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Although the elaborate combination of histone and non-histone
protein complexes defines chromatin organization and hence reg-
ulates numerous nuclear processes, the role of chromatin organiz-
ing proteins remains unexplored at the organismal level. The
highly abundant, multifunctional, chromatin-associated protein
and transcriptional coactivator positive coactivator 4 (PC4/Subl)
is absolutely critical for life, because its absence leads to embryonic
lethality. Here, we report results obtained with conditional PC4
knock-out (PC47fNestin-Cre) mice where PC4 is knocked out spe-
cifically in the brain. Compared with the control (PC4*/* Nestin-
Cre) mice, PC4"f Nestin-Cre mice are smaller with decreased noc-
turnal activity but are fertile and show no motor dysfunction.
Neurons in different areas of the brains of these mice show sensi-
tivity to hypoxia/anoxia, and decreased adult neurogenesis was
observed in the dentate gyrus. Interestingly, PC47f Nestin-Cre
mice exhibit a severe deficit in spatial memory extinction, whereas
acquisition and long term retention were unaffected. Gene expres-
sion analysis of the dorsal hippocampus of PC4%f Nestin-Cre mice
revealed dysregulated expression of several neural function-asso-
ciated genes, and PC4 was consistently found to localize on the
promoters of these genes, indicating that PC4 regulates their expres-
sion. These observations indicate that non-histone chromatin-associ-
ated proteins like PC4 play a significant role in neuronal plasticity.
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The complex eukaryotic genome is packaged in the nucleus as a
dynamic DNA-protein structure, chromatin, by means of a multi-
tude of factors. Among the various factors responsible for modu-
lating chromatin architecture, non-histone chromatin-associated
proteins such as heterochromatin protein 1 (HP1), poly(ADP-ri-
bose) polymerase (PARP1), positive coactivator 4 (PC4/Sub1), and
high mobility group (HMQ) proteins play an important role in
regulating the dynamicity of genome organization and thus the
underlying gene function. Although the role of non-histone chro-
matin-associated proteins in the context of gene expression and
chromatin organization has been explored, there are still very few
reports of the specific functions of these proteins at the organismal
level, other than those related to the Rett syndrome-associated
MeCP2 protein (1-5).

Although initially reported as a potent transcriptional coactiva-
tor of activator-dependent RNA polymerase II-dependent tran-
scription (6, 7), PC4/Sub1 has also been implicated in RNA poly-
merase III-driven transcription, DNA repair, and replication (8).
We previously found that human transcriptional coactivator 4
(PC4) is a bona fide non-histone component of chromatin that is
involved in chromatin organization through its ability to interact
with histones (9). Silencing of PC4 leads to a global alteration of
nuclear architecture and epigenetic landscape and overexpression
of neural genes in non-neural cells. Interestingly, we also found
that PC4 interacts with HP1la and recruits REST/CoREST to
silence neural genes in these cells (10). However, if and how PC4
functions in neuronal cells and more generally in the brain is so far
undetermined.

Considering the global role of PC4 in chromatin organization
and the indications of its significant role in gene expression, we
generated PC4 knock-out mice. Knocking out this highly abun-
dant nuclear protein in the mouse germline causes embryonic
lethality; however, knocking out PC4 specifically in the brain is not
lethal, and these mice are fertile. Although there are no major
brain-associated changes, these mice show several specific and dis-
crete phenotypes including nocturnal hypoactivity, impaired adult
neurogenesis, and the inability to extinguish spatial memory.
Transcriptomic analysis of the dorsal hippocampus of the PC4"*
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FIGURE 1. Strategy for knocking out PC4. g, strategy for creation of the knock-out mice. The second exon of the PC4 gene was floxed. b, representative images
of 5" arm validation of the targeted allele. The restriction enzymes Kpnl and Nhel were used, where digest products of 11.2 and 9.2 kb are expected with the
targeted allele, and no product is expected in wild type. The clone numbers are indicated above as C1-C4; C3 and C4 are positive clones. The two panels are
from different lanes of the same autoradiogram. ¢, 3" arm validation of the targeted allele. The restriction enzymes Aflll and Hindlll digests were used, and
products of 7.6 and 8 kb were expected with the targeted allele, and no product is expected in the wild type. Of the 372 clones tested, 5 clones were positive,
of which C5 was used further for generation of the floxed mice. d, Western blotting of whole brain tissue lysates to examine PC4 levels in wild type mice
expressing Cre (PC4*/* Nestin-Cre) (control), heterozygous knock-out mice (PC4*/* Nestin-Cre), and homozygous knock-out mice (PC4”" Nestin-Cre). B-Actin
served as a loading control. e, immunohistochemistry showing the absence of PC4 protein in the brain of the PC4”f Nestin-Cre mice; PC4*/* Nestin-Cre mice
served as controls. The hippocampus and dentate gyrus are magnified to show the absence of staining in the lower panels.

Nestin-Cre mice showed significant alteration in gene expression  Results
compared with the PC4"/* Nestin-Cre control mice, and using
chromatin immunoprecipitation analysis, PC4 was found to local-
ize on some of these gene promoters. These data reveal new gene
networks that could be regulated by PC4 and that are involved in
neuronal activity and plasticity and therefore likely to play a role in
memory processes. These results not only propose arole for PC4at ~ PC4 gene consists of five exons and is located on chromosome
the organismal level for the first time but also indicate a connec-  15. To knock out PC4 in mice, exon 2 was floxed (Fig. 1a). 5" and
tion between chromatin and hippocampus-dependent memory 3’ armvalidation of the targeted allele was performed by restric-
processes. tion digestion and Southern blot analysis (Fig. 1, b and c).

Generation of a Brain-specific PC4 Knock-out Strain Due to
the Lethality of Germline PC4 Knock-out—The mouse gene
expression database shows that PC4 expression begins early
during embryonic development in different tissues. The mouse
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TABLE 1
Offspring ratio of PC4 */2 crossings (Cre expressed in germline)
Number of total
Observed progeny from
Genotype Expected at birth multiple crosses
% %
PC4t/* 25 54 15
pC4*/A 50 46 13
PC4AA 25 0 0

Crosses between PC4"! mice and mice expressing Cre in the
germline (11) generated viable and fertile heterozygotes. How-
ever, further crossing of heterozygotes (PC4*/*) never resulted
in the birth of homozygotes (PC4“/%); rather than the Mende-
lian ratio of 1:2:1, a 1:1 ratio was obtained (Table 1). Hence,
complete knock-out of PC4 in the germline was lethal. The
regulation of neural gene expression by PC4, and its role in the
recruitment of the REST-CoREST complex to chromatin for
gene silencing indicated a possible role for PC4 in the neural
system (10). To investigate the role of PC4 in the neural system,
the floxed mice were crossed with Nestin-Cre mice expressing
Cre specifically in neural and glial progenitor cells beginning in
the early stages of development (12). Surprisingly, despite the
high expression of PC4 in many regions of the developing brain,
knocking out PC4 in the brain in neuronal and glial precursors
early in neural development did not lead to a loss of viability or
very serious phenotypes up to 2 years of age (data not shown).
PC4 knock-out in the brain was confirmed by Western blot
analysis (Fig. 1d), and a dose-dependent decrease was observed
in the heterozygous (PC4"/' Nestin-Cre) and homozygous
knock-out (PC4Yf Nestin-Cre) mice. Total absence of PC4 in
the PC4"* Nestin-Cre mice was also observed in the immuno-
histological analysis of brain sections from these mice (Fig. e,
upper panel), an absence also evidenced when focusing, for
example, on the hippocampus (Fig. le, middle panel) and the
dentate gyrus (Fig. le, lower panel). The PC4”* Nestin-Cre mice
were fertile but were smaller and lighter (Figs. 2,  and b). It was
also observed that PC4”f Nestin-Cre mice exhibited swift and
aggressive movements compared with the PC4*/* Nestin-Cre
controls. However, on assessing the sleep-wake activity pat-
terns of the mice using actigraphy, the overall nocturnal activity
was significantly reduced compared with that of PC4"’" Nes-
tin-Cre mice (Fig. 2¢). Nevertheless, the sleep-wake patterns
remained unchanged, with PC4”* Nestin-Cre mice being signif-
icantly more active at night than during the day. To assess
whether the reduced activity was due to motor deficits, the
motor functions of the PC4"* Nestin-Cre mice were further
analyzed with the rotarod test (13). Following 1 day of habitu-
ation, the mice were subjected to 3 trials each on 3 consecutive
days. However, there were no evident motor defects observed
in the PC4" Nestin-Cre mice, because these mice could stay on
the rotating rod for similar time as the PC4"/* Nestin-Cre mice
(Fig. 2d). Hence, although PC4 knock-out in the germline was
lethal, knocking out PC4 in neural tissue resulted in smaller
mice showing nocturnal hypoactivity without any motor
defects.

Knocking Out PC4 in the Brain Induces Morphological
Changes and Ischemic Sensitivity in Neurons—The brain was
analyzed at the morphological level using specific staining pro-
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cedures. Although the main structural domains of the brain
appeared normal in the PC4"* Nestin-Cre mice (Fig. 1e), stain-
ing of myelinated fibers with Luxol fast blue followed by nuclear
red counter-staining revealed striking differences in various
parts of the brain. In many structures, darkly stained neurons
were observed in PC4"'Nestin-Cre mice, whereas they were
uncommon in stained sections from the PC4*/* Nestin-Cre
mice brains (Fig. 3a). These neurons have a shrunken appear-
ance and an increased affinity for stains, which is indicative of
neuronal vulnerability resulting from an excitotoxic mecha-
nism secondary to acute anoxia or hypoglycemia, especially
when observed in clinical and experimental neuropathology
(14). A closer examination of sections stained with hematoxy-
lin/eosin (Fig. 3b) showed that the cytoplasm was markedly
eosinophilic, with the nucleus appearing shrunken and darkly
stained with condensed chromatin forming clumps, similar to
what is observed in ischemic neurons (14). Among the brain
structures, abnormal neurons were numerous in the hippocam-
pus, in the inner layer of the dentate gyrus (Fig. 3a, panels b and
¢), and CA1 and CA3 neurons, especially in the homozygotes
(Fig. 3a, panel c). Purkinje cells of the cerebellum were also
often affected (Fig. 3a, panels e, f, and i). However, no obvious
defects/changes were observed in the density/distribution of
neurons and/or glia (Fig. 3¢). Upon observing sections from
heterozygotes, fewer darkly stained cells were observed, show-
ing that a decrease in levels of PC4 also led to hypoxic condi-
tions, although they were definitely much fewer in number than
the knock-out mice (Fig. 3a, panels b, e, and g).

To further investigate whether the absence of PC4 in the
brain results in hypoxia, the expression of downstream target
genes of hypoxia-inducible factor-1a (HIF-1a),* such as VEGF,
were analyzed. In addition, the VEGFC isoform has recently
been suggested to be up-regulated and serve as an adaptive
response to ischemic and oxidative stress in the hippocampus,
where it can have neurotrophic and neuroprotective effects
(15-17). HIF-1a levels were not analyzed because HIF-1a has
been shown in multiple earlier studies to be regulated at the
level of protein stability in hypoxic conditions, rather than of
gene expression (18, 19). Expression of the three VEGF iso-
forms was assessed in PC4"f Nestin-Cre mice, as well as in sta-
ble PC4 knockdown HEK-293 cells (Fig. 3d). We observed an
increase in the levels of VEGFC, and there was a significant
reduction in the levels of VEGFA in the dorsal hippocampus
of the knock-out mice, whereas VEGFB levels remained
unchanged (Fig. 3d). However, VEGFC levels were not
increased in PC4 knockdown HEK-293 cells (Fig. 3d), indicat-
ing a specificity for VEGF regulation in vivo that is likely to
result from the ischemic conditions observed in the absence of
PC4, especially in the brain where oxygen tension is critical.

Knocking Out PC4 in the Brain Affects the Number of Newly
Generated Neurons in the Adult—The subgranular zone (SGZ)
of the dentate gyrus from the hippocampus is one of the pri-
mary sites for neurogenesis in the mammalian adult brain (20).
Because darkly stained cells were located in the inner layer of
the dentate gyrus, we investigated possible changes in adult

“The abbreviations used are: HIF, hypoxia-inducible factor; SGZ, subgranular
zone; PT, probe trial.

JOURNAL OF BIOLOGICAL CHEMISTRY 20305



PC4 Affects Memory Processes

(a) (b

~

N
o

N
o

-
o

Body weight (g)
(4.}

0l
PC4*+
Nestin-Cre

(c

~

PC4ff Nestin-
Cre

=

o

Time (sec)
a 2
o o
—

-

- TS.

w

-

It %‘

w

123

No. of cage crossings/hour
E-Y

Day 1
-O--PC4** Nestin-Cre

Night 1 Day 2

—- PC4f Nestin-Cre

Night 2

Day 1 Day 2 Day 3

-0~ PC4** Nestin-Cre -~ PC4f Nestin-Cre

FIGURE 2. Knocking out PC4 leads to hypoactivity with no motor dysfunction. a, comparison of overall size of PC4™/* Nestin-Cre and PC4”f Nestin-Cre mice.
The PC4”* Nestin-Cre mice were visibly smaller in size that the PC4™/* Nestin-Cre mice. b, average body weight of adult male mice in grams (n = 8; unpaired
t test, p < 0. 0001). ¢, activity graph with the number of cage crossings/h plotted for 2 days and 2 nights. Statistical analyses revealed significant general
hypoactivity for the PC4"fNestin-Cre mice compared with the PC4™/* Nestin-Cre mice (night 1: F(1,17) = 13.13,p = 0.002; night 2: F(1,17) = 14.99,p = 0.0012;
day 1:F(1,17) = 6.36,p = 0.021;day 2: F(1,17) = 3.95, p = 0.062). However, the PC4”" Nestin-Cre mice followed the day-night cycle comparable with the PC4*/*
Nestin-Cre mice (day 1 versus night 1t(9) = 8.65, p = 0.000012 and day 2 versus night 2 t(9) = 7.06, p = 0.000005). d, rotarod test showing the average time (s)
before which the mice fell off the rotarod. No effect of genotype was observed (F(1,14) = 0.15, p = 0.70).

neurogenesis by immunostaining for DCX (doublecortin), a
microtubule-associated protein found exclusively in develop-
ing and immature neurons (21) (Fig. 4a). We found that the
number of doublecortin-positive neurons was significantly
reduced in the PC4"* Nestin-Cre mice (Fig. 4b). In addition, we
observed that the length of the dendrites from the newly gen-
erated neurons present in the middle upper part of the hip-
pocampus showed a small but significant decrease in the PC4*
Nestin-Cre compared with control mice (Fig. 4, ¢ and d). This
decreased number of DCX-positive cells could result from a
reduced generation of new neurons because of the PC4 knock-
out or from decreased cell survival (or increased death) because
of the large number of hypoxic cells observed in the inner layer
of the dentate gyrus (Fig. 3, b and ¢). Mice from both genotypes
were injected with BrdU and killed 1 h later to measure the
exact number of rapidly proliferating BrdU-positive cells pro-
duced at that time (22) (Fig. 4e). However, the number of
BrdU™ cells was not significantly different between the geno-
types, indicating that PC4 does not have an effect on the prolif-
eration step of adult neurogenesis. Lastly, although no major
alteration in brain structures was observed (e.g. hippocampal
formation; Figs. le and 2a), we also verified whether knocking
out PC4 could have impacted embryonic neurogenesis. The
density of cortical neurons in the motor cortical region of adult
mice ultimately reflects the number of viable cortical progeni-
tors produced during development. Such counting did not
reveal a significant difference in the density of NeuN-positive
mature neurons in this region (Fig. 4, fand g), suggesting that
there was no major impairment of embryonic neurodevelop-
ment. Thus, the decrease in number of newly generated dou-
blecortin-positive neurons does not seem to result from a direct
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effect of PC4 on proliferation but rather from a secondary effect
of PC4 knock-out, such as increased hypoxic conditions.

Absence of PC4 in the Brain Does Not Impact Spatial Memory
Formation but Prevents Its Extinction—The hippocampus plays
a major role in memory formation, and newly generated hip-
pocampal neurons have been implicated in recent and long
term spatial memory formation (23). We thus tested spatial
memory in PC4"" Nestin-Cre mice, using the Morris water
maze (Fig. 5a). This test consists of a circular pool divided into
4virtual quadrants surrounded by spatial cues, where an escape
platform is hidden below the surface of opaque water. The mice
were trained for 4 consecutive days with four trials/day to learn
the platform location. We observed that the acquisition was
comparable in PC4”f Nestin-Cre and PC4*/* Nestin-Cre mice,
with both requiring less time to reach the platform over the
days. On the third day, both strains reached a plateau, showing
that the PC4”" Nestin-Cre mice did not display any learning
defects (Fig. 5b).

Memory retention was tested in two different probe trials
(PT), in which the mice were left in the water for 60 s in the
absence of the platform, and the time spent in each of the four
virtual quadrants of the pool was quantified. We first tested
memory retention in a probe trial on day 4 (i.e. 24 h after the
third day of acquisition) to assess recent memory (intermediate
PT or intermediate probe trial). This was followed by additional
training to avoid extinction. We then tested the mice in another
PT, which was performed on Day 10 (6 days after the last day of
training to assess memory persistence). In both probe trials, the
PC4"/* Nestin-Cre and PC4"”f Nestin-Cre mice spent a com-
parable amount of time (~30 s) in the target quadrant (where
the platform was located during training), which was signifi-
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FIGURE 3. PC4"f Nestin-Cre mice show indications of hypoxia in the brain. g, Luxol fast blue staining of paraffin sections shows numerous hyperchromatic
dark blue cells throughout the brain of PC4”f Nestin-Cre mice, and fewer in the brain of PC4*/f Nestin-Cre mice, particularly in the hippocampus (panels a-c)
and cerebellum (panels d—f). High magnification images of PC4*/f Nestin-Cre (panel g) and PC4"f Nestin-Cre (panel h and i) mice are shown in the right column.
Normal neurons (pink, arrowheads) can be observed. Dark blue-stained neurons (arrows) are few in the PC4*/f Nestin-Cre mice and numerous in PC4%f
Nestin-Cre mice in the dentate gyrus and CA3 of the hippocampus (panels b, ¢, g, and h), and in Purkinje cells from the cerebellum (panels e, f, and i). Scale bars,
200 wm in a-¢; 50 wm in d-f; 100 um in g and h; and 20 um in i. b, hematoxylin/eosin staining showing eosinophilic neurons (arrows) compared with normal
neurons (arrowheads) in the cortex and hippocampus of PC4”f Nestin-Cre brains. Scale bars, 20 /me. ¢, immunofluorescence analysis of neuronal and glial
markers, NeuN and GFAP, respectively, counterstained with DAPI; in PC4*/* Nestin-Cre and PC4”f Nestin-Cre mice, hippocampal sections did not show any
obvious change. Scale bars, 200 um. d, quantitative RT-PCR analysis for indicators of hypoxia. Levels of VEGF isoforms in HEK-293 cells in the presence of normal
and down-regulated levels of PC4 and in dorsal hippocampus of PC4*/* Nestin-Cre and PC4" Nestin-Cre mice were compared. mRNA levels were normalized
to GAPDH levels and are represented as fold changes, with the value obtained with the control expressing normal PC4 levels set at 1. Significant changes of
VEGFA and VEGFC were observed with very minimal effects on VEGFB (n = 3). #, p < 0.05; ##, p < 0.01. Student's t test p values for dorsal hippocampus were
as follows: VEGFA, 0.0160; VEGFB, 0.5497; and VEGFC, 0.0312. Student's t test p values for stable PC4 knockdown HEK-293 cells were as follows: VEGFA, 0.0378;

VEGFB, 0.8515; and VEGFC, 0.0022.

cantly higher than chance (15 s; Fig. 5¢). This suggests that the
acquisition, consolidation, and retention of recent memory, as
well as memory persistence, were not affected in the PC4""
Nestin-Cre mice.

The PC4"* Nestin-Cre mice were then subjected to several
trials of extinction. To this end, both groups of mice were tested
repeatedly (at 2-h intervals) as was done for the probe trial to
assess extinction processes. Although the PC4"’" Nestin-Cre
mice realized that the platform was no longer in place, they
started swimming more randomly in the pool (spending about
15 s in each quadrant) as early as in extinction trial 2 (Fig. 5d).
However, the most striking observation was that the PC4"*
Nestin-Cre mice were unable to extinguish their memory (Fig.
5d) and still spent a significantly longer time in the target quad-
rant, even after the third extinction trial, showing that the
PC4"f Nestin-Cre mice were indeed strongly deficient in mem-
ory extinction.

PC4 Regulates Gene Expression Pattern in the Hippocampus
through Direct and Indirect Mechanisms—To gain further
insight into the molecular basis of these observations, a com-
parative gene expression analysis was performed with the dor-
sal hippocampi isolated from the PC4”* Nestin-Cre mice and
the PC4*/" Nestin-Cre mice (Fig. 6a). Although PC4 is a global
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chromatin organizer, a specific subset of 377 genes was found to
be significantly down-regulated, and 347 were significantly up-
regulated (p < 0.05). A few genes that were highly dysregulated
in the microarray data were chosen for validation (Fig. 6b).
Some of these genes are known to be involved in neural func-
tion, either generally (such as the serotonin receptor 3A (Htr3a)
and the rho2 subunit of the GABA C receptor (Gabrr2)) or
specifically (such as the calcium calmodulin kinase 2b
(Camk2b), which was recently shown to remove unwanted syn-
apses together with Arc (24), and the rodent four-jointed
ortholog (Fjx1), which inhibits dendritic extension (25) (Fig.
6b)). The expression of these genes followed the pattern
observed in the microarray analysis.

Interestingly, many potassium channel-related members
were significantly altered, suggesting possible damage to neu-
ronal excitability and/or neuronal/glial interactions (Fig. 6 and
Table 2). Likewise, a series of mitochondrial NADH deshydro-
genase enzymes were found to be dysregulated, suggesting
potential perturbation of oxidative phosphorylation (Table 2).
We further performed functional analyses using the WEB-
based GEne SeT AnaLysis Toolkit (WebGestalt, GSAT) (p <
0.05, FC > 1.10). Strikingly, phenotype analyses highlighted
abnormal synaptic plasticity in the down-regulated genes

JOURNAL OF BIOLOGICAL CHEMISTRY 20307



PC4 Affects Memory Processes

(b) %

(a) PC4*"* Nestin-Cre PC4ff Nestin-Cre

Number of Dcx+
neurons

(c) ()

PC4** Nestin-Cre  PCA4" Nestin-Cre s E 2 %0
£ 8 40
25 3
g2 T N30
58 24
5=
> o 150 2
Q2
< _g 75 g 10 1
0 z
0l
v fif
(9)
PC4** Nestin-Cr = 0
NETRE £ =
(A 3 Z30
3 D, @
zZ25
52220
ges
c o10
8 8
0
= ++ fif

FIGURE 4. Absence of PC4 results in altered neurogenesis. g, a typical example of the immunofluorescence analysis of Dcx (doublecortin) in cryosections.
Scale bars, 200 um. b, the number of Dcx-positive neurons in the dentate gyrus was counted in several sections per animal (n = 3; p < 0.05), and a significant
decrease was observed in the number of Dcx-positive neurons in PC4”f Nestin-Cre mice. ¢, typical magnified images of Dcx-stained sections showing the
reduced number of neurons. The dotted lineindicates a length of 100 uwm from the SGZ, and most dendrites were restricted to this length in the PC4”f Nestin-Cre
mice, whereas visibly more dendrites were longer than 100 uwm in the PC4™/* Nestin-Cre mice. Scale bars, 20 um. d, measuring the length of the longest
Dcx-positive dendrite in the hippocampus showed that this length was significantly lesser in the PC4”f Nestin-Cre mice compared with the PC4™/* Nestin-Cre
mice (PC4*/" Nestin-Cre: 174.4 um versus PC4"fNestin-Cre: 162.4 um; n = 3;p <0.01).e, effect of PC4 knock-out on proliferation in the SGZ after BrdU injection
(100 mg/kg). Control and PC4 knock-out mice were injected with BrdU 1 h before they were sacrificed. The numbers of BrdU-positive cells in the SGZ were not
statistically different between the two genotypes (n = 2-3; 4 sections/animal). f,immunofluorescence analysis of NeuN (right panel), counterstained with DAPI
(left panel) in cryosections of PC4™* Nestin-Cre and PC4”* Nestin-Cre mice showing density of neurons in the cortical regions (white boxes depict M1 and M2
motor cortical regions). Representative images showing NeuN-positive cells in the motor M1 cortical region are shown for both genotypes (right panel). Scale
bars, 100 um. g, the number of NeuN-positive cells in the motor cortical region was counted, and the density of neurons was seen to be similar in the PC4*/*
Nestin-Cre and PC4"f Nestin-Cre mice (n = 3; 4-5 sections/animal).

(Table 3) and hippocampus-related morphological abnormali- Discussion
ties in the up-regulated genes (Table 3). Wikipathways and
analysis by Kyoto Encyclopedia of Genes and Genomes also
highlighted a significant down-regulation of plasticity-related
pathways, including the MAPK pathways, pathways related to
plasticity for drug addiction, and oxidative phosphorylation
pathways, whereas the VEGF and apoptosis signaling pathways
were significantly up-regulated (Table 3). A network map con-
necting the gene ontology class with the relevant dysregulated
genes was generated (Fig. 6¢). This network mapped a signifi-
cant set of molecules involved in multiple pathways, including
neuronal signaling, immune response, transport, mitochon-
dria, protein binding and oligomerization, metabolism, and cell
death.

To examine the role of PC4 in the expression of these genes,
a chromatin immunoprecipitation was performed using U87

Gene expression is regulated by chromatin organization in
the eukaryotic nucleus, and non-histone chromatin-associated
proteins act to fine-tune chromatin states, among other factors.
Our knowledge of the role of PC4/Subl, a highly and ubiqui-
tously expressed chromatin-associated multifunctional pro-
tein, in organ-specific development is rather limited; thus, this
study is the first in which a conditional knock-out of PC4 in the
brain has been generated, because a complete PC4 knock-out in
the germline was lethal. Here, we show that specific PC4 knock-
out in the brain leads to abnormal phenotypes related to neu-
ronal morphology, sensitivity, plasticity, and memory. Indeed,
compared with the PC4™/" Nestin-Cre mice, the PC4”* Nestin-
Cre mice showed no evident brain anatomical abnormalities
but exhibited alteration in sensitivity to hypoxia/anoxia,

glioblastoma and SHSY-5Y neuroblastoma cells. A significant
enrichment in the binding of PC4 was seen on all the selected
gene promoters in SHSY-5Y neuroblastoma cells, but not in
U87 cells (Fig. 6d). Among these genes, although some genes
showed down-regulation (Cntfr, Lphnl, and Gabrr2) in the
gene expression analysis, some were up-regulated (Htr3a,
Rxfp3, Stmn2, and Kntcl) upon PC4 knock-out.

20308 JOURNAL OF BIOLOGICAL CHEMISTRY

decreased number of newly generated neurons in the hip-
pocampus, and strong deficits in spatial memory extinction. A
dysregulation of a series of genes implicated in different neural
processes was also observed, some of which were under the
direct regulation of PC4.

The mouse gene expression database shows that PC4 expres-
sion begins early during embryonic development in different
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significantly greater than 15 s (*, p < 0.05; **, p < 0.01).

tissues. We have observed that a complete knock-out of PC4
leads to embryonic lethality in mice, whereas heterozygotes
with just one functional copy of the gene were normal and fer-
tile, showing that although mice can survive haploinsufficiency,
complete absence of PC4 leads to death in utero. Young adult
PC4"f Nestin-Cre mice were smaller in size and lighter com-
pared with the PC4"/" Nestin-Cre mice; this phenomenon is
observed often in transgenic mice (26). Although motricity
was unaffected, the PC4”" Nestin-Cre mice showed signifi-
cantly less nocturnal activity despite exhibiting fast, darting
movements.

Atthe structural level, though there were no gross changes in
the brain structures of the PC4"f Nestin-Cre mice compared
with the PC4"/* Nestin-Cre mice, certain cells in the PC4""
Nestin-Cre mice brain showed strong affinity for Luxol fast
blue/nuclear red. Further, hematoxylin/eosin staining sup-
ported the notion that such cells are usually neurons that show
increased vulnerability to acute anoxia/hypoxia or hypoglyce-
mia (14). It is noteworthy that the levels of VEGFC, which has
neurotrophic and neuroprotective effects, were increased sig-
nificantly, probably as an adaptive response to overcome the
effects of hypoxia (17). Regarding the function of the hip-
pocampus, we noticed inhibition of adult neurogenesis with a
decreased number of newly generated doublecortin-positive
neurons (Fig. 4, a—d) in the SGZ, a region mostly represented
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47f Nestin-Cre mice, all extinction values were

by hypoxic cells in the PC4 knock-out mice (Fig. 3, a—c). Over-
all, the proliferation of progenitors was not impaired in PC4
knock-out mice, despite the hypoxic conditions in the hip-
pocampus. Interestingly, it has been recently shown that low
oxygen environment supports the early precursors, whereas
surrounding higher oxygen levels can be toxic to those cells that
start becoming neurons (27). Precursors of new neurons have
to undergo oxidative damage when becoming mature neurons,
leaving the SGZ, and only a proportion of them ultimately reach
this differentiated state (27). Thus, it is likely that new neurons
from PC4 knock-out mice may be more sensitive to this oxida-
tive damage during maturation, despite induction of the VEGF
pathway. Additionally, VEGFA, which is secreted by stem cells
to maintain the stem cell niche (28, 29), was significantly
reduced. This reduction may also account for the decrease in
neurogenesis observed. Along this line, many isoforms of mito-
chondrial NADH dehydrogenase enzymes and oxidative phos-
phorylation pathway were dysregulated, suggesting a possible
defect in the respiratory chain, energy production, and/or
intracellular calcium homeostasis regulation, which could ulti-
mately lead to mitochondrial damage and cell death. Lastly,
several genes related to apoptosis and inflammation were
altered in our microarray analyses (Table 3). These alterations
indicate a possibility of higher rate of progenitor death in the
dentate gyrus under oxidative conditions. Taken together,
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sented relative to the input DNA (n = 3; %, p < 0.05; **, p < 0.01, ***, p < 0.001).

these data suggest that PC4 may play an important role in the
regulation of hypoxia/anoxia and cell death.

When exploring hippocampus-dependent memory func-
tions, no impairments were found in the processes of learning,
consolidation or retention of recent, and persistent spatial
memory, because the PC4Yf Nestin-Cre mice were able to learn
and remember the location of the hidden platform even 6 days
after training. However, the memory extinction of the PC4"*
Nestin-Cre mice was severely impaired. Even upon repeated
introduction into the pool, these mice spent a considerable
period of time in the target quadrant despite the absence of the
platform, whereas the PC4"/* Nestin-Cre mice eventually
spent an approximately average time (15 s) in each quadrant.

20310 JOURNAL OF BIOLOGICAL CHEMISTRY

by quantitative PCR. Quantification of immunoprecipitated DNA was repre-

Brain regions underlying memory extinction have mostly been
studied in the fear memory paradigm and have established that
the prefrontal cortex is required for consolidation of extinction
(30, 31). Fear extinction requires long term synaptic changes in
the infralimbic prefrontal cortex that are mediated by a variety
of mechanisms, including NMDA receptor-dependent plastic-
ity (32, 33). In addition, a few reports have described the role of
factors involved in extinction processes, such as CAMKIlx
(34-36). GSAT analysis revealed abnormal synaptic plasticity
as a significant phenotype, and genes belonging to the CAMKII
family, NMDA receptors, and MAPK kinase pathway were all
significantly down-regulated in our microarray study (Fig. 6, b
and ¢, and Table 3). VEGFA, which was significantly down-

SASBMB

VOLUME 291+-NUMBER 39-SEPTEMBER 23,2016



TABLE 2
List of genes in the microarray analyses

PC4 Affects Memory Processes

List of genes related to potassium channels and mitochondrial NADH deshydrogenase enzymes, that were found significantly up- or down-regulated (p < 0.05) in the

microarray analyses. Gene ID, symbol, and absolute fold change are given.

Gene ID Symbol Absolute fold change p value Regulated
Potassium channel-related genes
16506 Kend1 1.14 0.03 Up
67516 Kctd4 1.41 0.01 Up
16494 Kcna6 1.12 0.03 Down
241794 Kengl 11 0.02 Down
16520 Kcnj4 1.37 0.04 Down
16526 Kcnk2 1.22 0.01 Down
243043 Kctd8 1.11 0.04 Down
Mitochondria-related genes
66091 Ndufa3 1.13 0.04 Up
70316 Ndufabl 112 0.04 Up
68342 Ndufb10 1.21 0.05 Down
67264 Ndufb8 1.1 0.01 Down
66218 Ndufb9 1.27 0.04 Down

regulated in the absence of PC4 (Fig. 3d), has also been shown to
have an effect on neuronal plasticity and memory. Of note,
the serotonin receptor, Htr3A, which was up-regulated and
showed a strong enrichment of PC4 binding on its promoter
(Fig. 6, b—d), has been recently associated with fear memory
extinction (37, 38). Furthermore, the hippocampus is among
the primary areas of the brain that are particularly susceptible
to injury because of inadequate availability of oxygen/glucose.
The defect in the memory extinction ability of the PC4”f Nes-
tin-Cre mice might also be a reflection of the sensitivity of the
hippocampus to such conditions.

Finally, we believe that no major impairment occurred dur-
ing embryonic neurodevelopment in the PC4"* Nestin-Cre
mice, because we found that the density of cortical neurons in
motor regions (neurons originating from the same number
of progenitors produced during development) was similar
between the control and knock-out mice (Fig. 4, fand g). We can-
not exclude, however, that improper network connections have
been established, which could ultimately alter the extinction net-
work and/or process. Of note, Four-jointed ortholog Fjx1 levels
were significantly increased in the PC4”* Nestin-Cre mouse brain
compared with the PC4"/* Nestin-Cre mouse brain (Fig. 6b).
Because Fjx1 is known to be a regulator of dendrite branching and
extension in the hippocampus (25), this abnormal increase may
result in altered or defective network connections. However, the
phenotype observed in the PC4”* Nestin-Cre mice could be due to
changes during development or due to changes in the adult (or
both), which only the generation of conditional adult PC4 knock-
out mouse will be able to conclusively decipher.

Lastly, the presence of PC4 on all the tested gene promoters
in SHSY-5Y cells indicates a strong and specific involvement of
PC4 in regulating gene expression in neuronal cells. The pres-
ence of PC4 on both down-regulated and up-regulated gene
promoters indicates the possible association of PC4 with differ-
ent protein complexes to mediate gene transcription or repres-
sion, because PC4 is known to be a transcriptional coactivator
and also associates with heterochromatin proteins (10) to com-
pact chromatin acting as a chromatin organizer.

In conclusion, this work highlights for the first time the
importance of non-histone chromatin proteins in brain func-
tion and behavior, by revealing that the abundant nuclear pro-
tein PC4 plays a significant role in response to hypoxia, memory
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extinction, and adult neurogenesis, by regulating a small subset
of genes associated with brain plasticity in an organismal con-
text. In addition, this study also gives a gene expression profile
of amouse strain defective in memory extinction, the molecular
mechanisms of which are still not clearly understood. Because
memory extinction plays an important role in replacing original
memories with more relevant ones after new experiences, espe-
cially in conditions like anxiety and spatial changes, the genes
and proteins described in this study could contribute to a fur-
ther understanding of the phenomenon.

Experimental Procedures

Mouse Maintenance and Generation of Transgenic Mice—
C57BL6 mice were maintained in compliance with interna-
tional laws and guidelines under a 12-h light/dark cycle with
controlled temperature (22 * 2 °C) and humidity. Transgenic
mice with a floxed exon of PC4 were generated by the Mouse
Clinical Institute (Strasbourg, France). For the germline knock-
out, PC4"f mice were crossed with mice that express Cre in the
germline (11). In subsequent crosses, heterozygotes were crossed
to obtain homozygous PC4 '~ mice lacking PC4 because of a
deletion in the germline. Similarly, the generation of the condi-
tional brain-specific knock-out was performed using Nestin-Cre
(FT) mice, in which Cre is expressed specifically in neuronal and
glial precursors beginning in early developmental stages (12).
10-12-week-old adult male mice were used for all the behavioral
tests after blinding the experimenter to the genotype.

Western Blotting, Immunohistology, and Immunofluorescence—
Western blotting, immunohistology, and immunofluorescence
analyses were performed using routine procedures as described in
Ref. 39. For the BrdU labeling, a single dose of BrdU (100 mg/kg)
was injected in 2-month-old mice for 1 h before sacrifice. An aver-
age of 35 cryosections (40 mm thick) were made in the dorsal
hippocampus between Bregma —1.06 and —2.46, and sections
were then processed for immunostaining.

Actigraphy—The mice were placed individually in transpar-
ent cages and adapted to the shelves of the testing device. Two
infrared light beams passing through each cage were targeted
on two photocells that were placed 2.5 cm above the cage floor
level and 28 c¢m apart. The number of cage crossings was
recorded by a computer over 2 day-night cycles.
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TABLE 3
Functional analyses with WebGestalt

Functional analyses using WEB-based GEne SeT AnaLysis Toolkit (WebGestalt,
GSAT) performed with either down- or up-regulated gene lists, showing significant
regulation (Adj_p value<<0.05, represented as —log10) for Phenotype analysis (A)
and Wikipathways/KEEG pathways (B).

(A) -log10(Adj_p value)
1 1,

DOWN Abnormal synaptic plasticity H

Enlarged brain ventricle I NN
UP Abnormal entorhinal morphology [ NN
Abnormal parahippocampal gyrus morphology [ N N

PHENOTYPE

(B) -log10(Adj_p value)
1 5

Odorant GPCRs -_'

Hypothetical Network for Drug Addiction N
MAPK signaling pathway [N
Focal Adhesion [N
Oxidative phosphorylation [l
Metapathway biotransformation [N
TGF-beta Receptor Signaling Pathway [N
Non-odorant GPCRs [l
Alpha6-Beta4 Integrin Signaling Pathway [l
Electron Transport Chain [l

DOWN

IL-3 Signaling Pathway [
Focal Adhesion [
Chemokine signaling pathway [N
GPCRs, Class A Rhodopsin-like [l
Toll-like receptor signaling pathway [l
Retinol metabolism [l
T Cell Receptor Signaling Pathway [l
Integrin-mediated cell adhesion [l
TNF-alpha NF-kB Signaling Pathway [l
Apoptosis 1l

WIKIPATHWAYS

10) 4

Autoimmune thyroid disease | N [ NI
Glioma NN
Cell adhesion molecules (CAMs) [ N
Pathways in cancer | NN
Olfactory transduction | N RREEEN
Metabolic pathways | N IR
MAPK signaling pathway [
Protein processing in endoplasmic reticulum [N
Cytokine-cytokine receptor interaction [
Neuroactive ligand-receptor interaction | I

DOWN

KEEG

Olfactory transduction [ N R
Focal adhesion [N
VEGF signaling pathway [N
Metabolic pathways [
Apoptosis [N
Nicotinate and nicotinamide metabolism [
Biosynthesis of unsaturated fatty acids [
Cytokine-cytokine receptor interaction [l
Parkinson's disease [ I
Chemokine signaling pathway [

up

Rotarod Test—Each mouse was placed on a rotating rod, and
the speed of the rod could be increased. On day 1 of the test, the
mice were allowed to habituate to the task, and the speed of the
rod was kept constant at 4 rpm. Beginning on day 2, the speed of
the rod was increased from 4 to 40 rpm. The mouse had to keep
up with the increasing speed until it could no longer stay on the
rod. The latency before the fall was measured over 3 consecu-
tive days, with three trials on each day. The last day of training
is considered as the test day, and the statistical analyses were
performed on this day. Following the test, the rod was cleaned
well before introducing the next mouse.
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Morris Water Maze—A Morris water maze test was per-
formed as described in Ref. 39. The acquisition was performed
over 4 days. two probe trials, the first on day 4 before the start of
the 4th day training sessions and the second on day 10, were
performed. Three extinction trials were performed on day 10 at
2-h intervals. Acquisition was analyzed statistically using two-
way analysis of variance with “day” and “genotype” as variables,
and probe trial performance was analyzed using ¢ test.

RNA Isolation, Microarray, Data Analysis, and Quantitative
RT-PCR Analysis—RNA isolation, microarray, data analysis,
and quantitative RT-PCR analysis were performed as described
in Ref. 40. The primers used are as follows: CAMK2B, forward,
5'-CGTTTCACCGACGAGTACCAG-3', and reverse, 5'-
GCGTACAATGTTGGAATGCTTC-3'; GABRR2, forward,
5'-ATGCCTTATTTGATGAGACTCGC-3’, and reverse, 5'-
CCACACCTACAGGGATGGC-3'; Lphnl, forward, 5'-ACC-
CTTTCCAGATGGAGAATGTG-3', and reverse, 5'-GGGA-
CACAGTCGTACTGCAC-3'; Rxfp3, forward, 5'-TCCTC-
ATCAGCGCGGTTTAC-3', and reverse, 5'-CAGTGCCAG-
GTTAGTGACAAAG-3'; Fjx1, forward, 5'-ATCCTCTTCGA-
TTACCTGACGG-3', and reverse, 5'-TTGTCCAGAAAGACC-
AACGCC-3';Htr3A, forward, 5'-CCTGGCTAACTACAAGAA-
GGGG-3', and reverse, 5'-TGCAGAAACTCATCAGTCCA-
GTA-3'; VEGFA, forward, 5’ AGGGCAGAATCATCACGAA-
GTGGTG-3', and reverse, 5'-GTGGGCACACACTCCAGGCCC-
3’; VEGEFB, forward, 5'-CCTGACGATGGCCTGGAGTGTG-
3’, and reverse, 5'-CCTGGGGCTGTCTGGCTTCAC-3’; and
VEGEFC, forward, 5'-GGTGTGTATAGATGTGGGGAAGG-
3’, and reverse, 5'-CGGCAGGAAGTGTGATTGG-3'.

Chromatin Immunoprecipitation—Chromatin immunopre-
cipitation was performed using SHSY-5Y and U87 cells from
ATCC, using the protocol described in Ref. 41. The primers
used are as follows: GABRR?2, forward, 5'-GTCTGCTGAGG-
TCCAAAGGATC-3', and reverse, 5'-ACCAGGTCAGAGA-
GGGGCATG-3’; Lphnl, forward, 5'-AGTCGCCGCCCGGG-
ACTGGCC-3', and reverse, 5'-CCTTATACTTCACTGGA-
AAATCC-3'; Rxfp3, forward, 5'-CTGCTGAAACTCTGGAG-
AGG-3’, and reverse, 5'-GGCTCTCACCAGTTACGGTG-3';
Cntfr, forward, 5'-GTCCTAAGGTGTCCTTGGACC-3’, and
reverse, 5'-GGCTCCTTTTAGGATGGAGGC-3'; Htr3A, for-
ward, 5'-ACCCCTTGGAAAGATGCTGG-3', and reverse,
5'-CAACCGGCCAGTTAGACAGTA-3'; Stmn2, forward, 5'-
GACGCCTAAGTCCAGCTGTGC-3', and reverse, 5'-TTGA-
GAAGTCCTCACTATATG-3'; and Kntcl, forward, 5'-CAG-
TGAGGCGAAAGGAACGTAG-3’, and reverse, 5'-CGG-
CTCCCAGAACCTTGTTCG-3".
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