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RNA Binding Motif 5 Gene Deletion Modulates
Cell Signaling in a Sex-Dependent Manner
but Not Hippocampal Cell Death

Jeffrey Farooq,” Kara Snyder,? Keri Janesko-Feldman,® Kiersten Gorse,? Vincent A. Vagni;?
Patrick M. Kochanek?2 and Travis C. Jackson'?*

Abstract

RNA-binding motif 5 (RBM5) is a pro-death tumor suppressor gene in cancer cells. It remains to be deter-
mined if it is neurotoxic in the brain or rather if it plays a fundamentally different role in the central nervous
system (CNS). Brain-specific RBM5 knockout (KO) mice were given a controlled cortical impact (CCl) trau-
matic brain injury (TBI). Markers of acute cellular damage and repair were measured in hippocampal
homogenates 48 h post-CCl. Hippocampal CA1/CA3 cell counts were assessed 7 days post-CCl to determine
if early changes in injury markers were associated with histological outcome. No genotype-dependent dif-
ferences were found in the levels of apoptotic markers (caspase 3, caspase 6, and caspase 9). However, KO
females had a paradoxical increase in markers of pro-death calpain activation (145/150-spectrin and break-
down products [SBDP]) and in DNA repair/survival markers. (pH2A.x and pCREB). CCl-injured male KOs had a
significant increase in phosphorylated calcium/calmodulin-dependent protein kinase Il (pCaMKIl). Despite
sex/genotype-dependent differences in KOs in the levels of acute cell signaling targets involved in cell
death pathways, 7 day hippocampal neuronal survival did not differ from that of wild types (WTs). Similarly,
no differences in astrogliosis were observed. Finally, gene analysis revealed increased estrogen receptor
o (ERa) levels in the KO hippocampus in females and may suggest a novel mechanism to explain sex-
dimorphic effects on cell signaling. In summary, RBM5 inhibition did not affect hippocampal survival
after a TBI in vivo but did modify targets involved in neural signal transduction/Ca®* signaling pathways.
Findings here support the view that RBM5 may serve a purpose in the CNS that is dissimilar from its tradi-
tional pro-death role in cancer.
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Introduction hibits metastasis.”® Reports on RBM5-regulated

The nuclear splicing factor RNA binding motif 5 (RBMS)
regulates gene expression and exon definition of select
mRNAs.' The biological role of RBMS5 has been studied
primarily in cancer, where it promotes cell death and in-

mRNAs in non-cancerous tissues of the body identified
genes not previously seen in tumors.”® In normal mouse
spermatids, RBMS5 inhibition altered the expression of
genes involved in actin-binding, microtubule-cytoskeleton
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homeostasis, and endocytosis.7 This resulted in reproduc-
tive dysfunction but only in males, indicating for the first-
time the possibility that RBMS5 mediates sex-dimorphic
effects in animals.” In the normal brain cortex, we
showed that RBMS5 inhibition by gene knockout (KO)
altered the expression of Csnka2ip, Gm756, Serpina3n,
and glial fibrillary acidic protein (GFAP).® Moreover,
KO altered cassette exon splicing of regulating synap-
tic membrane exocytosis 2 (RIMS2), a gene involved in
the regulation of voltage-gated Ca** channels and pre-
synaptic neurotransmission.®® Finally, Rab4 levels (a
mediator of endocytosis) was increased in RBMS knock-
down rat neurons in vitro and resulted in serotonin trans-
porter downregulation in the membrane.'’

On the other hand, central nervous system (CNS)
culture studies support a traditional pro-death role of
RBMS in neuronal cell death. RBMS5 knockdown in
neuronal-like SH-SYSY and PCI12 cells decreased cas-
pase activation following injury with the chemical toxin
staurosporine, or hydrogen peroxide, respectively.'!?
Conversely, RBMS5 overexpression in primary rat corti-
cal neurons exacerbated damage after mechanical stretch
injury."® Thus, RBM5 likely plays multiple roles
in CNS cells including pro-death functions and modu-
lating aspects of neural signal transduction. To better
understand if RBMS inhibition alters cell death signal-
ing and/or neuronal viability in vivo, here we subjected
male/female brain-specific RBMS5 wild types (WTs)
versus KOs to a controlled cortical impact (CCI) trau-
matic brain injury (TBI) and assayed hippocampal ho-
mogenates across a variety of cell-injury markers at
48 h post-injury, and measured CA1/CA3 neuronal cell
counts and GFAP staining at 7 days post-injury.

Methods
Reagents

PVDF membrane:

0.2uM pore size, Cat# SVFX8301XXXX101, Lot#
VA760606L (MDI Technologies; Harrisburgh,
PA, USA)

Antibodies:

Cell Signaling Technology (Danvers, MA, USA):
Anti-Phospho-Histone H2A.X (Ser139) , Cat#
9718S; Anti-H2A.X Total, Cat# 2595S; Anti-
Phospho-CaMKII (Thr286/287), Cat# 3361S;
Anti-pan CaMKII Total, Cat# 3362S; Anti-
Phospho-CREB (Ser133), Cat# 9198S; Anti-
CREB Total, Cat# 91978S.

Abcam (Cambridge, MA, USA): Anti-Caspase-9,
Cat# ab184786; Anti-Caspase-3, Cat# ab184787;
Anti-Caspase-6, Cat# ab185645; Anti-Estrogen
Receptor Alpha, Cat# ab241557 (Clone
CRET9D) - created and validated in ERa KO
and Erff KO mice by the vendor.

Proteintech (Chicago, IL, USA): Anti-RBMS5, Cat#
19930-1-AP.

Sigma (St. Louis, MO, USA): Anti-RBM10, Cat#
HPA034972.

Enzo Life Sciences (Farmingdale, NY, USA): Anti-
o-II-Spectrin and breakdown products (SBDPs),
Cat# BML-FG6090.

Animals

Studies were approved by the institutional animal care
and use committee (IACUC) of the University of Pitts-
burgh. Tissue analysis at the University of South Florida
was approved by a material transfer agreement. Mice
were maintained on a 12 h light/dark cycle. Conditional
RBMS5 KOs have been previously described.® Hetero-
zygous male/female Rbm5™'°”2 mice were crossed to
generate homozygous Rbm5™' % mice. F1 colonies were
generated by crossing homozygous Rbm5™!°%€ mice
with hemizygous B6.Cg-Tg(Nes-cre)1KIn/J mice. F1
heterozygous Rbm5"™' ©“¢(.CRE) were bred with F1 het-
erozygous Rbm5"™'°%€ (+CRE) to generate F2 littermates
for experiments. Mice were randomized to injury at the
age that they became available.

Genotyping

Tail snips were harvested and processed via the Promega
Wizard SV Genomic Purification System (Promega;
Madison, WI, USA). Polymerase chain reactions (PCRs)
were run on a Biorad T100 Thermalcycler (BioRad; Her-
cules, CA, USA). Samples were loaded onto 3% agarose
gels with Syber Safe Stain (ThermoFisher Scientific;
Waltham, MA, USA). Primer pairs were previously
reported.8

CCI-TBI

Adult 12—15-week-old male/female Cre+ RBM5 WTs, het-
erozygous (Hets), and KOs were used for experiments. In
brief, mice were anesthetized with isoflurane (4% induction/
2% maintenance) in nitrous oxide (N,O)/%0, (2:1). Shams
received surgical preparations without craniotomy. Injured
mice were randomized to a CCI with a pneumatic impactor
device at the insult level of 6 m/sec and 1.2mm depth.
Forty ipsilateral hippocampi were homogenized for protein
extracts for Western blot analysis of cell death signaling
targets (n=10 WT-Sham, n=10 WT-CCI, n=10 KO-
Sham, and n=10 KO-CCI). Each group contained five
males and five females. A total of 14 ipsilateral cortices
were used for RNA extraction to use with the 84 gene
RT? Cell Death Profiler Array (n=7 WT-CCI and n=7
KO-CCI). To confirm increased ESR1 at the protein
level, 20 contralateral hippocampi and 20 contralateral cor-
tices from WT/KO male and female CCl-injured mice
were used for protein extracts. A separate cohort of 60
mice were used for histological analysis of hippoca-
mpal CAI1/CA3 neuronal counts (n=10 WT-Sham,
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n=10 Het-Sham, n=10 KO-Sham, n=10 WT-CCI, n=10
Het-CCl, and n=10 KO-CCI). Each group contained five
males and five females.

Western blot

Western blot was performed using our published methodol-
ogy."*'> Brain tissues were homogenized with a Bead
Mill 24 (Fisher Scientific) set to 5.2 m/sec (~ 5500 rpm)
at two cycles, with a 5min on-ice interval, to generate
equivalent homogenates. Samples (20-30ug protein/
well) were loaded onto 26-well Criterion TGX gels and
electrophoresed with a Criterion Cell at 200V (Biorad).
Protein was transferred to PVDF membranes with a
plate-electrode Criterion Blotter (Biorad) and run 40 min/
100 V/4°C. Membranes were stained with Reversible Swift
Membrane Stain (Fisher Scientific) and scanned (600 dpi)
for densitometry. Blots were incubated with primary/
secondary antibodies and imaged on a 9.1 MP iBright™
CL1500 Imaging System (Fisher Scientific).

Histology

Histology was assessed as described by our group in
the CCI model:'®'” 3mm coronal brain sections were
formalin-fixed paraffin-embedded (FFPE) and cut using
a microtome (5 uM sections). Sections were mounted
on glass slides and stained with Hematoxylin and Eosin
(H&E; Thermo Scientific — Shandon; Pittsburgh, PA,
USA) or anti-GFAP antibody. Images were captured on
a Nikon Eclipse 90i microscope (Nikon; Melville, NY,
USA). Live cells (CA1 and CA3) in the stratum pyrami-
dale hippocampus were counted, divided by the length
of the CA1/CA3, and reported as cells/0.1 mm. Analysis
of H&E and neuronal nuclear protein (NeuN) was per-
formed using NIS Elements Software. The technician
quantifying CA1/CA3 cell counts was blind to geno-
type/injury. Whole field analysis of GFAP staining inten-
sity with ImageJ was performed as previously described,
with minor modifications.®

RNA lIsolation

Cortices were homogenized in Trizol® and incubated
15 min with chloroform (1:5 volume) at room tempera-
ture. Samples were centrifugated 15 min/12,000g. The
aqueous phase was isolated and RNA precipitated with
1:1 volume of isopropanol. The RNA pellet was washed,
air dried, and re-suspended in nuclease-free water. RNA
concentration/purity were validated by Nanodrop (Ther-
moFisher Scientific). RNA integrity was confirmed by
Tape Station® 4200 (Agilent; Santa Clara, CA, USA).
The eRIN was >8.4 for all samples.

Reverse transcription (RT)? cell death profiler

PCR array

RT was performed on 400 ng of gDNA-free, total RNA
with the RT2 easy Ist strand kit (Qiagen; Germantown,

MD, USA). cDNA was diluted in 1X RT3 SYBR
Green buffer + ROX to 3 pg/mL; 10 uL of mastermix +
cDNA solution was added to 384-well assay plates per
Format E manufacturer instructions. Each 384 well
plate had equal group representation to minimize batch
effects. Thermocyling was performed on an AB7900HT
standard block with enzyme activation at 95°C for 10 min
followed by 40 cycles of 15sec at 95°C and 1 min at
60°C. Raw Ct values were determined using SDS 2.4
(ThermoFisher) with automatic baseline and manual
threshold settings.

Statistical analysis

Densitometry of (1) total protein stain (TPS)/membrane
and (2) targets of interest were measured with UN-
SCAN-IT software (Silk Scientific; Orem, UT, USA).
Target values were standardized by dividing each data
point by the densitometry of the TPS corresponding to
the target’s lane.'*'® Standardized densitometic values
within each blot were then normalized by setting the
highest value in each blot to 100% (i.e., for across blot
pooling of data). The 40 hippocampal ipsilateral extracts
for cell death signaling analysis were split across two
26-well criterion gels to ensure equal representation of
genotype, sex, and injury on each blot. Data were analyzed
using a three-way analysis of variance (ANOVA) and
Tukey’s multiple comparison post-hoc test. Data were
expressed as the relative difference in target expression.
Cell counts were obtained and expressed as cells/0.1 mm.
Data were analyzed using a two-way ANOVA and
Tukey’s multiple comparison test. Data were significant
at p<0.05. Histological data from H&E and NeuN were
also analyzed via the Bland—Altman method for
estimation of bias. Quantitative PCR (qPCR) data were an-
alyzed in GeneGlobe Data Analysis Center (https://
geneglobe.giagen.com/us/analyze). Expression levels
were normalized using the average geometric mean of
housekeeping controls Atgl2, Atp6vlg2, and Bcl2ala.
Fold regulation was reported based on the AACT method.
Uncorrected p values were calculated based on a Stu-
dent’s ¢ test of the replicate 2*(-ACT) values for each gene
in the control versus the treatment group(s). Gene changes
were considered significant if: (1) p<0.05 and (2) fold
change was <-2 or 2>.

Results

Protein markers of cell death, cell survival,

and Ca”*-signaling mediators in CCl-Injured

RBM5 WT versus KOs

RBMS KO was confirmed by Western blot analysis. Hip-
pocampal RBM5 migrated at 120 kDa on sodium dodecyl
sulphate—polyacrylamide gel electrophoresis (SDS-
PAGE) and decreased in male WT mice 48 h post-injury
(Fig. 1A and C and Supplementary Fig. S1C). No
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FIG. 1. Hippocampal RNA-binding motif 5 (RBM5) and RBM10 levels in sham versus controlled cortical
impact (CCl)-injured mice. (A) Representative blot of hippocampal RBM5 levels in sham versus CCl
male/female wild type (WT) and knockout (KO) (n=3/group). (B) Representative blot of hippocampal RBM10
levels in sham versus CCl male/female WT and KO (n=3/group). (C and D) Densitometry values (n=5/
group), normalized to total protein loading, were analyzed by three-way analysis of variance (ANOVA) and
Tukey’s Multiple Comparison Test. Data were significant at p <0.05. Box plots show minimum, maximum,
interquartile range (IQR), and median. Color image is available online.
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genotype differences in the gene paralogue RBM10 were
observed (Fig. 1B and D and Fig. S1D). Next, markers of
apoptosis and DNA damage were measured in hippocam-
pal extracts (Fig. 2). Cleaved caspase 3 and caspase 6
were below the level of detection and did not increase
after a CCI (Fig. 2A and Supplementary Fig. S2).
Cleaved caspase 9 (~ 35kDa) was detectable at baseline
but did not increase further after a CCI (Fig. 2A and
Fig. S2). Antibody validation studies in staurosporine-
treated mouse neurons supported the fidelity of anti-
caspase antibodies (Supplementary Fig. S3). In contrast,
necrosis-associated SBDPs were significantly increased
48 h after CCI in WTs and KOs. Moreover, injured fe-
male KOs had significantly higher SBDP levels
(Fig. 2A-D and Fig. S2G). Changes in the levels of the

DNA damage and repair marker pH2A.X was also sex
and genotype dependent. In WTs, pH2A.X levels were
significantly higher in injured males (Fig. 2E, F and
Fig. S2H). In KOs, pH2A.X levels were significantly
higher in injured females (Fig. 2E, F, and H and
Fig. S2H). Further, injured KO females had a significant
increase in total H2A.X levels compared with injured
WT females (Fig. 2E, G, and H and Fig. S2I). Finally,
phosphorylation (activation) levels of key Ca**-regulated
signaling effectors that influence neuronal survival were
explored. Phosphorylated calcium/calmodulin-dependent
protein kinase II (pCaMKII) levels were significantly
altered by injury, genotype, and sex (Fig. 3A, B, and F
and Supplementary Fig. S4B). Also, injured male KOs
had significantly increased pCaMKII levels compared
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with injured WT males (Fig. 3B and Fig. S4B). Phos-
phorylated CREB levels were also significantly affected
by injury, genotype, and sex (Fig. 3A, D, and F and
Fig. S4F). Female sham or injured KOs had significantly
increased pCREB levels compared with male sham or in-
jured KOs, respectively (Fig. 3A and D and Fig. S4F).

Histological analysis of neuropathology

in CCl-injured RBM5 WT versus KOs

Hippocampal CA1/CA3 total cell counts were quanti-
fied at 7 days post-injury using H&E stain (Fig. 4A-D).
Extensive damage was seen in the ipsilateral hemisphere
— consistent with TBI phenotypes produced by the CCI
model. Hemizygous or complete RBM5 KO did not
increase CA1/CA3 total cell counts 7 days post-CCI in
males (Fig 4E and F) or in females (Fig 4G and H).
Next, we verified H&E results by NeuN-positive counts,
and specifically to confirm the effect of KO on hippo-
campal CA1/CA3 neurons. NeuN counts supported H&E
findings (Fig. 5). Both staining approaches showed low
bias and high agreement (Supplementary Fig. S5).
Finally, GFAP staining was performed to determine the
extent of astrogliosis in CCl-injured WT compared
with KOs. GFAP staining increased with CCI injury
but was not significantly affected by genotype (Fig. 6).

Increased estrogen receptor levels in female

RBM5 KOs

We utilized the quantitative 84 gene RT? Cell Death
Profiler Array to further characterize cell death genes/
pathways potentially altered by RBMS5 KO. Only the
ESR1 (ERa) gene was significantly increased in ipsilat-
eral cortex in injured KOs vs. WTs (Fig. 7A and B).
Western blots of the contralateral cortex and hippocam-
pus in injured KOs versus WTs was performed to validate
increased ESR1 at the protein level. ERo was only detect-
able in females and significantly increased in the hip-
pocampus of KOs (Fig. 7C-E, and Supplementary
Fig. S6). We further confirmed that ERa levels in the

injured hippocampus were significantly increased in fe-
male KOs compared with female WTs (Fig. 7F). Finally,
we confirmed increased ERa levels in the ipsilateral hip-
pocampus of injured KO males, but levels in KO females
remained much higher (Supplementary Fig. S7).

Discussion

Neuronal survival after TBI in RBM5 KOs

The hippocampus is a key investigational target in
CCL'"*" We hypothesized that RBM5 in KO would
protect the hippocampus.“’13 However, 7 day neuronal
death and astrogliosis was no different in WTs than in
KOs. Increased data dispersion with an overall lower
median for hippocampal cell counts in KO versus WT
males suggested worse outcome, which agrees with the
only other study that assessed RBMS5 inhibition on viabil-
ity in normal (non-cancerous) tissue in vivo and found
increased death of primary spermatids in males.” Also,
CCI injured female KOs (but not male KOs) had increa-
sed calpain cleavage products (145/150 SBDP), a classic
marker of necrosis. It is possible that increased necrosis
in female KOs resulted from a shift in cell death path-
ways. However, apoptotic markers, including cleaved/
activated caspase-3, caspase-6, and caspase-9, did not
differ in KOs and WTs. In addition, although tumor
necrosis factor (TNF)a plays a role in mediating RBMS5-
induced cell death in cancer cells, we did not observe
altered levels of TNFa mRNA among the 84 cell death
genes analyzed in injured KOs (Fig. 7).2° There are
more than a dozen cell death mechanisms and it is possi-
ble that other processes not investigated here were altered
in Kos.>' An alternative hypothesis of altered Ca**
homeostasis might explain increased SBDP levels in
female KOs, which will be discussed next.

Increased levels of calcium-activated targets

in KOs

In hippocampal neurons, the post-excitotoxic increase
in 145/150 SBDP levels is triggered by the initial Ca**

>

FIG. 2. Hippocampal levels of apoptosis, necrosis, and DNA damage markers in sham vs. controlled cortical
impact (CCl)-injured mice. (A) Representative blots of hippocampal caspase-9, caspase-3, caspase-6, and total and
cleaved a-ll-spectrin breakdown products (SBDPs) in sham versus CCl male/female wild type (WT) and knockout
(KO) (n=3/group). Red asterisks indicate the predicted kDa of caspase cleavage products for each antibody

(B and C) Densitometric analysis (n=5/group) of calpain-cleaved 145 kDa and 150 kda SBDPs, normalized to total
protein loading, and analyzed by three-way analysis of variance (ANOVA) and Tukey’s Multiple Comparison Test.
Data were significant at p<0.05. Box plots show minimum, maximum, interquartile range (IQR), and median.

(D) Table shows p values for the main effects and interactions on SBDP levels. (E) Representative blot of
hippocampal total and phosphorylated H2A.X (pH2A.X Ser139) in sham versus CCl male/female WT and KO
(n=3/group). (F and G) Densitometric analysis (n=5/group) of pH2A.X and total H2A.X, normalized to total protein
loading, and analyzed by three-way ANOVA and Tukey’s Multiple Comparison Test. Data were significant at

p <0.05. Box plots show minimum, maximum, IQR, and median. (H) Table shows p values for the main effects and
interactions on pH2A.X and H2A X total levels. Asterisks in the graphs indicate post-hoc significance (*p <0.05,
**p<0.01, ***p<0.001, ****p <0.0001). Color image is available online.
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Ca2+ Regulated Signaling Targets
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FIG. 3. Hippocampal levels of Ca?* pathway signaling markers in sham versus controlled cortical
impact (CCl)-injured mice. (A) Representative blots of hippocampal total and phosphorylated calcium/
calmodulin-dependent protein kinase Il (CaMKIl), and total and phosphorylated cAMP-response element
binding protein (CREB) in sham versus CCl male/female wild type (WT) and knockout (KO) (n=3/group).
(B-E) Densitometric analysis (n=5/group) of pCaMKII Thr286, total CaMKIl, CREB Ser133, and total
CREB, normalized to total protein loading, and analyzed by three-way analysis of variance (ANOVA)

and Tukey’s Multiple Comparison Test. Data were significant at p <0.05. Box plots show minimum,
maximum, interquartile range (IQR), and median. (F) Table shows p values for the main effects and
interactions on the levels of Ca®" pathway targets. Asterisks in the graphs indicate post-hoc significance

surge and p-calpain activation.’”* Therefore, another
construct is that the initial Ca** surge in injured female
KOs was greater either in magnitude or in duration, and
led to increased SBDP levels. Relatedly, we reported
that RBMS5 knockdown in rat cortical neurons in vitro,
and from KO in brain cortices ex vivo, produced a limited
number of gene changes enriched for targets involved in
neurotransmission.*'? Here we analyzed several Ca**-
regulated targets known to modulate cell death. Ca**/
CaMKII is a prototypical Ca**-activated effector of neu-
ral signaling but it also promotes neuroprotection or neu-
rotoxicity.?>*® Hippocampal pCaMKII (Thr286) levels
were significantly increased in injured male KOs versus

injured male WTs. Female KOs had a similar increase
but this did not reach significance, possibly because of
a ceiling effect. We also measured the neuroprotectant
cAMP response element-binding protein (pCREB), which
is activated by synaptic Ca®" in neurons.”’*® Female KOs
(but not male KOs) had augmented pCREB levels in
shams and in CCl-injured mice. Future studies are needed
to measure real-time calcium influx in glutamate-treated
KO neurons. Cell signaling changes in the brain in KOs
likely result from direct RBMS5 inhibition in CNS cells;
however, Nestin-Cre mice have scattered expression of
Cre in a number of peripheral organs. Therefore, we cannot
rule out the possibility that peripheral effects play a role.”’
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FIG. 4. Seven day Hematoxylin and Eosin (H&E) post-injury hippocampal CA1 and CA3 sub-field total cell
counts in sham versus controlled cortical impact (CCl)-injured mice. (A-D) Representative H&E-stained
whole brain sections (4 x magnification) showing insult severity in male/female wild type (WT) and knockout
(KO). Magnified (10 x) images of the hippocampus are shown at the top right. Quantification of CA1 and
CA3 cell counts in males (E and F) and (G and H) females across all genotypes (n=5/group) and analyzed
by two-way analysis of variance (ANOVA) and Tukey’s Multiple Comparison Test. Data were significant at
p<0.05. Box plots show minimum, maximum, interquartile range (IQR), and median. Asterisks indicate post-
hoc significance (*p <0.05, ***p <0.001, N.S., not significant). Color image is available online.

levels of SBDPs, pH2A.X, H2A.X total, pCaMKII, and
pCREB. In light of these findings, it is essential that
sex as a variable be considered in future RBMS5 studies.

We also found that female KOs had a modest increase
in the levels of hippocampal ERa. Given that females

RBMS5 is a novel gene target in the study

of sexual dimorphism in mammals

O’Bryan and colleagues first reported on the sex-
dimorphic effects of RBM5 gene disruption.” We obser-
ved robust sex-dependent differences in hippocampal
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FIG. 5. Seven day neuronal nuclear protein (NeuN) post-injury hippocampal CA1 and CA3 sub-field neuronal
counts in sham versus controlled cortical impact (CCl)-injured mice. (A-D) Representative NeuN-stained whole
brain sections (4 x magnification) showing insult severity in male/female wild type (WT) and knockout (KO).
Magnified (10x) images of the hippocampus are shown at the top right. Quantification of CA1 and CA3
neuronal counts in males (E and F) and females (G and H) across all genotypes (n=5/group) and analyzed
by two-way analysis of variance (ANOVA) and Tukey's Multiple Comparison Test. Data were significant at
p<0.05. Box plots show minimum, maximum, interquartile range (IQR), and median. Asterisks indicate post-
hoc significance (*p <0.05, **p <0.01, ***p <0.001, N.S., not significant). Color image is available online.
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were not ovexed, it is possible that a novel RBMS/ERo/
estrogen signaling axis mediated some of the sex differ-
ences seen on cell signaling targets analyzed here. Con-
sistent with that possibility, estrogens potently increase
hippocampal pCREB levels in mice.***! Whether increa-
sed estrogen signaling in the brain could have provided

transgenic females a neuroprotective advantage under-
powered to detect here remains to be determined, but
merits exploration.**?

Increased pCREB in female KOs may also have impli-
cations for neuro-oncology. Constitutive CREB activation
strongly correlates with tumor grade in glioblastoma.>*
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FIG. 6. Seven day glial fibrillary acidic protein (GFAP) levels in sham versus controlled cortical impact (CCl)-
injured mice. (A-D) Representative whole brain sections (4 x magnification) showing 7 day GFAP staining in
male/female wild type (WT) and knockout (KO). Magnified (10x) images of the hippocampus are shown at
the top right of each representative image (E and F) Representative 7 day GFAP staining in female WT
versus KO brain sections. (G and H) ImageJ quantification of GFAP staining in whole brain sections from
male/female sham versus CCl-injured mice across all genotypes (n=5/group). Staining intensity was analyzed
by two-way analysis of variance (ANOVA) and Tukey’s Multiple Comparison Test. Data were significant at
p<0.05. Box plots show minimum, maximum, interquartile range (IQR), and median. Asterisks in the graphs
indicate post-hoc significance (¥*p <0.05, ***p <0.001, N.S., not significant). Color image is available online.
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A recent Genome-Wide Association Study (GWAS) on
genetic risk factors for gliomas identified a novel female-
specific risk locus in the 3p21.31 region.>> The ~200kb
risk locus (49400kb—49600kb) is close to the RBM5 gene
locus (50088.919-50119.021kb), which is also found
in the 3p21.3 region.36’37 Future studies are warranted
to explore if women have a higher incidence of certain
cancers in which RBMS5 is downregulated.

Limitations

The small group size for histological assessment was the
result of three factors. (1) Our breeding scheme ensured
one copy of the CRE transgene in mice, but resulted in
culling approximately half of F2 litters for the absence
of CRE expression.38 (2) Male/female CRE+KOs were
born at a lower-than-expected Mendelian ratio (~ 7%
based on data from ~119 F2 litters across a ~3 year
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(A) Quantitative reverse transcription polymerase chain reaction (RT-PCR) analysis of 84 cell death gene targets
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KO-CdI). (D) Images of the blot of ERx levels in the contralateral cortex and hippocampus in CCl-injured males
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Asterisks in the graphs indicate post-hoc significance (*p <0.05, **p <0.01). Color image is available online.
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period). The combined consequence was ~35 KOs per
1000 genotyped pups. (3) Finally, the robust sex-
dependent differences on molecular findings precluded
combining male/female histology data to increase sta-
tistical power. Two alternative mouse strains to study

RBMS inhibition in vivo also have drawbacks. In one
strain males are sterile.” The second strain produced post-
natal death of homozygotes.39

We chose the 48h time point for our cell signaling
analysis because, in a different mouse model of TBI
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with a second insult, hippocampal RBMS5 levels and
caspase-cleavage products increased at the 48h time
point."" And other reports have demonstrated an exacer-
bation of neuronal death by apoptosis by the addition of
second insults after CCL*® Nevertheless, additional stud-
ies in CCI without a second insult merit investigation, as
caspase activation may be more robust at earlier time
points and provide a better environment to test if RBMS5
KO inhibits apoptotic pathways, which was not addressed
here. RBMS5 gene KO also needs to be explored in other
models of brain injury in which the threshold for neuro-
protection may differ. Finally, future studies are war-
ranted to characterize RBMS KO in alternative CRE
strains. In summary, despite challenges using genetic
approaches to study RBMS inhibition in vivo, this is the
first study to successfully investigate the effect of homo-
zygous RBMS5 deletion on neuronal survival in a model
of brain injury in males and in females.
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