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Astrocytes can support neuronal survival through a range of
secreted signals that protect against neurotoxicity, oxidative stress,
and apoptotic cascades. Thus, analyzing the effects of the astrocyte
secretomemay provide valuable insight into these neuroprotective
mechanisms. Previously, we characterized a potent neuro-
protective activitymediatedby retinal astrocyteconditionedmedia
(ACM) on retinal and cortical neurons in metabolic stress models.
However, the molecular mechanism underlying this complex ac-
tivity in neuronal cells has remained unclear. Here, a chemical
genetics screen of kinase inhibitors revealed phosphoinositide 3-
kinase (PI3K) as a central player transducing ACM-mediated
neuroprotection. To identify additional proteins contributing to
theprotective cascade, endogenousPI3Kwas immunoprecipitated
fromneuronal cells exposed toACMor controlmedia, followed by
MS/MSproteomic analyses. These datapointed toward a relatively
small number of proteins that coimmunoprecipitated with PI3K,
and surprisingly onlyfivewere regulated by theACMsignal. These
hits included expected PI3K interactors, such as the platelet-
derived growth factor receptor A (PDGFRA), as well as novel
RNA-binding protein interactors ZC3H14 (zincfingerCCCH-type
containing 14) and THOC1 (THO complex protein 1). In partic-
ular, ZC3H14 has recently emerged as an important RNA-binding
protein with multiple roles in posttranscriptional regulation. In
validation studies, we show that PI3K recruitment of ZC3H14 is
necessary for PDGF-induced neuroprotection and that this inter-
action is present in primary retinal ganglion cells. Thus, we iden-
tified a novel non–cell autonomous neuroprotective signaling
cascade mediated through PI3K that requires recruitment of
ZC3H14 and may present a promising strategy to promote
astrocyte-secreted prosurvival signals.

Astrocytes can support neuronal viability through a range
of homeostatic functions, including secretions of prosurvival
factors, and as mediators of metabolic and oxidative stress
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and tissue remodeling (1–6). Analysis of astrocyte-
conditioned media (ACM) provides a window into astrocyte
secretory activities and may generate novel strategies for the
treatment of neurodegenerative diseases (7–10). In this
context the retina provides a relatively simple and accessible
system for probing this astrocyte–neuron cross talk
(5, 11–13). Using a model of primary retinal astrocytes, we
recently demonstrated potent neuroprotective effects of a
secreted astrocyte activity (12). This activity was observed in
the context of acute and chronic neuronal injury, both
in vitro and in vivo, and defined methods for collecting and
testing of ACM components and activity (5, 12–14). We also
showed that this active ACM contains a complex mixture of
protein and lipid factors (12). However, the protective
neuronal mechanism integrating and transducing these
diverse ACM signals is unclear. In addition, isolation and
dissection of this activity remains challenging in the context
of stress and injury conditions.

To address this issue, we designed a combination of
functional chemical genetics screening followed by prote-
omics to identify key neuronal interactors mediating ACM
protection in a model of neuronal injury. As a first step, we
screened a kinase inhibitor library that revealed phosphoi-
nositide 3-kinase (PI3K) as a central player transducing
ACM-mediated neuroprotection from oxidative and meta-
bolic stress. This result is consistent with evidence that ho-
meostatic ACM contains an array of neurotrophic factors that
activate class I PI3K signaling (15–17). PI3Ks are a family of
lipid kinases that mediate a wide range of critical neuronal
processes, focusing on bioenergetic modulation and protec-
tion against metabolic stress (18–20). Class I PI3Ks are
formed as heterodimers of p85 regulatory subunits with p110
catalytic subunits and are activated by binding of p85 directly
to a phosphorylated receptor tyrosine kinase, or indirectly
through interactions with adapter proteins (20). Yet, the
specific interactions that modulate endogenous PI3K
signaling in the context of astrocyte–neuron communication
are not known.
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PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
Here we utilize this untargeted approach to identify and
validate a unique neuronal interactome that explores the shift
in endogenous PI3K binding preferences following protective
ACM exposure, compared with control cell-free media (CFM).
These hits included expected PI3K interactors, such as the
platelet-derived growth factor receptor A (PDGFRA), as well
as the novel RNA-binding protein (RBP) interactors ZC3H14
(zinc finger CCCH-type containing 14) and THOC1 (THO
complex protein 1). In particular, ZC3H14 has emerged as an
important RBP with multiple roles in posttranscriptional
regulation, including mRNA stability and transport (21–25),
through interactions with THOC proteins (26). These analyses
provide new insight into the role of induced neuronal and
retinal PI3K through identification of novel functional
interactions.

Results

ACM neuroprotection is mediated through PI3K signaling

In order to identify kinase signaling that is necessary to
transduce ACM-mediated neuroprotective activity, we
designed a functional screen using a library of defined kinase
inhibitors applied to a model of ACM-induced neuro-
protection on Ht22 cells that we have optimized and reported
previously (12). ACM, or control CFM, was collected from
retinal astrocytes according to our established methods (5, 12,
14) and applied to neuronal Ht22 cells in the presence of each
inhibitor using a robotics platform. Cells were then subjected
to neurotoxic glutamate-induced oxidative challenge and the
resulting effects on cell viability assessed (Fig. 1A). This pro-
tection is illustrated by the total screen results that show a
clear distinction in viability between ACM- and CFM-treated
samples, demonstrating that most of the kinase inhibitors
had no effect on ACM-induced protection at 1 μM (Fig. 1B). It
is remarkable that, of the total library, only 10 kinase inhibitors
met the selection criteria showing loss of ACM-induced pro-
tection, but no apparent toxicity, as defined in the methods.
Further, seven of these ten compound hits targeted the PI3K/
AKT pathway, strongly implicating a role for this signaling
pathway in transducing the protective ACM effect (Table 1).

To validate the screening results, the effect of PI3K/AKT
inhibition was verified independently using fresh compound by
hand in both Ht22 cells and in primary cortical neurons. A
known PI3K/AKT inhibitor, PX866 (IC50 = 0.1–88 nM [27]),
which is a potent open ring analog of Wortmannin (28), nearly
completely blocked ACM-induced neuroprotection in
Ht22 cells (Fig. 1C). This effect is notably more robust than the
original screening result (Table 1) and may reflect in-
consistencies in the original compound library, automatic
pipetting, or plate effects. We also reproduced the ACM
neuroprotective effect in primary cortical neurons and verified
that the PI3K inhibitor, ZSTK474 (IC50 = 0.7–210 nM) (29, 30)
and the AKT inhibitor GSK690693 (IC50 = 20–890 nM) (31)
similarly significantly reduced >80% of the neuroprotective
effect (Fig. 1D). None of the validated kinase inhibitors was
toxic when tested at the specified concentrations in either
model employed. Finally, we assessed whether ACM treatment
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is sufficient to activate the PI3K pathway by immunoblotting
for downstream AKT phosphorylation following ACM addi-
tion in Ht22 cells. ACM treatment rapidly induced AKT
phosphorylation, as reflected by the significantly increased
phospho-AKT signal by 30 min, normalized to total AKT
(Fig. 1E). Taken together, these data indicate that PI3K
signaling was the only robustly supported hit from the kinase
inhibitor screen.

PI3K immunoprecipitation

The strong evidence for PI3K/AKT in ACM-mediated ac-
tivity, although interesting, provided limited detail into the
protective mechanism, as this cascade can initiate pleotropic
signaling through a variety of pathways (32, 33). Identifying the
PI3K protein interactions influenced by the ACM signal would
provide insight into this distinct functional outcome. Sur-
prisingly, we discovered that endogenous PI3K interactomes
had not been previously well described in neuronal cells.
Therefore, in order to begin unraveling this signaling cascade
we initiated a study to generate an interactome of the ACM-
induced PI3K signaling complex compared with the control
CFM. Our strategy was to immunoprecipitate endogenous
PI3K from neuronal cell lysates, following treatment with
ACM or CFM and analyze coprecipitates using mass spec-
trometry (Fig. 2A).

A panel of PI3K antibodies was first probed for their ability
to effectively deplete and elute PI3K from cross-linked
Ht22 cell lysates (Fig. S2 and Table S1). Based on this anal-
ysis, Ab2 (CST4257), which targets the p85 subunit of PI3K,
was chosen, as it produced the strongest PI3K immunode-
pletion in the unbound fraction, combined with the strongest
elution (Fig. 2B and Fig. S2). In order to differentiate true PI3K
interactors from nonspecific binders, a negative control was
performed by carrying out a parallel immunoprecipitation (IP)
that preincubated Ab2 with its blocking peptide. Under this
control condition there was minimal depletion of PI3K in the
unbound fraction and a clearly reduced PI3K elution band
(Fig. 2B). Subsequent Coomassie staining of blots showed a
specific capture of PI3K, as reflected by generally clear eluate
lanes compared with the corresponding input and unbound
lanes (Fig. 2C).

Proteome Discoverer sequencing of the LC-MS data from
PI3K (P85) immunoprecipitates identified 293 proteins with
12,117 peptide-to-spectrum matches (PSMs) at or exceeding
95% confidence. An inclusion criterion of at least two spectral
counts was established to identify quantified proteins. Addi-
tional bioinformatic analyses further narrowed down the list of
interactors to filter out nonspecific binders using the negative
control as a reference and including only reproducible hits
across the replicates. The initial protein list was sorted based
on abundance, determined by PSM. Two key observations in
these data highlight the selectivity of the affinity capture: (1)
Both the target P85 regulatory and P110 catalytic PI3K sub-
units were the most abundant in the interactome, with more
than 2000 PSMs for each hit (Table 1), indicating a highly
specific IP of PI3K; and (2) the abundance of PI3K P85



Figure 1. Phosphoinositide 3-kinase (PI3K) is required for astrocyte conditioned media (ACM)–mediated neuroprotection. A, overview of screen
showing collection of ACM and application to neuronal cells that are then challenged in the presence of a kinase inhibitor (KI) library and analyzed to
determine their effect on cell survival. B, scatter plot comparing viability results for KI screened under ACM (red) compared with cell-free media (CFM) (black)
conditions challenged with 5 mM glutamate. Note the separation between treatment conditions for most compounds, indicating the general window of
ACM protection. C, validation with the PI3K inhibitor PX866 (0.25 μM), which blocked ACM-induced protection in Ht22 cells (n = 3, ***p < 0.0001, bars are
SE). D, similarly, the PI3K inhibitor ZSTK474 (1.0 μM) and AKT inhibitor GSK690693 (1.0 μM) each effectively blocks the ACM protective activity in murine
primary cortical neurons (n = 3, ***p < 0.0001, ANOVA F = 106.2 and p < 0.0001, bars are SE). E ACM treatment induces rapid phosphorylation of AKT
compared with total AKT (pan-AKT) by 0.5 h. F, quantification of the results from (E) (n = 3, ***p < 0.0001, bars are SE).

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
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Table 1
Kinase inhibitor hits reducing ACM protection in Ht22 cells at 1 μM
are dominated by PI3K/AKT

Compound Pathway % Reduction in ACM Protection

None — 0
1. Alvocidib CDKs 1,2, 4, 6 97.7
2. PIK-75 PI3K (p110α) 87.8
3. A-443654 Akt 87.4
4. MK-1775 Wee1 81.0
5. NVP-BEZ235 PI3K/mTOR 43.8
6. PX866 PI3K/P10 24.7
7. GSK-1904529A IGF1R/IR 19.7
8. KN-62 CaMk II, P2X7 18.6
9. FPA 124 PI3K/Akt 15.8
10. ZSTK474 PI3K 12.7

PI3K/AKT inhibitors are in bold.
ACM, astrocyte conditioned media; PI3K, phosphoinositide 3-kinase.

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
subunits in the negative peptide control was at least sixfold
lower than in the other experimental conditions (Fig. 2D).
Together, these results indicate that the PI3K complex was
highly purified.

ACM-induced interactome identification

To facilitate further analyses, we designed a progressive
refinement of the interactor list (Fig. 3A). The preliminary
results yielded a total of 122 proteins reliably quantified
from three or more MS3 spectra with reporter ion signals
representing all six immunoprecipitated groups (all CFM-
and ACM-treated replicates) (see full list in Table S3). Of
these, 100 proteins had negative control/ACM3 iTRAQ ra-
tios of less than 0.40, indicating that they were specifically
co-enriched with PI3K P85 (gene name PI3KR1). Further-
more, 57 candidate PI3KR1 interactors fit reproducibility
criteria of median reporter ion signals varying less than 35%
among all three ACM replicates. This list represents the top
interactors with high confidence across all samples (Table 2;
top 20 hits shown). Finally, from this group we investigated
how PI3K binding preferences shifted following ACM
treatment, by identifying interactors with a CFM1/ACM3,
CFM2/ACM3, and CFM3/ACM3 ratio less than 0.65 or
higher than 1.35, indicating that ACM regulated binding
with PI3K. Remarkably, a total of only five interactors
met all of these criteria, each showing increased binding to
PI3K following ACM treatment compared with CFM treat-
ment (Table 3, Fig. S3).

Of these five ACM interactors, STRING analyses of the
corresponding gene names intriguingly revealed both previ-
ously established and novel interactors (Fig. 3B). Previously
identified interactors included two 14-3-3 adaptor proteins,
which are critical to propagating PI3K pathway signaling by
stabilizing the insulin receptor substrate-2 (IRS2) (34–36). In
addition, PDGFRA has been recently shown to promote potent
retinal and neuronal prosurvival effects (37–41), providing an
intriguing potential connection between ACM extracellular
signals and PI3K activation (42, 43). However, in many ways
the most interesting result was the identification of two pre-
viously unknown PI3K interactors induced by ACM, isoform
1 of zinc finger CCCH domain-containing protein 14
(ZC3H14-1) and isoform 1 of THO complex subunit 4
4 J. Biol. Chem. (2021) 296 100118
(THOC1). Intriguingly, both of these are RBPs with recently
described interactions between them to coordinate mRNA
processing and stabilization in neuronal cells (24–26).

ZC3H14 complexes with PI3K

In the fully processed data set, ZC3H14 was the most highly
regulated ACM-induced interactor, and to our knowledge, this
protein has not been previously investigated in the context of
PI3K signaling. ZC3H14 modulates several steps in the post-
transcriptional regulation of gene expression, including regu-
lating polyadenosine (poly(A)) tail length and nuclear export
(22, 24, 26). Therefore, a PI3K–ZC3H14 interaction could be
consistent with the roles of PI3K/AKT signaling in promoting
cell survival via increased protein synthesis (15, 44). To
confirm the interaction between PI3K and ZC3H14 bio-
chemically, coimmunoprecipitations were carried out by
capturing PI3K and probing for ZC3H14 (Fig. 3C). Effective
PI3K capture and elution was verified by probing a parallel blot
(Fig. 3C). ZC3H14 is alternatively spliced to produce several
protein isoforms. The largest isoform, described as ZC3H14
isoform 1, was identified in the interactome, but it may also
encompass isoforms 2 and 3 (22, 45). This experiment revealed
that ZC3H14 isoforms 1 and 2/3 coimmunoprecipitated with
PI3K. In order to confirm the identity of the eluted band,
ZC3H14-1 was knocked down using a previously validated
siRNA (46) (Fig. S4). Finally, as further confirmation, a reverse
coimmunoprecipitation of the two proteins was carried out by
capturing ZC3H14, followed by probing for PI3K p85, which
further supported the interaction (Fig. 3D). In this case a
control blot verified ZC3H14 capture and elution (Fig. 3D).
These data provide further biochemical evidence to support an
interaction between ZC3H14 and PI3K.

PDGF induces neuroprotective PI3K recruitment of ZC3H14

In addition to ZC3H14, the MS/MS interactome results
suggested that ACM treatment increases PDGFRA binding to
PI3K. These results were interesting because they provided a
potential direct link between PI3K signaling and PDGF, pre-
sent as one of several growth factors detected in the ACM
milieu that likely contribute to an integrated ACM response
(Fig. S5). In addition, the activity of PDGF isoforms has been
associated with neuroprotective effects on retinal ganglion
cells and cortical neurons (37–41, 47). This established link
could therefore provide a more precise probe to further
investigate downstream PI3K interactions than ACM. To
validate this finding, we first investigated whether exogenous
PDGF activates the PI3K pathway in HT22 cells. The previous
literature has indicated that PDGFbb isoforms have potent
neuroprotective activity in oxidative and metabolic injury
models (48). Addition of recombinant PDGFbb rapidly
induced robust AKT phosphorylation by 30 min at both 5 and
50 ng/ml, indicating activation of the PI3K pathway (Fig. 4A).
Next, we investigated whether recombinant PDGFbb is
sufficient to generate HT22 protection from the glutamate
injury model previously used for screening. The experiment
demonstrated a robust corresponding protective effect



Figure 2. Specific capture and analyses of neuronal phosphoinositide 3-kinase (PI3K) to determine astrocyte conditioned media (ACM)–induced
interactors. A, a schematic of the interactome experimental design: Cell lysates were isolated from Ht22 cells treated with ACM (n = 3) or control cell-free
media (CFM) (n = 3). Lysates were lightly fixed and submitted to immunoprecipitation (IP) of endogenous PI3K, along with an additional negative control
with a PI3K-blocking peptide. Covalent modifications of primary amines in all seven samples were done with iTRAQ labeling, after which samples were
pooled to be analyzed concurrently by MS/MS. B, following a PI3K antibody IP screen, Ab2 depleted PI3K in the unbound fraction and produced a strong
band in the eluted fraction (arrow). An Ab2-blocking peptide inhibited the capture of PI3K as reflected by no depletion in the unbound fraction and a
reduced PI3K band in the eluted fraction (both panels from the same blot). C, a corresponding Coomassie stain of the blot shows a relatively clear eluate
lane compared with the input and unbound lanes, suggesting that the PI3K capture was relatively specific. D, box plot depicting iTRAQ quantification of
target PI3K (P85) regulatory subunit relative to ACM3 in all P85 immunoprecipitates. The computed median peptide ratios and interquartile ranges are
shown above the graph. P85 was abundant in all the ACM and CFM conditions, but very low in the negative control, as expected, confirming the specificity
of affinity capture and negative control performance. Blue circles are iTRAQ ratios of individual peptide-to-spectrum matches used to determine the median
ratio for the protein. Red circles are iTRAQ ratios of individual peptide-to-spectrum matches excluded from calculation of median ratio of the protein owing
to redundancy or low signal to noise.

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
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Figure 3. Identification of ZC3H14 as a novel phosphoinositide 3-kinase (PI3K) interactor. A, overview of PI3K MS/MS hits and subsequent bio-
informatic refinement of interactor lists. B, following analyses, a total of only five PI3K protein interactions were increased following astrocyte conditioned
media (ACM) treatment. STRING analyses of the corresponding gene names revealed previously established interactors of PI3K P85 (Pik3r1), such as the
receptor tyrosine kinase PDGFRA (Pdgfra), and 14-3-3 adaptor proteins Ywhaz and Ywhae through a variety of indicated sources. In addition, two novel
ACM-induced interactors were detected; the poly(A) RNA-binding proteins (RBPs) ZC3H14 (Zc3h14) and THOC1 (Thoc1). C, validation of ZC3H14 binding
was performed by coimmunoprecipitation of PI3K from Ht22 cell lysates and probed with an antibody to ZC3H14 (I). Successful capture of PI3K was
confirmed by blotting for PI3K (II). D, as a further validation for the interaction a reverse coimmunoprecipitation was carried out by capturing ZC3H14-1 and
probing for PI3K (I). Successful ZC3H14-1 capture was confirmed by immunoblotting for ZC3H14 isoforms (II).

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
mediated by recombinant PDGFbb at 50 ng/ml (Fig. 4B). It is
unclear why only the higher concentration elicited a protective
effect, but the functional assay is performed at a much later
time point than the phosphorylation assay, leading to potential
discrepancies in phosphorylation time course and the roles of
additional phosphorylation sites or complexed proteins,
among other variables. Finally, we tested the addition of the
receptor tyrosine kinase inhibitor Ki 8751, which targets
PDGFRA (IC50 = 67 nM), along with VEGFR-2 (49). Ki 87512
treatment reduced the ACM-mediated protection in a dose-
dependent manner (Fig. S6).
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As PDGFRA and ZC3H14 were both components of the
PI3K complex in the ACM interactome, we then investigated
whether PDGF treatment affects PI3K–ZC3H14 binding. A
PI3K coimmunoprecipitation was carried out as previously,
following treatment with 20 ng/ml PDGFbb or vehicle. For
each IP, equal concentrations of cell lysate, antibody, and
beads were used. The resulting blots show a dramatic increase
in ZC3H14 elution with treatment of PDGF (Fig. 4C, I). Of
note, this observation is supported by complementary ZC3H14
depletion in the unbound fraction of PDGF-treated cells
compared with the vehicle control (Fig. 4C, I). As a control,



Table 2
Top 20 PI3K interactome hits, sorted by spectral counts in six samples

Accession Description PSM
CFM1/
ACM3

ACM1/
ACM3

CFM2/
ACM3

ACM2/
ACM3

CFM3/
ACM3

Negative
ctrl/ACM3

IPI00263878.2 Phosphatidylinositol 3-kinase (PI3K ) regulatory subunit alpha 2821 0.826 0.896 0.995 0.891 0.938 0.106
IPI00136110.4 Phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic

subunit beta isoform
2108 0.83 0.885 1.078 0.804 0.926 0.114

IPI00331708.3 Isoform 1 of MKL/myocardin-like protein 1 1551 0.9 0.858 1.074 0.906 1.016 0.069
IPI00323357.3 Heat shock cognate 71-kDa protein 735 0.99 0.853 1.126 0.822 0.904 0.133
IPI00119627.1 Insulin receptor substrate 1 488 0.69 0.866 0.846 0.861 0.734 0.124
IPI00379844.5 Insulin receptor substrate 2 359 0.753 0.885 0.934 0.851 0.744 0.278
IPI00117159.2 Phosphatidylinositol 3-kinase regulatory subunit beta 171 0.681 0.84 0.925 0.98 0.926 0.059
IPI00230632.2 Isoform Cas-A of breast cancer anti-estrogen resistance protein 1 148 1.152 0.954 1.204 0.964 1.04 0.289
IPI00406794.2 GRB2-associated binding protein 1 106 0.718 0.847 0.785 0.892 0.603 0.097
IPI00319992.1 78-kDa glucose-regulated protein 102 0.858 0.804 1.064 0.806 0.788 0.075
IPI00554929.3 Heat shock protein HSP 90-beta 91 0.865 0.843 0.942 0.868 0.733 0.18
IPI00223902.2 Isoform 2 of uncharacterized protein KIAA1310 66 0.84 1.052 0.965 1.139 0.874 0.013
IPI00987441.1 Uncharacterized protein (fragment) 60 1.497 1.028 1.233 1.085 1.724 0.292
IPI00139780.1 60S ribosomal protein L23 42 0.696 0.832 0.883 0.866 0.788 0.072
IPI00323806.4 Putative uncharacterized protein 33 0.935 0.937 1.156 0.865 0.94 0.23
IPI00653962.1 Uncharacterized protein 30 1.246 0.906 1.809 0.816 1.94 0.089
IPI00762542.2 40S ribosomal protein S11 29 0.897 0.917 0.881 0.842 0.753 0.108
IPI00465880.4 40S ribosomal protein S17 27 0.706 0.922 0.963 0.949 0.558 0.164
IPI00466258.2 Isoform 1 of SH3 domain–containing kinase-binding protein 1 25 0.786 0.989 1.009 0.934 0.556 0.126
IPI00986371.1 60S ribosomal protein L27a-like 20 1.679 0.8 1.379 0.83 0.846 0.258

The ratio columns represent average iTRAQ intensity ratios observed for a given protein. Hits were filtered to include proteins with an ACM1/ACM3 and ACM2/ACM3 ratio
between 0.65 and 1.35, to ensure high reliability, and a 0.4 negative control/ACM ratio to eliminate nonspecific binders. Note that the most abundant hits are the regulatory (P85)
and catalytic (P110) PI3K subunits.
Bold items indicate the primary PI3K subunit capture targets.

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
depletion and elution of PI3K itself was consistent for each
condition (Fig. 4C, II).

To test whether ZC3H14 is required for the PDGF-induced
protection of cells, we used a validated siRNA (46) (Fig. S4) to
deplete ZC3H14 and examined cell response to glutamate
injury. Although cells treated with the scrambled control
siRNAs still exhibited PDGF-induced protection, loss of
ZC3H14 rendered the cells unresponsive to PDGF-induced
protection (Fig. 4D). This experiment demonstrates that
ZC3H14 is critical for PDGF-induced protection. Taken
together, these data suggest that PDGF treatment increases
PI3K recruitment of ZC3H14 to mediate its protective signal.

Interaction between PI3K and ZC3H14 in retinal ganglion cells

To assess whether these ACM-induced interactions are
relevant in the context of primary neurons, we assessed PI3K
and ZC3H14 colocalization in retinal ganglion cell (RGCs).
The retina provides an excellent model to study this interac-
tion given the close association between RGCs and neigh-
boring astrocytes. Immunostaining of mouse retinal sections
Table 3
List of ACM-induced PI3K interactors

Accession Description PSM

IPI00461416.4 Isoform 1 of zinc finger CCCH domain–containing
protein 14 (Zc3h14)

29

IPI00844650.1 Isoform 1 of alpha-type platelet-derived growth factor
receptor (Pdgfra)

24

IPI00114407.2 Isoform 1 of THO complex subunit 4 (Thoc1) 15
IPI00116498.1 14-3-3 protein zeta/delta (Ywhaz) 7
IPI00118384.1 14-3-3 protein epsilon (Ywhae) 6

In addition to meeting the criteria outlined in Table 2, these interactors had a CFM1/AC
regulated binding with PI3K.
Bold indicates the corresponding gene names for each interactor.
ACM, astrocyte conditioned media; PI3K, phosphoinositide 3-kinase.
revealed prominent localization of PI3K and ZC3H14 to the
ganglion cell layer (Fig. 5A), as well as colocalization between
ZC3H14 and THOC1 (Fig. S7). Of note, it seemed that the
ZC3H14 staining was largely nuclear with some cytoplasmic
staining, whereas the PI3K staining was cytoplasmic (Fig. 5A).
The same subcellular localization was observed in cultured
RGCs under control conditions (Fig. 5B). This pattern is
consistent with previous reports showing primarily a nuclear
localization of ZC3H14 (23) and was not strongly affected by
treatment with PDGFbb in RGCs. However, the PDGFab
isoform has been reported to be a potent neuroprotective
factor for RGCs (40, 41). Upon treatment with PDGFab there
was an increase in cytoplasmic colocalization of ZC3H14 and
PI3K (Fig. 5, B and C). This result reproduces previous studies
that have detected ZC3H14 in the cytoplasmic fraction of
neurons (24, 50). Of interest, PI3K signal was also increased by
PDGFab treatment, suggesting that additional mechanisms are
present that increase PI3K expression. Finally, the same
PDGFab treatment was observed to be protective to RGCs
challenged with an oxidative stress injury (Fig. 5D).
Sum of
peptides

CFM1/
ACM3

CFM2/
ACM3

CFM3/
ACM3

Average fold
change

Negative/
ACM

99 0.48 0.56 0.54 0.53 0.186

70 0.62 0.52 0.45 0.53 0.392

60 0.31 0.44 0.38 0.38 0.03
52 0.42 0.51 0.42 0.45 0.129
41 0.42 0.51 0.43 0.45 0.143

M3, CFM2/ACM3, and CFM3/ACM3 ratio between 0.65 and 1.35, indicating ACM
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Figure 4. Phosphoinositide 3-kinase (PI3K) recruitment of ZC3H14 is necessary for platelet-derived growth factor (PDGF)–induced neuro-
protection. A, recombinant PDGFbb treatment produces a strong p-AKT signal in Ht22 cells at 5 and 50 ng/ml after 30 min. B, a robust cytoprotective effect
is mediated by recombinant PDGFbb at 50 ng/ml against glutamate injury (n = 3, ***p < 0.0001, ANOVA F = 4021 and p < 0.0001, bars are SE). C, PDGFbb
treatment of neuronal cells induces increased coimmunoprecipitation of ZC3H14 isoforms (arrows) from PI3K capture (I). Immunoblotting of PI3K was also
carried out to confirm equal amounts of captured and eluted PI3K (arrow) in both conditions (II). D, ZC3H14 knockdown eliminates PDGF-mediated
neuroprotection against glutamate injury (n = 3, post hoc p values indicated on chart, bars are SE, two-way ANOVA for treatment F = 63.75 and p <
0.0001, knockdown F = 9.722, p = 0.0089, interaction F = 9.208 and p < 0.0038).

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
To test for direct interactions between endogenous PI3K and
ZC3H14 in primary RGCs, which are more limited in number
than immortalized cells, we employed a proximity ligation assay.
This technique generates an amplified fluorescent signal only
when the target proteins identified by two antibody probes are in
8 J. Biol. Chem. (2021) 296 100118
direct proximity, indicating a direct interaction with high sub-
cellular specificity (51). Application of either PI3K or ZC3H14
probes alone showed no proximity signal. However, application
of both PI3K and ZC3H14 probes produces a clear proximity
ligation assay (PLA) signal localized to RGC somas and neurites



Figure 5. Interaction between phosphoinositide 3-kinase (PI3K) and ZC3H14 in retinal ganglion cells. A, naive mouse retinal sections probed with
antibodies to PI3K (red) and ZC3H14 (green) show that they partially colocalize in the retinal ganglion cell layer (arrow). The top panel shows a lower
magnification image of the whole retina highlighting the prominent ZC3H14 signal in the ganglion cell layer (arrow). B, partial colocalization of PI3K (red)
and ZC3H14 (green) in primary retinal ganglion cells. Treatment with 50 ng/ml PDGFab, but not PDGFbb, induces increased colocalization of both proteins
throughout somas and neurites (yellow merge). C, higher-magnification confocal slice images through the soma and nucleus showing that the ZC3H14
staining is concentrated in the nucleus, and is also present throughout the cytoplasm, particularly upon treatment with PDGFab. D, PDGFab treatment
(150 ng/ml) significantly protects RGCs from oxidative stress injury compared with the vehicle (veh) (***p < 0.0001, bars are SE). E, proximity ligation assay
(PLA) results show no proximity signal (red) when either PI3K or ZC3H14 (ZC3) antibody is used alone. Note: green staining in all panels is Neu-N, used as a
cell marker. PLA reaction with both antibodies for (PI3K and ZC3H14) results in a red proximity signal throughout the soma and neurites. Treatment with
PDGFab causes a dramatic increase in cytoplasmic PLA signal (high-magnification confocal slice inset compares PLA signal with blue DAPI staining). F,
quantification of PLA results for each condition confirms a highly significant PLA interaction that is increased by PDGFab treatment. (***p < 0.0001 for all
comparisons, ANOVA F = 218.9 and p < 0.0001, bars are SE) (The scale bars represent 40 μm).

PI3K–ZC3H14 interaction promotes astrocyte neuroprotection

J. Biol. Chem. (2021) 296 100118 9
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(Fig. 5E). PDGFbb treatment produced little difference in this
signal. However, treatment with PDGFab resulted in a striking
increase in the PLA signal, particularly in the perinuclear region
(Fig. 5E). Quantification of these results confirmed them be
highly significant and reproducible (Fig. 5F). Therefore, endog-
enous PI3K andZC3H14 interact in RGCs, and this interaction is
enhanced by PDGFab.

Discussion

A variety of homeostatic and prosurvival astrocyte activities
have recently been described, strengthening the concept of key
glioprotective central nervous system mechanisms (2, 52–55).
In previous work, we established that the astrocyte secretome
contains potent neuroprotective factors that ameliorate
metabolic and excitotoxic neuronal injury in in vitro and
in vivo models (12). Analysis of ACM is an established
approach to investigating astrocyte–neuron interactions and
identifying novel astrocyte-derived paracrine factors and
signaling (12, 56–58). Yet, dissecting the complex activities
present in ACM has proven challenging, and the resulting
protective neuronal response pathways have remained unclear.
To address this point, we used a combination of chemical
genetics screening and mass spectrometry to identify key
neuronal signaling pathways and ligands involved in ACM-
mediated protection against metabolic stress. From a broad
spectrum of targets, our screening identified PI3K as a key
necessary signaling hub for ACM-induced neuroprotective
activity, whereas the subsequent interactome identified only
five proteins, all increased in response to ACM treatment.
Encouragingly, these results included expected interactors,
such as 14-3-3 adaptor proteins and PDGFRA, as well as a
novel interaction with RNA-binding proteins ZC3H14 and
THOC1 (Fig. 6). Therefore, this approach revealed a remark-
ably specific astrocyte–neuronal signaling network, consid-
ering the diversity present in the ACM milieu.

The astrocyte secretome contains a complex mixture of
proteins, lipids, neurochemicals, and nucleic acids (7, 8,
12, 59). Isolation and analysis of these components can be
challenging, and our own analyses of ACM fractions revealed
enrichment in a broad variety of growth factors, including
bFGF, NGF, PDGF, CNTF, BDNF, and lipid mediators (Fig. S5
and (4, 12), all with potential neuroprotective activities. The
identification of PDGFRA in our interactome provided an
Figure 6. Proposed interaction scheme in the context of astrocyte-induce
factors and lipid mediators. Multiple receptor tyrosine kinases (RTKs), includin
receptors, converge to induce PI3K signaling that initiates formation of ZC3H
mediating neuronal survival.

10 J. Biol. Chem. (2021) 296 100118
interesting connection, consistent with these extracellular cues
and PI3K signaling, and suggested the use of PDGF as stimulus
for further validation studies. PDGF isoforms are dimers of a-
and b-chains (aa, bb, or ab), which signal with variable affin-
ities through tyrosine kinase receptors, including PDGFRA
(60, 61). In a neuronal context, PDGF isoforms are secreted by
macroglia, including astrocytes and retinal Müller cells, as well
as by neurons, mediating short-range paracrine communica-
tion (62). PDGF, in addition to having well-established
vascular functions, has more recently been demonstrated to
protect against oxidative and metabolic stress in primary
neurons, including the potent activity of PDGFab on retinal
ganglion cells and hippocampal neurons (37–41). We
demonstrated the ability of PDGF isoforms to induce PI3K
activation and generate a ZC3H14-dependent neuroprotective
effect. However, the diverse factors present in ACM suggest
that in situ multiple secreted signals could be integrated
through diverse receptors to activate PI3K and initiate this
neuroprotective cascade (Fig. 6).

Activation of the PI3K pathway with PDGF and other
neurotrophic factors can promote cell survival through inhi-
bition of proapoptotic signaling (19, 63), modulation of
metabolic regulators (64, 65), and activation of mammalian
target of rapamycin (63, 66). Less well known are protective
PI3K interactions with a range of RBPs to stabilize transcripts
via the adapter protein 14-3-3 (67, 68). RBPs play an important
role in posttranscriptional gene regulation through physical
interactions with target RNA transcripts (69, 70), among other
functions, ultimately altering transcript processing, localiza-
tion, and/or stability (71–73). Thus, changes in the localization
or activity of RBPs can modulate gene expression in response
to extracellular stimuli (44). Previously, several RBPs,
including KSRP, BRF1 (or TIS11b), NF90, CELF1, and YB1,
have been defined as targets of AKT-dependent signaling
pathways (44). Thus, one possibility is that a signaling cascade
alters the localization, function, or RNA-binding capacity of
the ZC3H14 RBP to allow cells to mount a response to injury.
Dysfunction of RBP activity has been increasingly observed in
the context of neurodegenerative disease (74–76), and muta-
tions in genes encoding RBPS are associated with amyotrophic
lateral sclerosis (77), epilepsy (78), and Parkinson’s disease
(79), among others. However, this mechanism has not been
previously directly linked to poly(A) RNA-binding proteins
d neuroprotection. The astrocyte secretome contains a mixture of growth
g the platelet-derived growth factor receptor (PDGFR) and other potential
14 signaling complex to modulate downstream effectors and RNA stability
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through PI3K and has not been studied in the context of
astrocyte–neuron interactions.

ZC3H14 binds with high affinity to poly(A) RNA and con-
tributes to a range of posttranscriptional functions (21, 80),
including control of poly(A) tail length (22), nuclear export
(81), and mRNA splicing (82). In addition, we recently re-
ported that ZC3H14 coordinates these activities with subunits
of the RNA processing THO complex, including THOC1 (26).
Of interest, mutation of human and mouse ZC3H14 are
associated with neurological and cognitive dysfunction
(23, 24). Similarly, mutations in genes encoding THOC com-
ponents are also associated with brain disorders (83–85).
However, these RBPs have not been previously linked to
neurodegeneration or non–cell autonomous astrocyte–neuron
interactions. In our untargeted neuronal mass spectrometry
data both ZC3H14 and THOC1 were identified as novel PI3K
interactors induced by ACM exposure. As ZC3H14 was the
stronger interactor, our subsequent experiments further vali-
dated this observation in response to neuroprotective ACM,
and in primary RGC neurons. Importantly, we show that
ZC3H14 is required to confer the PDGF-induced protection
against glutamate injury. This result shows that ZC3H14 is
functionally important in this pathway. Thus, these results
provide new insight into the role of PI3K and ZC3H14 in
regulating neuronal survival. The cytoplasmic and perinuclear
localization for these interactions in our PLA data is intriguing
and consistent with proposed roles for ZC3H14 in the cyto-
plasm of neurons (24, 50).

Taken together, these findings suggest a model in which
diverse astrocyte cues can be integrated to alter neuronal
function by regulating ZC3H14/THOC activity (Fig. 6).
However, several challenging new questions are also raised,
such as which downstream neuronal transcripts are altered to
influence neuronal survival through the PI3K-ZC3H14 inter-
action? Also, the impact of altered astrocyte activation state
and secretome on this mechanism is unclear. We previously
identified mRNA transcripts regulated by ZC3H14–THOC
binding in which dysfunction is linked to neurodegenerative
disease, including postsynaptic density protein 95 (Psd95),
ATP synthase lipid-binding protein (Atp5g1), and
microtubule-associated protein tau (MAPT) (26). Further-
more, the 14-3-3 adapter molecules that emerged as ACM-
regulated PI3K interactors serve as a compelling follow-up
target, given their recently discovered role in promoting neu-
rite regeneration in the optic nerve (86). Given the complex
etiology of neuronal dysfunction, this novel interactome may
reveal unconventional opportunities for therapeutic modula-
tion of these prosurvival signals.

Experimental procedures

Cell cultures and treatments

All animal care and experimental procedures were approved
by the University Health Network animal care committee and
were in compliance with the Association for Research in
Vision and Ophthalmology Statement for use of animals in
vision research. Retinal astrocytes were isolated and cultured
as previously described (11, 14). Briefly, retinas were dissected
from adult Wistar rat eyes and placed in ice-cold Eagle's
Minimal Essential Medium (Wisent) supplemented with 10%
fetal bovine serum (FBS)/1% penicillin/streptomycin. Retinas
were dissociated with a papain dissociation system (Wor-
thington), after which they were triturated, counted, and
seeded in astrocyte growth media (Lonza) on the first day. The
medium was changed the following day to Eagle's Minimal
Essential Medium supplemented with 5% FBS, 5% horse
serum, and 1% penicillin/streptomycin. At 80% confluency,
cells were placed on a rotating shaker for 6 to 8 h to remove
microglia and then replated in 6-well plates at 1.5 × 105 cells/
well. ACM or cell-free control medium (CFM) was harvested
after 24 h incubation and stored at –80 �C. Neuronal
Ht22 cells were cultured in high-glucose Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma) supplemented with 10%
FBS/1% penicillin/streptomycin (87). Primary cortical neurons
were cultured as previously described (88). Briefly, cortices
from E16 to 18 mouse embryos were isolated and cleaned in
Hank’s balanced salt solution on ice. The tissue was me-
chanically homogenized and dissociated with a papain disso-
ciation system (Worthington). Neurons were maintained in
Neurobasal-A media with l-glutamine and B27 supplement
without antioxidants (Thermo). Primary RGCs were isolated
and cultured from p7-9 Wistar rats as described (5, 12), using a
magnetic MicroBead Isolator Kit according to the manufac-
turer’s protocol (Miltenyi Biotec). To induce PI3K activity with
recombinant murine PDGF-BB, Ht22 cells were plated in
10-cm dishes in reduced 5% FBS DMEM to minimize back-
ground phosphorylation (89). On the following day, Recom-
binant Murine PDGF-BB (Peprotech, 315-18) was added to
cells in serum-free media at three different concentrations: 0.5,
5, 50 ng/ml. One hour later, cell lysates were collected in NP-
40 lysis buffer, containing 150 mM Tris, 150 mM NaCl, in
addition to protease/phosphatase inhibitor cocktail. Kinase
inhibitors were added to cell media at over a range of con-
centrations, using IC50 values as the guideline. Primary RGCs
were treated with 150 ng/ml PDGFab or vehicle 2 h prior to
oxidative stress induced by 30 μM Paraquat. After 24 h the
cells were fixed in 4% paraformaldehyde and processed for
immunofluorescence. The numbers of surviving RGCs were
determined by counting tubulin-βIII-positive cells using
confocal microscopy.

Kinase inhibitor library screen

A tool library of kinase inhibitors was used in a primary
chemical screen performed at the SMART Robotics Facility at
the Lunenfeld-Tanenbaum Research Institute. Ht22 cells were
seeded in duplicate 384-well plates at 3000 cells per well. One
plate was treated with ACM, and a corresponding plate treated
with control CFM collected under identical conditions. A
dilution curve established that a significant and reproducible
protective activity was still measurable under these conditions
(Fig. S1). A 480 tool compound kinase inhibitor library
(BIOMOL) was applied to each set of plates at 1 μM along with
vehicle control, followed by challenge with 5 mM glutamate,
J. Biol. Chem. (2021) 296 100118 11
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which on Ht22 cells has been used extensively as a model of
glutamate-induced oxidative injury (90–92). Cell viability was
assessed 20 h later using an XTT Assay Kit (Roche) and ab-
sorption read at 450 nM. Wells with media only were analyzed
for background correction. Ranking of compound hits was
based on two criteria: (1) The ability of each compound to
reduce ACM-induced neuroprotection, observed at 102.8%,
and (2) for the same compound, a <10% change on survival in
CFM-treated control wells, indicating no inherent toxic effect.
Validation of PI3K as a key target was performed by carrying
out the same glutamate challenge assay and ACM treatment
with Ht22 cells or primary neurons. In this case, cells were
seeded at 5000 cells per well in 96-well plates followed by
treatment with the indicated concentrations of inhibitor or
dimethyl sulfoxide vehicle followed by 5 mM glutamate chal-
lenge and XTT readout for cell viability after 20 h of incubation.

Immunoblotting

Cell lysates for Western blots were collected in either
standard radio-immunoprecipitation assay buffer buffer for
denaturing applications or NP-40 (described under immuno-
precipitations below) for nondenaturing applications, supple-
mented with protease/phosphatase inhibitor cocktail. Protein
concentrations were quantified using bicinchoninic acid assay
(Thermo), and equal amounts were loaded for SDS-PAGE.
Proteins were transferred to polyvinylidene fluoride mem-
brane and blocked with 5% bovine serum albumin in Tris-
buffered saline with 0.1% Tween 20 and incubated overnight
at 4 �C with primary antibodies raised against PI3 Kinase p85
(CST), pan AKT (CST), Phospho-Akt (Ser473) (CST), GAPDH
(Calbiochem), ZC3H14 (45), and THOC1 (Abcam). Mem-
branes were then washed three times with TBS-t and probed
with appropriate IRDye secondary antibody (Li-Cor Bio-
sciences). Blots were imaged and analyzed with an Odyssey
infrared imaging system (Li-Cor Biosciences), with each band
being normalized to internal control.

Immunoprecipitations

To optimize PI3K capture, Ht22 cells were plated in 15-cm
dishes and grown to 70% confluency. Following a 1-h incuba-
tion with either ACM or CFM, cells were fixed with 0.5%
formalin in PBS for 10 min to preserve labile and transient
protein–protein interactions. Formalin was neutralized with
150 mM Tris base, 150 mM glycine solution for 10 min. Cell
lysates were collected in 0.2% NP-40 lysis buffer, containing
150 mM Tris, 150 mM NaCl, with addition of protease/phos-
phatase inhibitor cocktail. A library of PI3K antibodies (CST)
targeting a variety of subunits were screened to choose the
antibody with the most efficient capture (Table S1). Before each
capture, lysates were precleared with 25 μL of equilibrated Pro-
tein A Sepharose slurry (GE Healthcare) for 3 h. For each anti-
body, 25 μl was incubated with 300 μl of cell lysate at 4 �C
overnight, after which 25 μl of Protein A Sepharose slurry was
added to the mixture. Following a 3-h incubation at 4 �C, the IP
reaction was centrifuged for 3 min at 1000 rpm, followed by a
wash with 500 mMNaCl, two washes with lysis buffer, then one
12 J. Biol. Chem. (2021) 296 100118
wash with 10 mM Hepes. Beads were eluted using 0.2% tri-
fluoroacetic acid in 20% acetonitrile. Aliquots of lysate input, IP
supernatant fraction (unbound), and eluate were saved for
confirmation by Western blotting. To generate a negative con-
trol for affinity capture, the chosen optimal antibody (CST
4257S) was preincubated with its corresponding blocking pep-
tide at 1:1 v/v ratio for 2 h at room temperature, and an IP was
carried out as described earlier. Validation studies followed the
same protocol, along with a complimentary ZC3H14 IP carried
out using ab169061 (Abcam), which only recognizes isoform 1.

iTRAQ labeling and mass spectrometry

The preparation and analysis of immunoaffinity prepara-
tions followed published methods (93, 94). Seven (three bio-
logical replicates of CFM-treated, three biological replicates of
ACM-treated, one negative control), affinity capture eluates
were dried in a centrifugal evaporator to remove the acetoni-
trile and trifluoroacetic acid. Next, protein samples were de-
natured with 9 M urea at room temperature. Subsequently,
1 M tetraethylammonium bicarbonate was added to adjust the
pH to 8.0, followed by cysteine reduction for 30 min at 60 �C at
5 mM tris(2-carboxyethyl) phosphine. Protein sulfhydryl
groups were then alkylated for 1 h at room temperature in the
presence of 10 mM 4-vinylpyiridine. The urea concentration
was decreased below 1.5 M by dilution with 500 mM tetrae-
thylammonium bicarbonate, then the protein was digested
with porcine trypsin (Thermo Fisher Scientific) at 37 �C
overnight. Isobaric labeling of the tryptic digests with an
iTRAQ 8plex reagent set (Sciex) was performed according to
the manufacturer’s protocol. The iTRAQ modified digests
were pooled, and the mixture was purified in parallel on a C18
Bond Elut OMIX column (Agilent Technologies) at pH 2 and
on a high pH reversed-phase peptide fractionation kit (Thermo
Fisher) from which fractions were collected at 12.5%, 17.5%,
22.5%, and 50% acetonitrile. All purified samples were dried in
a centrifugal evaporator, reconstituted in water containing 5%
acetonitrile and 0.1% formic acid, then analyzed on a Tribrid
Orbitrap Fusion (Thermo Fisher Scientific). Two technical
replicates of the pH 2 C18 preparation and one technical
replicate of each high pH reversed phase fraction were run.
Peptide sequence information was generated from MS and
MS2 scans while quantitative iTRAQ reporter ion information
was generated from MS3 scans of the 10 most abundant
product ions in each MS2 spectrum. MS, MS2, and MS3 scans
were acquired in Orbitrap, linear ion trap, and Orbitrap mass
analyzers, respectively. The time allowed between MS scans
was fixed to a maximum of 3 s, during which time the
maximum number of MS2 and MS3 spectra were collected.
Mass spectra were collected during 260-min liquid chroma-
tography runs having an acetonitrile content increasing from
0% to 30% in 180 min, then to 100% in 60 min, then remaining
at 100% for 20 min. The 25-cm long, 75-μm inner-diameter
analytical column contained Acclaim PepMap RSLC C18
particles of 2 μm diameter with 100-Å pores and was operated
at 300 nl/min. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the



PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
PRIDE partner repository (95) with the dataset identifier
PXD022200.

Interactomics

Protein identification and quantification was conducted
with Mascot (version 2.4; Matrix Science Ltd, London, UK)
and Sequest HT search engines within Proteome Discoverer
software (version 1.4; Thermo Fisher Scientific) as well as
PEAKS studio 8.5 (Bioinformatics Solutions Incorporated,
Waterloo, ON, Canada) using the mouse international protein
index (IPI) database (version 3.87, 59,534 entries). The search
was constrained to peptides with fully tryptic cleavage and up
to two missed cleavages per peptide, fixed iTRAQ 8-plex
modification at amino-termini and lysine residues, fixed pyr-
idylethylation at cysteine residues, precursor mass deviation
within 20 ppm, and product ion mass deviation up to 0.4 Da.
Deamidation at asparagine or glutamine, oxidation at methi-
onine, and phosphorylation at serine, threonine, or tyrosine
were allowed variable modifications. The false discovery rate
was fixed at 0.05 and determined by Percolator with validation
based on q-value in Proteome Discoverer or with the PEAKS
algorithm. iTRAQ reporter ion signals were extracted from
MS3 spectra in the QUANTITATION algorithm of PEAKS
and the Reporter Ions Quantifier in Proteome Discoverer.
Reporter Ions Quantifier integration tolerance was 20 ppm,
and integration was based on the most confident centroid.
Included in protein quantification were PSMs scoring above
false discovery rate cutoffs. Protein levels were normalized to
one ACM replicate (ACM3), which was arbitrarily chosen as
an internal reference. To determine the extent to which PI3K
interactions changed as a result of ACM treatment, the data
was filtered over three main stages: (1) Proteins with negative
control:ACM3 ratios >0.4 were filtered out to eliminate
nonspecific binders. (2) Candidate interactors were those
proteins having an ACM1:ACM3 or ACM2:ACM3 ratio be-
tween 0.65 and 1.35, an indicator of high reproducibility be-
tween ACM triplicates. (3) Among highly reproducible
candidates, PI3K interactor proteins with a CFM:ACM of
<0.65 were considered ACM-induced interactors and those of
>1.35 were considered to have been dissociated by ACM
(Table S-2). Known interactors were identified using the
STRING database (http://string-db.org) (96).
siRNA transfection

A previously validated siRNA sequence was used for
ZC3H14 knockdown (46) (TGACTGACCTGAGTGTGGCA-
CAGAA), compared with scrambled control (Stealth RNAi,
Thermo) in cultured Ht22 cells, according to the manufac-
turer’s directions. Briefly, cells were plated at a density of
1.5 × 105 cells per well in 6-well plates in 10% FBS DMEM.
Each well received 4 μl of Lipofectamine 2000 (Thermo),
diluted in 150 μl of Optimem media (Thermo); siRNA was
also diluted in 150 μl of Optimem media. Lipofectamine
2000-siRNA complexes were then combined with 1200 μl of
serum-free DMEM and applied to cells for 6 h. The medium
was then replaced by fresh 10% FBS DMEM. ZC3H14
knockdown was evaluated by immunoblotting 48 h following
transfection.

PLA assay

A proximity ligation assay was performed for PI3K and
ZC3H14 probes according to the manufacturer’s directions
(Sigma). Briefly, rat RGCs were plated at 8000 cells per well on
96-well plates. Cells were fixed in 4% paraformaldehyde,
washed 2× in PBS and 1× in PBST, then blocked for 1 h in
donkey serum and incubated with primary antibodies over-
night at 4 �C. The next morning, cells were washed and
incubated with 30 μl diluted Duolink probes and incubated for
1 h at 37 �C. The prepared ligase mixture was then added to
washed cells and incubated for 30 min at 37 �C, followed by
polymerase mixture for 100 min at 37 �C. Finally, cells were
washed, with DAPI added to the final wash. Negative controls
consisted of wells missing one or both primary antibodies. PLA
images were obtained using a Nikon Confocal Microscope to
detect a neu-N neuronal marker antibody staining at 488 nm,
and the PLA signal at 561 nm, with the same settings across
groups. Nikon NIS-Elements Advanced Research software, v
4.51, was used to acquire corresponding images using the 488-
nm signal to threshold for neurons and measure mean in-
tensity of the 561-nm PLA signal per cell.

Statistics

For all experiments, n refers to the number of biological
replicates or animals. Data were assessed for normality and
statistical analyses were performed by t test (Fig. 1, C and F)
or one-way ANOVA with either Dunnet (Figs. 1D and 4B)
or Tukey (Fig. 5D) post hoc analyses. Figure 4D was
analyzed by two-way ANOVA with Tukey multiple com-
parisons test. Corresponding p values are reported in each
figure or legend.

Data availability

All data are included in the article or are available
upon request. The mass spectrometry proteomics data have
been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository (96) with the dataset identifier
PXD022200.

Acknowledgments—The authors would like to thank Ying Zhang for
assistance with the PLA assay and Aminat Adama for help with
RGC isolation.

Author contributions—S. A., I. L.-B., G. S.-U., A. D., J. L. W.,
A. H. C., and J. M. S., conceptualization; S. A., I. L.-B., D. W., D. C.,
J. D., A. T., and S. w. L., methodology and investigation; S. A., I. L.-B.,
D. W., and A. D., formal analyses; S. A. and J. M. S., writing - original
draft; S. A., I. L.-B., J. L. W., G. S.-U., A. H. C., and J. M. S., writing -
review and editing.

Funding and additional information—This work was supported by
CIHR grants MOP123448 and PJT168845, NSERC grant RGPIN-
2015-06561 (J. M. S.), and National Institutes of Health R01 grants
J. Biol. Chem. (2021) 296 100118 13

http://string-db.org


PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
MH107305 and GM130147 (A. H. C.). J. M. S. holds the TWGH
Foundation Glaucoma Research Chair. S. A. was supported by a
Vision Science Research Program (VSRP) fellowship. The content is
solely the responsibility of the authors and does not necessarily
represent the official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest with the contents of this article.

Abbreviations—The abbreviations used are: ACM, astrocyte
conditioned media; CFM, cell-free media; PDGFRA, platelet-
derived growth factor receptor A; PI3K, phosphoinositide 3-kinase;
PLA, proximity ligation assay; poly(A), polyadenosine; PSM, pep-
tide-to-spectrum matches; RBP, RNA-binding protein; RGC, retinal
ganglion cell; THOC1, THO complex protein 1; ZC3H14, zinc
finger CCCH-type containing 14.

References

1. Sun, D., Moore, S., and Jakobs, T. C. (2017) Optic nerve astrocyte reac-
tivity protects function in experimental glaucoma and other nerve in-
juries. J. Exp. Med. 214, 1411–1430

2. Pekny, M., and Pekna, M. (2014) Astrocyte reactivity and reactive
astrogliosis: costs and benefits. Physiol. Rev. 94, 1077–1098

3. Liu, Z., and Chopp, M. (2016) Astrocytes, therapeutic targets for neu-
roprotection and neurorestoration in ischemic stroke. Prog. Neurobiol.
144, 103–120

4. Rogers, R. S., Dharsee, M., Ackloo, S., Sivak, J. M., and Flanagan, J. G.
(2012) Proteomics analyses of human optic nerve head astrocytes
following biomechanical strain. Mol. Cell Proteomics 11. M111 012302

5. Guo, X., Jiang, Q., Tuccitto, A., Chan, D., Alqawlaq, S., Won, G. J., and
Sivak, J. M. (2018) The AMPK-PGC-1alpha signaling axis regulates the
astrocyte glutathione system to protect against oxidative and metabolic
injury. Neurobiol. Dis. 113, 59–69

6. Mills, E. A., Davis, C. H., Bushong, E. A., Boassa, D., Kim, K. Y., Ellisman,
M. H., and Marsh-Armstrong, N. (2015) Astrocytes phagocytose focal
dystrophies from shortening myelin segments in the optic nerve of
Xenopus laevis at metamorphosis. Proc. Natl. Acad. Sci. U. S. A. 112,
10509–10514

7. Hughes, E. G., Elmariah, S. B., and Balice-Gordon, R. J. (2010) Astro-
cyte secreted proteins selectively increase hippocampal GABAergic
axon length, branching, and synaptogenesis. Mol. Cell Neurosci 43,
136–145

8. Wang, G., Dinkins, M., He, Q., Zhu, G., Poirier, C., Campbell, A., Mayer-
Proschel, M., and Bieberich, E. (2012) Astrocytes secrete exosomes
enriched with proapoptotic ceramide and prostate apoptosis response 4
(PAR-4): potential mechanism of apoptosis induction in Alzheimer dis-
ease (AD). J. Biol. Chem. 287, 21384–21395

9. Jha, M. K., Kim, J. H., Song, G. J., Lee, W. H., Lee, I. K., Lee, H. W., An, S.
S. A., Kim, S., and Suk, K. (2018) Functional dissection of astrocyte-
secreted proteins: implications in brain health and diseases. Prog. Neu-
robiol. 162, 37–69

10. Alqawlaq, S., Flanagan, J. G., and Sivak, J. M. (2019) All roads lead to
glaucoma: induced retinal injury cascades contribute to a common
neurodegenerative outcome. Exp. Eye Res 183, 88–97

11. Livne-Bar, I., Lam, S., Chan, D., Guo, X., Askar, I., Nahirnyj, A., Flanagan,
J. G., and Sivak, J. M. (2016) Pharmacologic inhibition of reactive
gliosis blocks TNF-alpha-mediated neuronal apoptosis. Cell Death Dis. 7,
e2386

12. Livne-Bar, I., Wei, J., Liu, H. H., Alqawlaq, S., Won, G. J., Tuccitto, A.,
Gronert, K., Flanagan, J. G., and Sivak, J. M. (2017) Astrocyte-derived
lipoxins A4 and B4 promote neuroprotection from acute and chronic
injury. J. Clin. Invest. 127, 4403–4414

13. Exler, R. E., Guo, X., Chan, D., Livne-Bar, I., Vicic, N., Flanagan, J. G., and
Sivak, J. M. (2016) Biomechanical insult switches PEA-15 activity to
uncouple its anti-apoptotic function and promote erk mediated tissue
remodeling. Exp. Cell Res. 340, 283–294
14 J. Biol. Chem. (2021) 296 100118
14. Nahirnyj, A., Livne-Bar, I., Guo, X., and Sivak, J. M. (2013) ROS detox-
ification and proinflammatory cytokines are linked by p38 MAPK
signaling in a model of mature astrocyte activation. PLoS One 8, e83049

15. Ward, P. S., and Thompson, C. B. (2012) Signaling in control of cell
growth and metabolism. Cold Spring Harb. Perspect. Biol. 4, a006783

16. Laurino, L., Wang, X. X., de la Houssaye, B. A., Sosa, L., Dupraz, S.,
Caceres, A., Pfenninger, K. H., and Quiroga, S. (2005) PI3K activation by
IGF-1 is essential for the regulation of membrane expansion at the nerve
growth cone. J. Cell Sci 118, 3653–3662

17. Zhang, H., Bajraszewski, N., Wu, E., Wang, H., Moseman, A. P., Dabora,
S. L., Griffin, J. D., and Kwiatkowski, D. J. (2007) PDGFRs are critical for
PI3K/Akt activation and negatively regulated by mTOR. J. Clin. Invest.
117, 730–738

18. Koh, S. H., and Lo, E. H. (2015) The role of the PI3K pathway in the
regeneration of the damaged brain by neural stem cells after cerebral
infarction. J. Clin. Neurol. 11, 297–304

19. Carnero, A., Blanco-Aparicio, C., Renner, O., Link, W., and Leal, J. F. M.
(2008) The PTEN/PI3K/AKT signalling pathway in cancer, therapeutic
implications. Curr. Cancer Drug Targets 8, 187–198

20. Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and Bilanges,
B. (2010) The emerging mechanisms of isoform-specific PI3K signalling.
Nat. Rev. Mol. Cell. Biol. 11, 329–341

21. Kelly, S. M., Leung, S. W., Apponi, L. H., Bramley, A. M., Tran, E. J.,
Chekanova, J. A., Wente, S. R., and Corbett, A. H. (2010) Recognition of
polyadenosine RNA by the zinc finger domain of nuclear poly(A) RNA-
binding protein 2 (Nab2) is required for correct mRNA 3’-end forma-
tion. J. Biol. Chem. 285, 26022–26032

22. Kelly, S. M., Leung, S. W., Pak, C., Banerjee, A., Moberg, K. H., and
Corbett, A. H. (2014) A conserved role for the zinc finger polyadenosine
RNA binding protein, ZC3H14, in control of poly(A) tail length. RNA 20,
681–688

23. Pak, C., Garshasbi, M., Kahrizi, K., Gross, C., Apponi, L. H., Noto, J. J.,
Kelly, S. M., Leung, S. W., Tzschach, A., Behjati, F., Abedini, S. S.,
Mohseni, M., Jensen, L. R., Hu, H., Huang, B., et al. (2011) Mutation of
the conserved polyadenosine RNA binding protein, ZC3H14/dNab2,
impairs neural function in Drosophila and humans. Proc. Natl. Acad. Sci.
U. S. A. 108, 12390–12395

24. Rha, J., Jones, S. K., Fidler, J., Banerjee, A., Leung, S. W., Morris, K. J.,
Wong, J. C., Inglis, G. A. S., Shapiro, L., Deng, Q., Cutler, A. A., Hanif, A.
M., Pardue, M. T., Schaffer, A., Seyfried, N. T., et al. (2017) The RNA-
binding protein, ZC3H14, is required for proper poly(A) tail length
control, expression of synaptic proteins, and brain function in mice. Hum.
Mol. Genet. 26, 3663–3681

25. Wigington, C. P., Morris, K. J., Newman, L. E., and Corbett, A. H. (2016)
The polyadenosine RNA-binding protein, zinc finger Cys3His protein 14
(ZC3H14), regulates the pre-mRNA processing of a key ATP synthase
subunit mRNA. J. Biol. Chem. 291, 22442–22459

26. Morris, K. J., and Corbett, A. H. (2018) The polyadenosine RNA-binding
protein ZC3H14 interacts with the THO complex and coordinately
regulates the processing of neuronal transcripts. Nucleic Acids Res. 46,
6561–6575

27. Ihle, N. T., Williams, R., Chow, S., Chew, W., Berggren, M. I., Paine-
Murrieta, G., Minion, D. J., Halter, R. J., Wipf, P., Abraham, R., Kirkpa-
trick, L., and Powis, G. (2004) Molecular pharmacology and antitumor
activity of PX-866, a novel inhibitor of phosphoinositide-3-kinase
signaling. Mol. Cancer Ther. 3, 763–772

28. Le Cras, T. D., Korfhagen, T. R., Davidson, C., Schmidt, S., Fenchel, M.,
Ikegami, M., Whitsett, J. A., and Hardie, W. D. (2010) Inhibition of PI3K
by PX-866 prevents transforming growth factor-alpha-induced pulmo-
nary fibrosis. Am. J. Pathol. 176, 679–686

29. Zask, A., Verheijen, J. C., Richard,D. J., Kaplan, J., Curran,K., Toral-Barza, L.,
Lucas, J., Hollander, I., and Yu, K. (2010) Discovery of 2-
ureidophenyltriazines bearing bridged morpholines as potent and selective
ATP-competitivemTOR inhibitors.Bioorg.Med. Chem. Lett.20, 2644–2647

30. Rewcastle, G. W., Gamage, S. A., Flanagan, J. U., Frederick, R., Denny, W.
A., Baguley, B. C., Kestell, P., Singh, R., Kendall, J. D., Marshall, E. S., Lill,
C. L., Lee, W. J., Kolekar, S., Buchanan, C. M., Jamieson, S. M., et al.
(2011) Synthesis and biological evaluation of novel analogues of the pan

http://refhub.elsevier.com/S0021-9258(20)00108-8/sref1
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref1
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref1
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref2
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref2
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref3
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref3
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref3
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref4
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref4
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref4
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref5
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref5
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref5
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref5
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref6
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref6
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref6
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref6
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref6
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref7
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref7
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref7
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref7
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref8
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref8
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref8
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref8
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref8
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref9
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref9
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref9
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref9
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref10
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref10
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref10
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref11
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref11
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref11
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref11
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref12
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref12
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref12
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref12
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref13
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref13
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref13
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref13
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref14
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref14
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref14
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref15
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref15
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref16
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref16
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref16
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref16
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref17
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref17
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref17
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref17
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref18
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref18
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref18
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref19
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref19
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref19
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref20
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref20
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref20
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref21
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref21
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref21
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref21
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref21
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref22
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref22
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref22
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref22
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref23
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref24
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref25
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref25
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref25
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref25
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref26
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref26
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref26
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref26
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref27
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref27
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref27
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref27
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref27
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref28
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref28
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref28
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref28
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref29
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref29
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref29
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref29
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30


PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
class I phosphatidylinositol 3-kinase (PI3K) inhibitor 2-(difluoromethyl)-
1-[4,6-di(4-morpholinyl)-1,3,5-triazin-2-yl]-1H-benzimidazole (ZSTK474).
J. Med. Chem. 54, 7105–7126

31. Heerding, D. A., Rhodes, N., Leber, J. D., Clark, T. J., Keenan, R. M.,
Lafrance, L. V., Li, M., Safonov, I. G., Takata, D. T., Venslavsky, J. W.,
Yamashita, D. S., Choudhry, A. E., Copeland, R. A., Lai, Z., Schaber, M.
D., et al. (2008) Identification of 4-(2-(4-amino-1,2,5-oxadiazol-3-yl)-1-
ethyl-7-{[(3S)-3-piperidinylmethyl]oxy}-1H- imidazo[4,5-c]pyridin-4-yl)-
2-methyl-3-butyn-2-ol (GSK690693), a novel inhibitor of AKT kinase. J.
Med. Chem. 51, 5663–5679

32. Leevers, S. J., Vanhaesebroeck, B., and Waterfield, M. D. (1999) Signalling
through phosphoinositide 3-kinases: the lipids take centre stage. Curr.
Opin. Cell Biol 11, 219–225

33. Vanhaesebroeck, B., and Waterfield, M. D. (1999) Signaling by distinct
classes of phosphoinositide 3-kinases. Exp. Cell Res 253, 239–254

34. Neukamm, S. S., Ott, J., Dammeier, S., Lehmann, R., Haring, H. U.,
Schleicher, E., and Weigert, C. (2013) Phosphorylation of serine 1137/
1138 of mouse insulin receptor substrate (IRS) 2 regulates cAMP-
dependent binding to 14-3-3 proteins and IRS2 protein degradation. J.
Biol. Chem. 288, 16403–16415

35. Pozuelo-Rubio, M. (2012) 14-3-3 proteins are regulators of autophagy.
Cells 1, 754–773

36. Tzivion, G., Dobson, M., and Ramakrishnan, G. (2011) FoxO transcrip-
tion factors; Regulation by AKT and 14-3-3 proteins. Biochim. Biophys.
Acta 1813, 1938–1945

37. Valenzuela, C. F., Xiong, Z., MacDonald, J. F., Weiner, J. L., Frazier, C. J.,
Dunwiddie, T. V., Kazlauskas, A., Whiting, P. J., and Harris, R. A. (1996)
Platelet-derived growth factor induces a long-term inhibition of N-
methyl-D-aspartate receptor function. J. Biol. Chem. 271, 16151–16159

38. Tseng, H. C., and Dichter, M. A. (2005) Platelet-derived growth factor-BB
pretreatment attenuates excitotoxic death in cultured hippocampal
neurons. Neurobiol. Dis. 19, 77–83

39. Beazely, M. A., Lim, A., Li, H., Trepanier, C., Chen, X., Sidhu, B., and
Macdonald, J. F. (2009) Platelet-derived growth factor selectively inhibits
NR2B-containing N-methyl-D-aspartate receptors in CA1 hippocampal
neurons. J. Biol. Chem. 284, 8054–8063

40. Osborne, A., Sanderson, J., and Martin, K. R. (2018) Neuroprotective
effects of human mesenchymal stem cells and platelet-derived growth
factor on human retinal ganglion cells. Stem Cells 36, 65–78

41. Johnson, T. V., DeKorver, N. W., Levasseur, V. A., Osborne, A., Tassoni,
A., Lorber, B., Heller, J. P., Villasmil, R., Bull, N. D., Martin, K. R., and
Tomarev, S. I. (2014) Identification of retinal ganglion cell neuro-
protection conferred by platelet-derived growth factor through analysis of
the mesenchymal stem cell secretome. Brain 137, 503–519

42. Maheswaranathan, M., Gole, H. K., Fernandez, I., Lassegue, B., Grien-
dling, K. K., and San Martin, A. (2011) Platelet-derived growth factor
(PDGF) regulates Slingshot phosphatase activity via Nox1-dependent
auto-dephosphorylation of serine 834 in vascular smooth muscle cells.
J. Biol. Chem. 286, 35430–35437

43. Jones, S. M., Klinghoffer, R., Prestwich, G. D., Toker, A., and Kazlauskas,
A. (1999) PDGF induces an early and a late wave of PI 3-kinase activity,
and only the late wave is required for progression through G1. Curr. Biol.
9, 512–521

44. Thapar, R., and Denmon, A. P. (2013) Signaling pathways that control
mRNA turnover. Cell Signal 25, 1699–1710

45. Leung, S. W., Apponi, L. H., Cornejo, O. E., Kitchen, C. M., Valentini, S.
R., Pavlath, G. K., Dunham, C. M., and Corbett, A. H. (2009) Splice
variants of the human ZC3H14 gene generate multiple isoforms of a zinc
finger polyadenosine RNA binding protein. Gene 439, 71–78

46. Apponi, L. H., Leung, S. W., Williams, K. R., Valentini, S. R., Corbett, A.
H., and Pavlath, G. K. (2010) Loss of nuclear poly(A)-binding protein 1
causes defects in myogenesis and mRNA biogenesis. Hum. Mol. Genet.
19, 1058–1065

47. Takahama, S., Adetunji, M. O., Zhao, T., Chen, S., Li, W., and Tomarev,
S. I. (2017) Retinal astrocytes and GABAergic wide-field amacrine cells
express PDGFRalpha: connection to retinal ganglion cell neuroprotection
by PDGF-AA. Invest. Ophthalmol. Vis. Sci. 58, 4703–4711
48. Zheng, L., Ishii, Y., Tokunaga, A., Hamashima, T., Shen, J., Zhao, Q. L.,
Ishizawa, S., Fujimori, T., Nabeshima, Y., Mori, H., Kondo, T., and Sasa-
hara, M. (2010) Neuroprotective effects of PDGF against oxidative stress
and the signaling pathway involved. J. Neurosci. Res. 88, 1273–1284

49. Kubo, K., Shimizu, T., Ohyama, S., Murooka, H., Iwai, A., Nakamura, K.,
Hasegawa, K., Kobayashi, Y., Takahashi, N., Takahashi, K., Kato, S.,
Izawa, T., and Isoe, T. (2005) Novel potent orally active selective VEGFR-
2 tyrosine kinase inhibitors: synthesis, structure-activity relationships, and
antitumor activities of N-phenyl-N’-{4-(4-quinolyloxy)phenyl}ureas. J.
Med. Chem. 48, 1359–1366

50. Bienkowski, R. S., Banerjee, A., Rounds, J. C., Rha, J., Omotade, O. F.,
Gross, C., Morris, K. J., Leung, S. W., Pak, C., Jones, S. K., Santoro, M. R.,
Warren, S. T., Zheng, J. Q., Bassell, G. J., Corbett, A. H., et al. (2017)
The conserved, disease-associated RNA binding protein dNab2 interacts
with the fragile X protein ortholog in drosophila neurons. Cell Rep. 20,
1372–1384

51. Soderberg, O., Gullberg, M., Jarvius, M., Ridderstrale, K., Leuchowius, K.
J., Jarvius, J., Wester, K., Hydbring, P., Bahram, F., Larsson, L. G., and
Landegren, U. (2006) Direct observation of individual endogenous protein
complexes in situ by proximity ligation. Nat. Methods 3, 995–1000

52. Ghosh, A. K., Rao, V. R., Wisniewski, V. J., Zigrossi, A. D., Floss, J.,
Koulen, P., Stubbs, E. B., Jr., and Kaja, S. (2020) Differential activation of
glioprotective intracellular signaling pathways in primary optic nerve
head astrocytes after treatment with different classes of antioxidants.
Antioxidants (Basel) 9, 324

53. Liu, B., Teschemacher, A. G., and Kasparov, S. (2017) Astroglia as a
cellular target for neuroprotection and treatment of neuro-psychiatric
disorders. Glia 65, 1205–1226

54. Miyazaki, I., and Asanuma, M. (2017) Therapeutic strategy of targeting
astrocytes for neuroprotection in Parkinson’s disease. Curr. Pharm. Des.
23, 4936–4947

55. Guo, X., Dason, E. S., Zanon-Moreno, V., Jiang, Q., Nahirnyj, A., Chan,
D., Flanagan, J. G., and Sivak, J. M. (2014) PGC-1alpha signaling co-
ordinates susceptibility to metabolic and oxidative injury in the inner
retina. Am. J. Pathol. 184, 1017–1029

56. Madrigal, J. L., Leza, J. C., Polak, P., Kalinin, S., and Feinstein, D. L. (2009)
Astrocyte-derived MCP-1 mediates neuroprotective effects of noradren-
aline. J. Neurosci. 29, 263–267

57. Sandhu, J. K., Gardaneh, M., Iwasiow, R., Lanthier, P., Gangaraju, S.,
Ribecco-Lutkiewicz, M., Tremblay, R., Kiuchi, K., and Sikorska, M. (2009)
Astrocyte-secreted GDNF and glutathione antioxidant system protect
neurons against 6OHDA cytotoxicity. Neurobiol. Dis. 33, 405–414

58. Hayakawa, K., Esposito, E., Wang, X., Terasaki, Y., Liu, Y., Xing, C., Ji, X.,
and Lo, E. H. (2016) Transfer of mitochondria from astrocytes to neurons
after stroke. Nature 535, 551–555

59. Baldwin, K. T., and Eroglu, C. (2017) Molecular mechanisms of astrocyte-
induced synaptogenesis. Curr. Opin. Neurobiol. 45, 113–120

60. Heldin, C. H., and Westermark, B. (1989) Platelet-derived growth factor:
three isoforms and two receptor types. Trends Genet. 5, 108–111

61. Schlessinger, J. (2000) Cell signaling by receptor tyrosine kinases. Cell
103, 211–225

62. Mudhar, H. S., Pollock, R. A., Wang, C., Stiles, C. D., and Richardson, W.
D. (1993) PDGF and its receptors in the developing rodent retina and
optic nerve. Development 118, 539–552

63. Numakawa, T., Suzuki, S., Kumamaru, E., Adachi, N., Richards, M., and
Kunugi, H. (2010) BDNF function and intracellular signaling in neurons.
Histol. Histopath. 25, 237–258

64. Kitagishi, Y., Nakanishi, A., Ogura, Y., and Matsuda, S. (2014) Dietary
regulation of PI3K/AKT/GSK-3β pathway in Alzheimer’s disease. Alz-
heimers Res. Ther. 6, 35

65. Altomare, D. A., and Khaled, A. R. (2012) Homeostasis and the impor-
tance for a balance between AKT/mTOR activity and intracellular
signaling. Curr. Med. Chem. 19, 3748–3762

66. Hers, I., Vincent, E. E., and Tavare, J. M. (2011) Akt signalling in health
and disease. Cell Signal. 23, 1515–1527

67. Graham, J. R., Hendershott, M. C., Terragni, J., and Cooper, G. M. (2010)
mRNA degradation plays a significant role in the program of gene
J. Biol. Chem. (2021) 296 100118 15

http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref30
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref31
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref32
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref32
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref32
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref33
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref33
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref34
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref34
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref34
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref34
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref34
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref35
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref35
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref36
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref36
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref36
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref37
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref37
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref37
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref37
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref38
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref38
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref38
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref39
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref39
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref39
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref39
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref40
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref40
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref40
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref41
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref41
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref41
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref41
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref41
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref42
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref42
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref42
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref42
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref42
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref43
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref43
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref43
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref43
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref44
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref44
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref45
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref45
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref45
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref45
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref46
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref46
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref46
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref46
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref47
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref47
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref47
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref47
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref48
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref48
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref48
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref48
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref49
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref50
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref51
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref51
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref51
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref51
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref52
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref52
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref52
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref52
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref52
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref53
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref53
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref53
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref54
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref54
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref54
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref55
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref55
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref55
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref55
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref56
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref56
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref56
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref57
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref57
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref57
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref57
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref58
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref58
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref58
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref59
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref59
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref60
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref60
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref61
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref61
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref62
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref62
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref62
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref63
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref63
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref63
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref64
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref64
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref64
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref65
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref65
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref65
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref66
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref66
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref67
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref67


PI3K–ZC3H14 interaction promotes astrocyte neuroprotection
expression regulated by phosphatidylinositol 3-kinase signaling. Mol. Cell
Biol. 30, 5295–5305

68. Venigalla, R. K., and Turner, M. (2012) RNA-binding proteins as a
point of convergence of the PI3K and p38 MAPK pathways. Front.
Immunol. 3, 398

69. Hentze, M. W., Castello, A., Schwarzl, T., and Preiss, T. (2018) A brave
new world of RNA-binding proteins. Nat. Rev. Mol. Cel. Biol. 19, 327–341

70. Dominguez, D., Freese, P., Alexis, M. S., Su, A., Hochman, M., Palden, T.,
Bazile, C., Lambert, N. J., Van Nostrand, E. L., Pratt, G. A., Yeo, G. W.,
Graveley, B. R., and Burge, C. B. (2018) Sequence, structure, and context
preferences of human RNA binding proteins. Mol. Cell 70, 854–867.e859

71. Sadler, A. J. (2010) Orchestration of the activation of protein kinase R by
the RNA-binding motif. J. Interferon Cytokine Res. 30, 195–204

72. Park, H., Davies, M. V., Langland, J. O., Chang, H. W., Nam, Y. S.,
Tartaglia, J., Paoletti, E., Jacobs, B. L., Kaufman, R. J., and Venkatesan, S.
(1994) TAR RNA-binding protein is an inhibitor of the interferon-
induced protein kinase PKR. Proc. Natl. Acad. Sci. U. S. A. 91, 4713–4717

73. Li, J., Kinoshita, T., Pandey, S., Ng, C. K. Y., Gygi, S. P., Shimazaki, K.-i.,
and Assmann, S. M. (2002) Modulation of an RNA-binding protein by
abscisic-acid-activated protein kinase. Nature 418, 793

74. Nussbacher, J. K., Batra, R., Lagier-Tourenne, C., and Yeo, G. W. (2015)
RNA-binding proteins in neurodegeneration: seq and you shall receive.
Trends Neurosci. 38, 226–236

75. Conlon, E. G., and Manley, J. L. (2017) RNA-binding proteins in neu-
rodegeneration: mechanisms in aggregate. Genes Dev. 31, 1509–1528

76. Doxakis, E. (2014) RNA binding proteins: a common denominator of
neuronal function and dysfunction. Neurosci. Bull 30, 610–626

77. Johnson, J. O., Pioro, E. P., Boehringer, A., Chia, R., Feit, H., Renton, A. E.,
Pliner, H. A., Abramzon, Y., Marangi, G., Winborn, B. J., Gibbs, J. R.,
Nalls, M. A., Morgan, S., Shoai, M., Hardy, J., et al. (2014) Mutations in
the Matrin 3 gene cause familial amyotrophic lateral sclerosis. Nat.
Neurosci. 17, 664–666

78. Wagnon, J. L., Briese, M., Sun, W., Mahaffey, C. L., Curk, T., Rot, G., Ule,
J., and Frankel, W. N. (2012) CELF4 regulates translation and local
abundance of a vast set of mRNAs, including genes associated with
regulation of synaptic function. PLoS Genet. 8, e1003067

79. Bryant, C. D., and Yazdani, N. (2016) RNA-binding proteins, neural
development and the addictions. Genes Brain Behav. 15, 169–186

80. Kelly, S. M., Pabit, S. A., Kitchen, C. M., Guo, P., Marfatia, K. A., Murphy,
T. J., Corbett, A. H., and Berland, K. M. (2007) Recognition of poly-
adenosine RNA by zinc finger proteins. Proc. Natl. Acad. Sci. U. S. A. 104,
12306–12311

81. Marfatia, K. A., Crafton, E. B., Green, D. M., and Corbett, A. H. (2003)
Domain analysis of the Saccharomyces cerevisiae heterogeneous nuclear
ribonucleoprotein, Nab2p. Dissecting the requirements for Nab2p-
facilitated poly(A) RNA export. J. Biol. Chem. 278, 6731–6740

82. Soucek, S., Zeng, Y., Bellur, D. L., Bergkessel, M., Morris, K. J., Deng, Q.,
Duong, D., Seyfried, N. T., Guthrie, C., Staley, J. P., Fasken, M. B., and
Corbett, A. H. (2016) The evolutionarily-conserved polyadenosine RNA
binding protein, Nab2, cooperates with splicing machinery to regulate the
fate of pre-mRNA. Mol. Cell Biol. 36, 2697–2714

83. Beaulieu, C. L., Huang, L., Innes, A. M., Akimenko, M. A., Puffenberger,
E. G., Schwartz, C., Jerry, P., Ober, C., Hegele, R. A., McLeod, D. R.,
Schwartzentruber, J., Consortium, F. C., Majewski, J., Bulman, D. E.,
Parboosingh, J. S., et al. (2013) Intellectual disability associated with a
homozygous missense mutation in THOC6. Orphanet J. Rare Dis. 8, 62
16 J. Biol. Chem. (2021) 296 100118
84. Di Gregorio, E., Bianchi, F. T., Schiavi, A., Chiotto, A. M., Rolando, M.,
Verdun di Cantogno, L., Grosso, E., Cavalieri, S., Calcia, A., Lacerenza, D.,
Zuffardi, O., Retta, S. F., Stevanin, G., Marelli, C., Durr, A., et al. (2013)
A de novo X;8 translocation creates a PTK2-THOC2 gene fusion with
THOC2 expression knockdown in a patient with psychomotor retarda-
tion and congenital cerebellar hypoplasia. J. Med. Genet. 50, 543–551

85. Kumar, R., Corbett, M. A., van Bon, B. W., Woenig, J. A., Weir, L.,
Douglas, E., Friend, K. L., Gardner, A., Shaw, M., Jolly, L. A., Tan, C.,
Hunter, M. F., Hackett, A., Field, M., Palmer, E. E., et al. (2015) THOC2
mutations implicate mRNA-export pathway in X-linked intellectual
disability. Am. J. Hum. Genet. 97, 302–310

86. Kaplan, A., Morquette, B., Kroner, A., Leong, S., Madwar, C., Sanz, R.,
Banerjee, S. L., Antel, J., Bisson, N., David, S., and Fournier, A. E. (2017)
Small-molecule stabilization of 14-3-3 protein-protein interactions
stimulates axon regeneration. Neuron 93, 1082–1093.e1085

87. Fukui, M., Song, J. H., Choi, J., Choi, H. J., and Zhu, B. T. (2009)
Mechanism of glutamate-induced neurotoxicity in HT22 mouse hippo-
campal cells. Eur. J. Pharmacol. 617, 1–11

88. Hilgenberg, L. G., and Smith, M. A. (2007) Preparation of dissociated
mouse cortical neuron cultures. J. Vis. Exp. 10, 562

89. Kaplan-Albuquerque, N., Bogaert, Y. E., Van Putten, V., Weiser-Evans,
M. C., and Nemenoff, R. A. (2005) Patterns of gene expression differen-
tially regulated by platelet-derived growth factor and hypertrophic stimuli
in vascular smooth muscle cells: markers for phenotypic modulation and
response to injury. J. Biol. Chem. 280, 19966–19976

90. He, M., Liu, J., Cheng, S., Xing, Y., and Suo, W. Z. (2013) Differentiation
renders susceptibility to excitotoxicity in HT22 neurons. Neural Regen.
Res. 8, 1297–1306

91. Murphy, T. H., Miyamoto, M., Sastre, A., Schnaar, R. L., and Coyle, J. T.
(1989) Glutamate toxicity in a neuronal cell line involves inhibition of
cystine transport leading to oxidative stress. Neuron 2, 1547–1558

92. Rao, W., Peng, C., Zhang, L., Su, N., Wang, K., Hui, H., Dai, S. H., Yang,
Y. F., Luo, P., and Fei, Z. (2016) Homer1a attenuates glutamate-induced
oxidative injury in HT-22 cells through regulation of store-operated
calcium entry. Sci. Rep. 6, 33975

93. Gunawardana, C. G., Mehrabian, M., Wang, X., Mueller, I., Lubambo, I.
B., Jonkman, J. E., Wang, H., and Schmitt-Ulms, G. (2015) The human tau
interactome: binding to the ribonucleoproteome, and impaired binding of
the proline-to-leucine mutant at position 301 (P301L) to chaperones and
the proteasome. Mol. Cell Proteomics 14, 3000–3014

94. Wang, H., Muiznieks, L. D., Ghosh, P., Williams, D., Solarski, M., Fang,
A., Ruiz-Riquelme, A., Pomes, R., Watts, J. C., Chakrabartty, A., Wille, H.,
Sharpe, S., and Schmitt-Ulms, G. (2017) Somatostatin binds to the hu-
man amyloid beta peptide and favors the formation of distinct oligomers.
Elife 6, e28401

95. Perez-Riverol, Y., Csordas, A., Bai, J., Bernal-Llinares, M., Hewapathir-
ana, S., Kundu, D. J., Inuganti, A., Griss, J., Mayer, G., Eisenacher, M.,
Perez, E., Uszkoreit, J., Pfeuffer, J., Sachsenberg, T., Yilmaz, S., et al.
(2019) The PRIDE database and related tools and resources in 2019:
improving support for quantification data. Nucleic Acids Res. 47, D442–
D450

96. Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D.,
Huerta-Cepas, J., Simonovic, M., Roth, A., Santos, A., Tsafou, K. P.,
Kuhn, M., Bork, P., Jensen, L. J., and von Mering, C. (2015) STRING v10:
protein-protein interaction networks, integrated over the tree of life.
Nucleic Acids Res. 43, D447–D452

http://refhub.elsevier.com/S0021-9258(20)00108-8/sref67
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref67
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref68
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref68
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref68
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref69
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref69
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref70
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref70
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref70
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref70
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref71
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref71
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref72
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref72
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref72
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref72
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref73
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref73
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref73
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref74
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref74
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref74
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref75
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref75
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref76
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref76
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref77
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref77
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref77
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref77
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref77
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref78
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref78
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref78
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref78
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref79
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref79
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref80
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref80
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref80
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref80
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref81
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref81
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref81
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref81
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref82
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref82
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref82
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref82
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref82
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref83
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref83
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref83
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref83
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref83
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref84
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref85
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref85
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref85
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref85
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref85
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref86
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref86
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref86
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref86
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref87
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref87
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref87
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref88
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref88
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref89
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref89
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref89
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref89
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref89
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref90
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref90
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref90
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref91
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref91
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref91
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref92
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref92
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref92
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref92
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref93
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref93
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref93
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref93
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref93
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref94
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref94
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref94
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref94
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref94
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref95
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref96
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref96
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref96
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref96
http://refhub.elsevier.com/S0021-9258(20)00108-8/sref96

	An endogenous PI3K interactome promoting astrocyte-mediated neuroprotection identifies a novel association with RNA-binding ...
	Results
	ACM neuroprotection is mediated through PI3K signaling
	PI3K immunoprecipitation
	ACM-induced interactome identification
	ZC3H14 complexes with PI3K
	PDGF induces neuroprotective PI3K recruitment of ZC3H14
	Interaction between PI3K and ZC3H14 in retinal ganglion cells

	Discussion
	Experimental procedures
	Cell cultures and treatments
	Kinase inhibitor library screen
	Immunoblotting
	Immunoprecipitations
	iTRAQ labeling and mass spectrometry
	Interactomics
	siRNA transfection
	PLA assay
	Statistics

	Data availability
	Author contributions
	Funding and additional information
	References


