regulator (Seo et al., 2001; Gamble and Fisher,
2007) and may suppress axon growth in its nuclear localization
by regulating genes’ expression, whereas Set-[3 localized to cellu-
lar membranes may demonstrate less regulatory effect on gene
expression due to decreased nuclear import. Indeed, wild-type
Set-B regulated expression of significantly more genes than myr-
Set-B (Fig. 5 A, B; public repository GEO accession number pend-
ing), with a subset of genes regulated by both, albeit always in the
same direction (Fig. 5C). However, these microarray data did not
show that the expression of KLFs or other prominent regulators
of axon growth were affected by Set- 3 expression. Conversely, in
our studies of KLF biology, microarray-derived transcriptomes
after expression of KLF4, -7, -9 -11, and -16 did not show signif-
icant changes in Set-f3 expression (our unpublished observa-
tions), suggesting that Set-[3 is not a gene target of KLFs in RGCs.
We hypothesize that the small group of genes detected uniquely
after myr-Set-f3 expression may have been regulated by its cyto-
plasmic activity, but have not tested that hypothesis here. These
data also reveal potential downstream gene effectors regulating


http://www.genomatix.de
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axon growth, and specific candidate genes
(Table 1) could be validated and tested in
future experiments to identify such effec-
tors, but in any case these data point to
differences in gene target regulation by
nuclear and membrane-localized Set- .
We next asked whether we could detect
cytoplasmic or nuclear binding partners
of Set-B in primary CNS neurons. We
purified hippocampal neurons and coim-
munoprecipitated protein complexes
with anti-Set-B antibody after cytoplas-
mic and nuclear fractionation, which
were first validated using typical markers
(Fig. 6A). Mass spectrometry revealed the
regulatory subunit PPP2R2D of Set-B’s
interaction partner PP2A (Li et al., 1996)
in the cytoplasmic fraction; with limited
recovery of nuclear protein, only
importin-a6 was reliably identified in the
nuclear fraction (Table 2), consistent with
importin-a being previously shown to
translocate Set-B into the nucleus (Qu et
al., 2007). Thus, no Set- protein-binding
partner was detected in both the cytoplas-
mic and nuclear fraction, although be-
cause detection is limited in such
experiments, there may be binding part-
ners common to nuclear and cytoplasmic
Set-B not found here. It was interesting to
note that Set-3 is an inhibitor of PP2A (Li
etal., 1996; Saito etal., 1999; Neviani et al.,
2005), which also localizes to cellular
membranes (Vasudevan et al., 2011; Le
Guelte et al., 2012), so we hypothesized
that PP2A may inhibit axon growth. In
postnatal RGCs, the most highly ex-
pressed PP2A subunit transcript is the
PP2A-A scaffold subunit PPP2R1A (Table
3; PP2A subunits loci RNA-seq reads raw
data are available upon request). By im-
munostaining, PP2A-A was localized
mostly in the cytoplasm and by cellular
membranes (Fig. 6B), and coimmunopre-
cipitated with Set-B from CNS homoge-
nates (Fig. 6C). We found PP2A-A
expression in postnatal RGCs suppressed
neurite growth by >50% (N = 3; =30
neurons per experiment, p < 0.01 by
ANOVA, post hoc LSD; Fig. 6D, represen-
tative images). The number of neurites
per cell did not change significantly; the
number of branches per neurite was
16.6% less than in control (p < 0.05
ANOVA, post hoc LSD) consistent with
PP2A-A’s strong overall suppressive effect
on neurite growth. These data suggest a
model in which endogenous or exogenous
Set-f recruitment to cellular membranes
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Figure 7. Myr-Set-3 promotes axon regeneration after optic nerve injury in vivo. A, Adult retinal sections from uninjured
animals and 5 d after optic nerve crush (ONC) injury were immunostained for Set-8 and Brn3A, and counterstained with DAPI
(nuclear marker), as marked. Scale bar, 500 wm. GCL, Ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. B,
Analysis of nuclear and cytoplasmic average pixel intensity of Set-/3 immunofluorescence in injured (ONC) and uninjured RGCs
showed that Set- 3 immunoreactivity mildly decreased in the cytoplasm, although signal intensity was similarin the nucleus. (N =
3; =85 randomly selected RGCs per experiment; mean == SEM shown; *p << 0.05, by ANOVA with post hoc LSD). C, Experimental
time-line for optic nerve regeneration experiments with myr-Set-3. D—F, Optic nerves, treated with control GFP or myr-Set-[3 AAV2
vectorsas marked, 2 (D) or 3 (E) weeks after injury. Scale bar, 500 pum; insets, 250 um (images of merged multiple sections shown). F, Axon
regeneration at 2 (left) and 3 (right) weeks after injury demonstrates significantly greater regeneration at increasing distances down the
opticnerve. Atthelonger distances, regenerating axons were only detected in the myr-Set- 3-treated retinas (arrowheads; =4animals per
group; mean == SEM shown; p << 0.05 at 2 weeks and p << 0.01 at 3 weeks by ANOVA with repeated measures, post hoc LSD).

may promote axon growth through locally 1nh1b1t1ng PP2A. consistent with the literature (Buckingham et al., 2008), Brn3A

To investigate how axon injury affects Set-B expression, we ~ immunofluorescence intensity decreased by ~50%, whereas nu-
coimmunostained adult rat retinal sections for Set-f3 and the  clear Set-( signal stayed at a similar level (Fig. 7A, B). However,
RGC marker Brn3A 5 d after optic nerve injury. We found that,  cytoplasmic Set- signal decreased ~8% after injury (Fig. 7 A, B).
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Although this was not a large decrease, it was statistically signifi-
cant and is consistent with a model in which regenerative failure
after optic nerve injury is associated with an absence of increased
Set-B localization to cellular membranes and the cytoplasm
(which occurs in AD; Tanimukai et al., 2005), where Set-3 could
promote axon growth. Together, these data demonstrate that
optic nerve injury does not reduce nuclear but slightly reduces
cytoplasmic/membrane expression of Set-f3 in RGCs.

Finally, we tested whether recruiting Set-f3 to cellular mem-
branes could promote axon regeneration in vivo, using a well
established axon regeneration model of optic nerve crush (Park et
al., 2008; Moore et al., 2009; Sun et al., 2011). We used AAV2 to
express in RGCs myr-Set-3 or GFP, which is known not to affect
optic nerve regeneration and is commonly used as a control (Park
etal., 2008; Sun etal., 2011). After optic nerve injury in adult rats,
cholera toxin subunit B (CTB) anterograde label was injected
intravitreally 2 d before kill (Fig. 7C). We did not find a statisti-
cally significant difference in RGC survival 2 weeks after injury
between eGFP- and myr-Set-p-treated animals, with averages of
18.5 and 19.5 RGCs/mm? per retina, respectively (N = 2, p =
0.83, t test, two-tailed). Myr-Set-f3 significantly increased axon
regeneration at 2 and 3 weeks after injury (Fig. 7D—F). The in-
crease in the distance of regenerating fibers from 2-3 weeks sup-
ported the conclusion that this was regenerative axon growth. No
spared or growing axons were detected beyond 1.5 or 2.75 mm
from the lesion site in the eGFP-treated Group 2 or 3 weeks after
injury, respectively, demonstrating that the crush was sufficient
to disrupt all the axons, and that there was no axon sparing. In
myr-Set-fB-treated animals, in contrast, regenerating fibers grew
linearly up to 3.5 mm along the optic nerve by 3 weeks after
injury, a distance generally not seen in sprouting, and did not
demonstrate any branching, although we did not analyze branch-
ing or sprouting of the short neurites growing proximal to the
injury site. Together, these data demonstrates that myr-Set-3
promotes regeneration of axons in vivo.

Discussion

Switching proteins between active and inactive states or activat-
ing them through shuttling between cellular compartments, such
as occurs with release of NFkB from IkB (Baeuerle and Baltimore,
1988), phosphorylation of map kinases (Khokhlatchev et al.,
1998), and cleavage of notch receptors (Kopan and Ilagan, 2009),
are well established biological mechanisms for regulating their
function. Unrelated cellular compartment-specific activities of
the same protein also have been described, such as cytochrome C
participating in the electron transport chain in mitochondria
(Margoliash et al., 1973) but signaling apoptosis in the cytoplasm
(Kluck et al., 1997); p21/WAF1 regulating cell cycle though nu-
clear activity and neurite growth through cytoplasmic activity
(Tanaka et al., 2002, 2004); Eya functioning as a transcriptional
coactivator in the nucleus and as phosphatase in the cytoplasm
(Xiongetal.,2009); and SRF acting as a transcription factor in the
nucleus but stimulating axon regeneration through cytoplasmic
localization (Stern et al., 2013). Here, however, we found that
Set- elicits opposing effects on the same cellular behavior, neu-
rite growth, through disparate activities in different cellular com-
partments (Fig. 8).

Set-B localized to cytoplasmic membranes promoted optic
nerve axon regeneration in vivo, an important finding when con-
sidering both the potential role for endogenous Set-f at the
membrane, and the potential therapeutic relevance of directing
exogenous Set-f3 to that specific compartment. The distance (3.5
mm) reached by regenerating axons beyond the injury site at 3
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NLS = Nuclear localization signal

= Phosphorylation
L> = Regulation of transcription

Axon growth/regeneration

Figure 8.  Model for requlation of Set-3 and its effects on axon growth and regeneration.
Set-3's subcellular localization and function are regulated by a NLS and by phosphorylation (P),
which delays nuclear import and prevents Set-3's inhibition of axon growth. In the nucleus,
Set-3 regulates transcription and suppresses axon growth; Set-[3 lacking the NLS does not
meaningfully affect neurite growth; but Set- 3 recruited to cellular membranes promotes neu-
rite growth and axon regeneration, possibly through local inhibition of axon growth-
suppressing PP2A-A (?). The specific mechanism of endogenous Set-3 recruitment to cellular
membrane and its physiological function(s) there remain to be identified (?).

weeks after injury is significant, although the low numbers of
regenerating axons in these experiments could be explained by a
combination of only a small number of RGCs surviving that long
after injury and limited transduction efficiency of myr-Set-£3
gene delivery. In contrast, full-length Set- 8 did not meaningfully
decrease survival in vitro, and myr-Set--transduced retinas did
not show obvious increases in RGC survival after optic nerve
injury in vivo. These data suggest that the constructs’ effects were
specific to neurite and axon growth regulation and not a nonspe-
cific effect on neuronal health, and motivate future investigation
of myr-Set-3 gene therapy combined with survival-promoting
factors such as neurotrophic factors (Sun et al., 2011). Evaluation
of relative potency of myr-Set-f’s effect on axon regeneration
compared with other axon regeneration-promoting factors is
limited by differences in species (mice versus rats) and techniques
between investigators (e.g., the extent of extra-axonal damage in
the optic nerve). It thus would be important for future studies to
directly compare myr-Set-f3 gene therapy and other axon
regeneration-promoting treatments such as PTEN, SOCS3, or
KLF4 deletion, or intravitreal injection of zymosan and CPT-
cAMP (Moore et al., 2009; Sun et al., 2011; de Lima et al., 2012b),
as well as to investigate possible synergistic effects by combining
such treatments (de Lima et al., 2012a). In addition, given the
developmental change we found in Set-B’s expression, future
studies may also address whether Set-3 influences other physio-
logical developmental changes in RGCs, such as dendritic ar-
borization (Bodnarenko etal., 1995) and axonal guidance (Petros
et al., 2008).

How does phosphorylation modulate Set-B’s neuronal func-
tion? Set-B’s S9 phosphorylation has been well described in
multiple tissues (Adachi et al., 1994), and S9 phosphorylation
increases Set-B’s cytoplasmic localization in HeLa cells (ten
Klooster et al., 2007). Set-B phosphorylation at multiple sites is
decreased as human embryonic stem-cells progress toward neu-
ral linage and differentiate into human neural stem-cells (Singec
et al., unpublished observations), suggesting that Set-8 phos-
phorylation may be associated with neural development. Here
we uncovered the importance of Set- S9 phosphorylation in
primary CNS neurons: S9 phosphorylation delays, but does
not fully prevent, Set-B’s nuclear import, and blocks the abil-
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ity of nuclear Set- to suppress neurite growth. Thus, S9 phos-
phorylation provides a potential pharmacological target for
treating neurodegeneration and CNS injury. Further charac-
terization and functional investigation of Set- posttransla-
tional modifications across Set-B variants and in different
biological contexts will be important.

How might endogenous Set-f be recruited to cellular mem-
branes? Set-3 can be recruited to the intracellular domain of a
transmembrane protein NF-protocadherin in Xenopus (Piper et
al., 2008). Although it is unknown whether protocadherin 7, a
mammalian homolog of NF-protocadherin, interacts with Set-f3,
Set-B has been shown to regulate VE-cadherin in mammalian
cells (Le Guelte et al., 2012). Set-B is also recruited to the
G-protein-coupled B-adrenergic receptor complex (Vasudevan
etal,, 2011). Our bioinformatics analysis did not suggest a mech-
anism for direct recruitment through transmembrane insertion
or lipid modification. Future biochemical studies will be needed
to address this question.

Identification of Set- effectors, although not a major focus of
the current study, may reveal additional understanding of the
biology of axon growth and additional targets to promote regen-
eration. Toward this goal, we found that Set-f interacts with
PP2A-A in the cytoplasmic fraction in neurons, and that PP2A-A
suppresses neurite growth. Set-f is a well described inhibitor of
PP2A (Saito etal., 1999; Neviani et al., 2005), including at cellular
membranes (Christensen et al., 2011; Vasudevan et al., 2011; Le
Guelte et al., 2012), consistent with our data and model that the
increased axon growth after myr-Set-f3 expression could be
through local inhibition of PP2A-A at cellular membranes (Fig.
8), which would need to be further validated in future studies, for
example, by using conditional PP2A subunits knock-out mice to
determine whether Set-f found at cellular membranes promotes
axon growth through PP2A interaction. In contrast to our data,
previous experiments have found that the catalytic PP2A-C sub-
unit increases neurite growth in vitro (Zhu et al., 2010). This may
reflect the dominance of the scaffold subunit’s suppressive effect,
as PP2A-A is expressed at much higher levels according to our
RNA-seq data (Table 3), or may suggest that PP2A effects vary in
different types of neurons. It may be interesting to investigate
whether PP2A modulates the phosphorylation of STAT3 or
mTOR and their effects on axon growth similarly to other phos-
phatases, such as PTEN (Sun et al., 2011).

In the nucleus, where Set-B decreases neurite growth, Set-f8
can regulate transcription factors’ access to chromatin (Matsu-
moto et al., 1993; Okuwaki and Nagata, 1998; Gamble et al., 2005;
Gamble and Fisher, 2007), mask acetylation of histone tails and
inhibit acetyltransferases (Seo et al., 2001; Loven et al., 2003;
Suzuki et al., 2003; Macfarlan et al.,, 2006), recruit histone
deacetylase complexes (Wagner et al., 2006), and lead to altera-
tions in histone tails (Wagner et al., 2006) and DNA methylation
(Cervoni etal., 2002), thereby epigenetically regulating transcrip-
tion (Cervoni et al., 2002; De Koning et al., 2007; Trakhtenberg
and Goldberg, 2012). Set-f can also interact with transcription
factors directly (Ichijo et al., 2008), for example, with KLFs (Miy-
amoto et al., 2003) and p53 (Kim et al., 2012), which regulate
axon growth and regeneration in CNS (Moore et al., 2009, 2011;
Blackmore et al., 2012; Quadrato and Di Giovanni, 2012). Our
demonstration of Set-B’s expression regulating transcription of
multiple genes, in contrast to the significantly fewer genes being
regulated by myr-Set-f, is consistent with Set-8’s canonical role
as transcriptional regulator. Testing specific candidate genes we
identified (Table 1) in a search for nuclear Set-B effectors would
be important for future studies.
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Together, our findings in RGCs and hippocampal neurons
suggest that depending on its phosphorylation and localization,
Set-3 may suppress or promote neurite growth and axon regen-
eration. Both nuclear gene targets and cytoplasmic protein tar-
gets will have to be studied in greater detail to parse out molecular
mechanisms of Set-f function in vivo during development or
after axon injury, or in neurodegenerative diseases. Along with
our finding that injury, which is associated with the failure of
axon regeneration, did not affect nuclear Set-B localization in
RGCs but rather mildly decreased the cytoplasmic signal, these data
also suggest that Set-f3 translocation from the nucleus to the cyto-
plasm in Alzheimer’s disease may actually reflect a neuroregenera-
tive response (Tanimukai et al., 2005). Myr-Set-3 gene therapy
may be clinically relevant for treating Alzheimer’s disease and
other CNS degenerations or trauma; future investigation in ap-
propriate animal models will be important.
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