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ABSTRACT How mammalian neuronal identity is progressively acquired and reinforced
during development is not understood. We have previously shown that loss of RP58
(ZNF238 or ZBTB18), a BTB/POZ-zinc finger-containing transcription factor, in the mouse
brain leads to microcephaly, corpus callosum agenesis, and cerebellum hypoplasia and
that it is required for normal neuronal differentiation. The transcriptional programs regu-
lated by RP58 during this process are not known. Here, we report for the first time that
in embryonic mouse neocortical neurons a complex set of genes normally expressed in
other cell types, such as those from mesoderm derivatives, must be actively repressed
in vivo and that RP58 is a critical regulator of these repressed transcriptional programs.
Importantly, gene set enrichment analysis (GSEA) analyses of these transcriptional
programs indicate that repressed genes include distinct sets of genes significantly asso-
ciated with glioma progression and/or pluripotency. We also demonstrate that reintro-
ducing RP58 in glioma stem cells leads not only to aspects of neuronal differentiation
but also to loss of stem cell characteristics, including loss of stem cell markers and
decrease in stem cell self-renewal capacities. Thus, RP58 acts as an in vivo master guard-
ian of the neuronal identity transcriptome, and its function may be required to prevent
brain disease development, including glioma progression.

KEYWORDS RP58, ZBTB18, transcriptomics, cerebral cortex, microcephaly, neuronal
identity, glioma, BTB/POZ, glioblastoma, neuronal differentiation, transcription factor,
aging, neurodegenerative diseases

The mechanisms controlling cell fate choice and maintenance, especially of neuro-
nal cells in the brain, constitute a core developmental question, a question also

critical for understanding neurological disorders such as brain birth defects (e.g., micro-
cephaly) or psychiatric disorders (e.g., schizophrenia) that result from defects in these
processes (e.g., references 1 to 4). Although much is known about the transcriptional
controls that regulate the acquisition of neuronal identity in both vertebrate and non-
vertebrate models, the mechanisms that are set in postmitotic cells to allow for final
differentiation and maintenance of cell identity during the adult life are much less
known, in particular in the mammalian brain (e.g., references 5 and 6).

Work in Caenorhabditis elegans has identified transcription factors acting as terminal
selectors that are important not only for setting up a neuronal identity but also for its main-
tenance (6). It is known that transcriptional maintenance programs initiated early in fetal life
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to specify a certain neuron type such as monoaminergic-type and cholinergic-type neuron
identity are sustained during early postnatal and even adult stages to maintain postmitotic
neuronal identities (e.g., reference 7; reviewed (in references 6, 8, and 9).

How the mammalian general neuronal identity is transcriptionally maintained and
protected during mammalian development, however, remains unresolved, although a
few transcription factors are reportedly involved in maintaining a neuronal differenti-
ated state. Recently, through the use of an in vitro model of neuronal differentiation,
the pan-neuron-specific transcription factor Myt1-like (Myt1l) has been reported to
repress many different somatic lineage programs other than the neuronal program via
recruitment of a complex containing Sin3b for its proneuronal function (10).

RP58 (also known as ZBTB18) is a zinc finger and BTB (Broad-Complex, Tramtrack,
and Bric-a-brac)-containing transcription factor, and its deletion in the mouse brain
leads to microcephaly, corpus callosum agenesis, and cerebellum hypoplasia (11).
Importantly, RP58 haploinsufficiency or mutations are associated with human microce-
phaly and/or intellectual disability (12–15). Using a novel cell sorting protocol to isolate
multipotent progenitors, neuronal progenitors, and differentiating neurons from the
embryonic cortex, we have shown that deletion of Rp58 leads to derepression of neu-
rogenic genes such as Ngn2 and Neurod1 in postmitotic neurons (11), suggesting that
RP58 is required to repress neuronal progenitor genes in postmitotic neurons. RP58 is
also required for reprogramming of fibroblasts following ASCL1 expression (16).
However, which transcriptional programs are controlled by RP58 during neuronal dif-
ferentiation in postmitotic neurons is not known. Therefore, in the current study, we
analyzed the embryonic cortical neurons’ transcriptome in normal and Rp58 mutant
postmitotic neurons.

RESULTS
RP58 represses nonneuronal fates in postmitotic neurons. To comprehensively

decode how RP58 controls cell differentiation, we analyzed the transcriptome of sorted
embryonic day 14.5 (E14.5) postmitotic neurons from Rp581/1 (WT) and Rp582/2 (Rp58
mutant) cortices by transcriptome sequencing (RNA-seq) (Fig. 1A, indicated as the
CD1332; EGFP1 cell population). Because RP58 has been shown to act mostly as a tran-
scriptional repressor (e.g., references 11 and 17), we focused our analysis on specifically
deciphering the transcriptome that is repressed in neuronal cells.

Principal component analysis (PCA) analyses show that Rp581/1 and Rp582/2 neuro-
nal cells correspond to two distinct populations (Fig. 1B), and further analysis of the
RNA-seq data identified genes that are differentially expressed between the two geno-
types (Fig. 1C; see also Table S1 in the supplemental material). In particular, the RNA-seq
data confirmed our previous quantitative reverse transcription-PCR (qRT-PCR) results
(11), including the loss of Rp58 expression and increased expression of Ngn2 and
Neurod1 in the mutant neurons (Table S1). Although RP58 has been mostly described as
a transcriptional repressor, we note that about 30% of significantly differentially
expressed genes are downregulated in the RP58 mutant cells (Fig. 1C and Table S1).

We tested the expression of some highly derepressed genes at E15.5 and E18.5 to
verify that the transcriptional programs identified as derepressed at E14.5 in the mu-
tant neurons were also controlled by RP58 at later stages of neuronal maturation. We
observed that the derepression of genes regulated by RP58 was indeed more robust as
development proceeded; for example, Cilp1 expression was increased 19-fold at E15.5
and 28-fold at E18.5 in Rp582/2 cells (Fig. 1D). We then tested whether the expression
of these genes was indeed located in the cortical plate containing the postmitotic neu-
rons in situ (11). We performed RNA in situ hybridization to detect three differentially
expressed genes, Col5a1, Foxo1, and Igfbp3, and showed that the expression of these
genes was either increased (Igfbp3) or unexpectedly detected (Foxo1 and Col5a1) in
the E16.5 Rp58mutant cortical plate (Fig. 2A and Table S1).

RNA-seq data was then analyzed using gene set enrichment analysis (GSEA) (18)
against functionally defined gene sets in the Molecular Signature Database (MSigDB) H
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(Hallmark) and C2 (Curated) collections. To globally visualize the main gene sets associated
with the genes that are derepressed in the mutant neurons, we used an enrichment map
method (19) and identified four major clusters that were linked respectively to epigenetic
regulation (with gene sets related to the polycomb repressor complex 2 [PRC2]), cancer
pathways, the matrisome, and aging or neurodegenerative diseases (Fig. 1E).

Surprisingly, the epithelial-mesenchymal transition (EMT) pathway was recognized
as being significantly upregulated in the Rp582/2 cells (Fig. 1F). Although EMT per se has
not been observed during cerebral cortex development, it has been suggested that
as neuronal progenitors migrate and change their cell polarity, they may share similar-
ities with typical cellular changes observed during EMT (20). The expression of Met,
Mmp2, and Snai2 (Slug), three critical EMT regulators (e.g., reference 21), were found by
qRT-PCR analyses to be strongly elevated in the mutant differentiating neurons, as well
as in the neuronal and multipotent progenitors, although to a lesser extent (Fig. 1G).

FIG 1 RP58 represses nonneuronal programs during normal neuronal differentiation. (A) Fluorescence-activated cell sorting (FACS) graph showing
separation of E14.5 cortical cells based on CD133 expression and enhanced green fluorescent protein (EGFP) (driven from the tbr2 regulatory region). The
subpopulations of sorted cells include the following: CD1331/EGFP2, composed of radial glial cells (RGCs) in the ventricular zone (VZ); double positives,
composed of intermediate neuronal progenitors in the subventricular zone (SVZ); and CD1332/EGFP1, composed of differentiating/differentiated cortical
neurons which were subjected to transcriptome sequencing (RNA-seq). (B) Principal-component analysis (PCA) of RNA expression in RNA-seq data from
E14.5 sorted Rp582/2 versus Rp581/1 differentiating neurons (n= 3 biological replicates for each genotype). FC, fold change. (C) Heatmap of the expression
of genes regulated in the Rp582/2 versus Rp581/1 embryonic neurons. (D) Analyses of the expression levels of RP58 target genes in Rp581/1 and Rp582/2

cortices at E15.5 and E18.5. (E) Enrichment map of MSigDB C2 gene sets enriched (false-discovery rate [FDR], 0.05) in Rp582/2 versus Rp581/1 expression
signature. (F) Gene set enrichment analysis (GSEA) revealing that the genes that are derepressed in the Rp582/2 neurons show a significant similarity with
genes associated with the epithelial-mesenchymal transition (EMT). ES, enrichment score. NES, normalized enrichment score. (G) Analyses of the expression
levels of the Met, Mmp2, and Snai2 genes in the E14.5 sorted cortical cells and in the E12.5 cerebral cortex of Rp582/2 and Rp581/1 embryos. (H and I)
GSEA analysis showing the significant correlation of the genes upregulated in the Rp582/2 with those genes associated with myogenesis or adipogenesis.
(J and K) Analyses of the expression levels of Fst (J) and Six2 (K) mRNA in E14.5 sorted cortical cells.
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Interestingly, the repression of EMT genes by RP58 appears to be required at early stages
of cortical development like E12.5 (Fig. 1G), suggesting that the repression of genes
involved in EMT is an early event attributed to RP58 function and therefore is required
for normal neuronal differentiation.

Interestingly, we observed that gene signatures associated with the differentiation
processes of other cell types, such as adipogenesis and myogenesis, were also signifi-
cantly upregulated in the mutant neuronal cells (Fig. 1H and I). Follistatin (Fst) encodes
a known activator of muscle development (e.g., reference 22), and its expression is
strongly increased in E14.5 postmitotic Rp582/2 neurons (Fig. 1J). Furthermore, the
expression of another mesodermal marker, Six2, a master regulator of kidney develop-
ment (e.g., reference 23), is also strongly deregulated in the Rp58mutant neurons com-
pared to that in control cells (Fig. 1K). These results suggest that a primary function for
RP58 during brain development, and more specifically during neuronal differentiation,
is to repress transcriptional programs that are associated with cell identities other than
the neuronal identity, such as those of mesoderm-derived cell fates.

To determine if RP58 directly regulates the expression of genes included in the tran-
scriptional program upregulated in Rp58 mutant neurons, we searched for consensus
putative RP58 binding sites in the genomic region of the following genes: Antxr2,
Col5a1, Htra1, Myo10, Tgfbr2, Bmp7, Ddit4l, Igdcc4, Pon2, Tril, Brca1, Dusp10, Igfbp3,
Ramp1, Zyx, C1qtnf1, Efs, Igfbp4, Serinc5, Capn6, Emilin1, Kank2, Serpinh1, Adgre5, Eya1,

FIG 2 In situ hybridizations confirming no or low expression of RP58 target genes in the developing cortical plate. (A) Sagittal
sections of E16.5 Rp581/1 (upper) and Rp582/2 (lower) cortices showing the results of in situ hybridizations with specific
digoxigenin-labeled antisense RNA probes for Rp58, Igfbp3, Foxo1, and Col5a1. Note the absence of Rp58 expression in mutants
and the upregulated (Igfbp3) or ectopic (Foxo1 and Col5a1) expression (asterisk) in the mutant cortical plate region of the
developing cerebral cortex containing the postmitotic neuronal cells. Bars, 75 mm. (B) Schematic diagrams showing the
localization of the primers (arrows) used for the q-ChIP–PCR on the Mmp2 and Snai2 genes. The unique consensus RP58-binding
site (BS) in the proximal 59 Mmp2 or Snai2 genomic region is indicated by a red bar. (C) ChIP-PCR analyses of RP58 recruitment in
control and RP58 mutant cortices were performed with primers specific to the Mmp2 or Snai2 genomic region encompassing the
RP58 binding site. The enrichment on the Neurod1 promoter was used as a positive control for the RP58 ChIP.
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Kif4, Chsy3, Foxo1, Lamc2, Six2, Cilp, Fst, Met, Slc4a4, Col4a1, Gja1, Mmp14, Snai2, Hspa2,
Mmp2, and Stc1. We applied Biostrings (24) to determine potential RP58 binding
sequences in our regulated genes. The transcription factor binding matrix of RP58
(position weight matrix [PWM]) was obtained from the R package MotifDb (25) and
compared, using the “matchPWM” function (with the minimum match score set to 0.8),
to target sequences in the 2 kb upstream and 200 bp downstream of promoter regions
of both the forward and the reverse strands. The R package seqLog (26) was used to
plot the RP58 consensus binding sequence logo, 59-[AC]ACATCTG[GT][AC]-39. Of all 43
tested genes, only 3 (Gmp7, Ramp1, and Hspa2) do not have the RP58 binding site (see
Table S2 in the supplemental material).

To further address if RP58 directly control the expression of genes included in the
deregulated transcriptome of the Rp58 mutant neurons, we identified RP58 binding sites in
theMmp2 and Snai2 genes (Table S2 and Fig. 2B) and performed an RP58 quantitative chro-
matin immunoprecipitation-PCR (q-ChIP-PCR) as described previously (11) on E14.5 telen-
cephalon or cortices. We validated the chromatin purification using primers for the Neurod1
gene regulatory region (11) and indeed observed that RP58 is significantly enriched at the
Neurod1 promoter in the Rp581/1 telencephalon compared to results of the RP58 ChIP on
the Rp582/2 tissue (Fig. 2C), as we previously showed (11). Using specific primers flanking
the RP58 binding site on the Mmp2 and Snai2 genes (Fig. 2B), we also showed that RP58 is
enriched at these promoters in the normal tissue (Rp581/1) versus the Rp58 mutant tissue
(Rp582/2), which was used as a negative control (Fig. 2C). Similar results were obtained on
E14.5 cortices when IgG ChIP is used as a control versus RP58 ChIP (data not shown).

RP58-repressed transcriptional programs are associated with gene signatures
involved in brain diseases such as glioma. Given the role of RP58 in repressing alter-
nate identities in neurons, we then asked if RP58 may also play a role in brain diseases.
Cancer is a leading cause of death worldwide, and glioma is the leading cause of pri-
mary brain cancer death (27). Gliomas may be classified into four grades (I to IV), with
grade IV glioma, or glioblastoma (GBM), being the most aggressive (28, 29). They may
also be classified into subtypes based on gene expression profiling (30–35). Although
variations in classification arise due to different methods of analysis (32) and to the het-
erogeneity of these tumors (36–38), the majority of these studies have included two
distinct subtypes, proneural (PN) and mesenchymal (MES) GBM (e.g., references
39–41). While there has been debate over whether GBMs have a glial or neuronal ori-
gin, recent evidence suggests that most originate from a PN-like tumor, then progress
to a more aggressive MES-like state (42). Interestingly, RP58 expression is both
decreased during glioma progression from grade II to IV and is significantly higher in
the PN GBM subtype compared to other subtypes, such as the MES subtype (43), sug-
gesting that a decrease of RP58 in glioma may lead to disease progression.

Specifically, GSEA analysis of the E14.5 neuronal cell RNA-seq data revealed that up-
regulated genes following loss of RP58 in postmitotic embryonic neurons are signifi-
cantly associated with gene sets linked to GBM development, including GBM pluripo-
tency and MES GBM (Fig. 3A). This suggests that RP58 may play a role in GBM
progression, including transition into a more pluripotent and aggressive state. We fur-
ther validated these results using qRT-PCR. Profiling of genes tightly associated with MES
GBM, such as Cd97, Col4a1, Serpinh1, and Zyx (e.g., reference 39), revealed that they are
strongly upregulated in Rp58 mutant differentiating neurons and neuronal progenitors
(Fig. 3B). Utilizing glioma expression profiles data from The Cancer Genome Atlas (TCGA)
on the GlioVis site (http://gliovis.bioinfo.cnio.es/), we also found that a large number of
the RP58 target genes identified as derepressed in the Rp582/2 neurons compared to
Rp581/1 neurons show significantly increased expression during glioma progression
from low to high grade (e.g., BRCA1, COL4A1, COL5A1, FST, IGDCC4, IGFBP3, IGFBP4, KIF4A,
KIF4B, LAMC2, MET, MMP14, SIX2, STC1, TGFBR2, and ZYX) (Fig. 3C and D). Furthermore, a
number of these genes also show increased expression during the acquisition of the
mesenchymal subtype (e.g., C1QTNF1, DDIT4L, EMILIN1, and FLNC) (Fig. 4).

More importantly, our study has also identified novel RP58 targets correlated
with GBM survival, including C1QTNF1 and EMILIN1, as well as DDIT4L and FLNC
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(Fig. 4D, H, L, and P). Emilin1 belongs to a gene family encoding extracellular matrix pro-
teins. Deletion of Emilin1 in mice leads to defects in blood pressure and vessel size (44).
The expression of Emilin1 in the developing nervous system is not detected in the E14.5
mouse cerebral cortex but is strongly expressed in the developing mesenchyme-derived
tissue (Allen Brain Atlas, https://developingmouse.brain-map.org/; data not shown).
Similarly, C1qtnf1 is mostly expressed in mesenchyme-derived structures and is not
detected in the E14.5 cerebral cortex (Allen Brain Atlas; data not shown). Therefore, these
two genes may represent also additional examples of the mesenchymal genes repressed
by RP58 during neuronal differentiation. Ddit4l (DNA-damage-inducible transcript 4-like)
expression is detected at low levels in the ventricular zone in the E14.5 cortex (Allen
Brain Atlas; not shown) and therefore may provide another example of genes, such as
Ngn2 and Neurod1, that are expressed in the neuronal progenitors but repressed in the
differentiating neurons in the cortical plate (11).

FIG 3 The genes repressed by RP58 in neuronal cells are associated with gene signatures involved in glioma progression. (A) GSEA analysis shows the
significant correlation of the genes upregulated in Rp582/2 neurons with those genes associated with GBM plasticity and GBM classical (C) or
mesenchymal (M) subtype. (B) Analyses of the relative mRNA levels of genes involved in the GBM M signature, namely Cd97, Col4a1, Serpinh1, and Zyxin
(Zyx), in sorted cell populations of Rp582/2 versus Rp581/1 E14.5 cortices. Note that the expression of these genes is maintained at a high level in the
Rp582/2 cells. Diagrams are from a representative experiment. (C) Box plot showing the normalized expression of BRCA1, FST, SIX2 and STC1 genes in
human glioma samples according to tumor grade following analysis of the RNA expression results from The Cancer Genome Atlas (TCGA) GBM–low-grade
glioma (LGG) samples using GlioVis (n= 226 grade II, n= 244 grade III, and n= 150 grade IV or GBMs). (D) Box plot showing the normalized expression of
RP58 developmental target genes in glioma samples according to tumor grade following analysis of the RNA expression results from TCGA samples using
the GlioVis platform (n= 226 grade II, n= 244 grade III, and n= 150 grade IV or GBMs). Gene names are indicated on top of the corresponding box plot.
***, P, 0.001; **, P, 0.01.
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FIG 4 Expression of RP58 developmental target genes is correlated to glioma progression, mesenchymal subtype acquisition, and prognosis. (A, E, I, M)
RNA-seq data of sorted E14.5 cortical neurons (Ctx) from E14.5 Rp581/1 (n=3) and Rp582/2 (n= 3) were visualized on the UCSC genome browser as wiggle
tracks. The wiggle tracks in black show the minimal expression of C1qtnf1 (A), Emilin1 (E), Flnc (I), and Dtti4l (M) in Rp581/1 neurons, while the red tracks

(Continued on next page)
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Although beyond the scope of the present study, which focuses on genes dere-
pressed in the Rp58 mutant cells, we also noticed that genes such as DLG2 (disks large
homolog 2), Jakmip1 (Janus kinase and microtubule-interacting protein 1) and TOX
(thymocyte selection-associated high mobility group box protein) identified as down-
regulated in the Rp58 mutant cells (Fig. 1C and Table S1) were downregulated in GBM
(Fig. 5), as expected if the transcriptional programs controlled by RP58 during normal
cell differentiation are disrupted when RP58 expression decreases in GBM.

RP58 is sufficient to reprogram glioma stem cells. Our prior studies have revealed
that RP58 expression is either absent or strongly decreased in glioma-derived cells,
and forced RP58 expression in glioma cell lines or primary cultures leads to decreased
proliferation and growth in vitro and in xenografts (43, 45). Given this, combined with
our transcriptional findings, we next asked if reintroducing RP58 in glioma stem cells
(GSCs) may reprogram their identity. We used a lentivirus to overexpress RP58 with
doxycycline (DOX) in GSC 4892 cells (46). In development, neural stem cells are multi-
potent cells that give rise to both neural and glial lineages. This pluripotency and
mixed neural cell-like and glial cell-like expression is also seen in glioma (e.g., reference
47). Therefore, we compared the marker expression of neural (TUJ11) and astrocytic
(GFAP1) lineages following expression of RP58 in GSCs subject to differentiation by
removing epidermal growth factor/fibroblast growth factor (EGF/FGF). We found that
expression of the neuronal marker TUJ1 was elevated and that the cells acquired a
more neuronal cell-like morphology (Fig. 6A and C). The increase of TUJ11 cells was
also observed in GSC 4701 cells (46) (data not shown). On the contrary, cells expressing
RP58 lost expression of the astrocytic marker GFAP, and we did not detect cells
expressing both RP58 and GFAP (Fig. 6B and C). Additionally, expression of RP58 in
GSC 4892 cells led to a lower number of positively labeled cells with stem cell marker
SOX2 (Fig. 6D and E). By Western blotting, we also detected a significant reduction of
glioma stem cell markers such as SOX2, CD44, and OLIG2 in RP58-overexpressed GSCs
(Fig. 6F). Moreover, using the extreme limiting dilution assay (ELDA), we found that the
frequency of stem cells is reduced when GSC 5077 cells (46) express RP58, suggesting
that RP58 expression affected the self-renewal capacity of these GSCs (Fig. 6G).

To determine whether RP58 alone is sufficient to repress genes that are included in
its aberrant transcriptional program during cell de- or transdifferentiation in the patho-
logical glioma state, we also performed qRT-PCR on glioma cells. We found that, fol-
lowing RP58 expression, MMP2, SNAI2, FN1, and COL5A1 mRNA expression is signifi-
cantly reduced, suggesting that it is sufficient to reprogram glioma cells (Fig. 6H).
Together, these results reveal a close link between the RP58 repressor function during
the acquisition of cell identity in the developing nervous system and its role in pre-
venting malignant glioma progression.

RP58 interacts with the PRC2 complex in the developing neocortex. We then
addressed the molecular mechanisms involved in the transcriptional repression func-
tion of RP58 in neuronal cells. GSEA analysis of postmitotic neuron transcriptome
revealed that the genes derepressed in the mutant neuronal cells were also gene tar-
gets of the polycomb repressor complex 2 (PRC2) complex (Fig. 1E and 7A), a complex
involved in the methylation of H3 at the K27 residue (H3K27me3) and composed of 3
main proteins, EED, EZH2, and SUZ12 (e.g., reference 48). The PRC2 complex is required
for correct neuronal differentiation and brain development (e.g., reference 49). These

FIG 4 Legend (Continued)
indicate their significant expression in the Rp582/2 neurons. Exon and intron structures of the C1qtnf1 (A), Igfbp3 (E), Flnc (I), and Dtti4l (M) genes are
shown. (B, F, J, N) Box plots showing the normalized expression of C1QTNF1 (B), EMILIN1 (F), FLNC (J), and DDTI4L (N) genes in human glioma samples
according to tumor grade and following analysis of the RNA expression results from TCGA GBM-LGG samples using GlioVis (n= 226 grade II, n= 244 grade
III, and n= 150 grade IV or GBMs). (C, G, K, O) Box plots showing the normalized expression of C1QTNF1 (C), EMILIN1 (G), FLNC (K), and DDTI4L (O) genes in
GBM samples according to tumor subtype and following analysis of the RNA expression results from GBM TCGA samples using GlioVis (n= 163 subtype P
[proneural], n= 199 subtype C [classical], and n= 166 subtype M [mesenchymal] for panels C, G, and K; n= 151 subtype P, n= 182 subtype C, and n= 156
subtype M for panel O). (B, C, F, G, J, K, N, O) ***, P, 0.001; *, P, 0.05. (D, H, L, P) Kaplan-Meier survival curves of TCGA GBM patients using GlioVis
showing that high levels of C1QTNF1, EMILIN1, FLNC, and DDTI4L expression correlate with worse overall survival (P value calculated using the log rank test;
high versus low expression for each gene). Number of samples used in each analysis is indicated for each gene.
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GSEA results suggested that RP58 might exert its transcriptional repression function
through its interaction with the PRC2 complex to promote neuronal development.
Using overexpressed proteins in HEK293T cells, we showed that RP58 binds to EZH2
and SUZ12, but not to EED (Fig. 7B). Importantly, we showed that RP58 binds to EZH2

FIG 5 Expression of genes downregulated in the Rp58 mutant neurons is inversely correlated to glioma progression, mesenchymal subtype acquisition,
and prognosis. (A, C, E) Box plots showing the normalized expression of DLG2 (A), JAKMIP1(C), and TOX (E) genes in human glioma samples according to
tumor grade and following analysis of the RNA expression results from TCGA GBM-LGG samples using GlioVis (n= 226 grade II, n= 244 grade III, and
n=150 grade IV or GBMs). (B, D, F) Box plots showing the normalized expression of DLG2 (B), JAKMIP1(D), and TOX (F) genes in GBM samples according to
tumor subtype following analysis of the RNA expression results from GBM TCGA samples using GlioVis (n=163 subtype P [proneural], n= 199 subtype C
[classical], and n= 166 subtype M [mesenchymal]). (A, B, C, D, E, F) ***, P, 0.001. (G) Kaplan-Meier survival curves of TCGA GBM patients using GlioVis
showing that the low level of TOX expression correlates with worse overall survival (P value calculated using the log rank test; high versus low expression).
Number of samples used is indicated.
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and SUZ12 in vivo in the developing cerebral cortex (Fig. 7C). Additionally, our data
showed that RP58 also interacts in vivo with HDAC2 (Fig. 7C). Thus, RP58 interacts with
chromatin-remodeling proteins involved in histone posttranslational modification. In
addition, changes in histone modifications accompany the cell fate determination in
many tissues, as different histone marks are associated with repressed or activated
genes. We therefore examined if deletion of Rp58 in the brain had any effect on the

FIG 6 RP58 is sufficient to reprogram glioma stem cells. (A to E) Glioma stem cell (GSC) 4892 cells were infected with lentivirus for
doxycycline (DOX)-inducible expression of RP58 protein. Transduced cells were plated in medium without epidermal growth factor/
fibroblast growth factor (EGF/FGF) for 2 to 3 days. Cells were then fixed and stained by immunofluorescence with anti-TUJ1 (A), anti-
GFAP (B), anti-SOX2 (D), and anti-RP58 antibodies (A, B). Quantification of positive cells for each staining of TUJ1 and GFAP (C) and
SOX2 (E). Experiments were done on 3 independent biological replicates. Asterisks denote significant change (P = 0.0063 for SOX2,
0.019 for GFAP, and 0.027 for TUJ1). (F) Reduced expression of glioma stem cell markers in RP58 overexpressed 4892 and 5077 cells.
RP58 overexpression was measured in Western blots, together with protein levels of the GSC markers SOX2, CD44, and OLIG2 in the
GSCs cultivated in the presence of EGF/FGF. (G) Extreme limiting dilution analysis of the effect of RP58 expression in GSC 5077. GSC
5077 cells infected with lentivirus inducing RP58 expression were plated into 96-well plates at various seeding densities (1 to 100 cells
per well, 8 wells per condition). Seven days later, each well was evaluated for the presence or absence of spheres, and the number of
wells containing spheres was counted. Shown is a representative result from experiments performed on three biological replicates. (H)
Analyses of the expression levels of MMP2, SNAI2, FN1, and COL5A1 mRNA in U87 cells with DOX-inducible RP58 expression.
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global levels of PRC2-deposited mark H3K27me3 and observed that the levels of
H3K27me3 were indeed decreased (Fig. 7D); conversely, the levels of the active mark
H3K9/K14Ace were increased in the E18.5 cortex (Fig. 7D).

These results suggest that RP58 controls the neuronal transcriptome, in part,
through the repression of genes targeted by the PRC2 complex and therefore labeled
by H3K27me3. In agreement with these results, we had previously shown that

FIG 7 RP58 interacts with the PRC2 complex in the developing neocortex. (A) GSEA analysis showing the significant correlation of the genes upregulated
in the Rp582/2neuronal cells with those genes targeted by the PRC2 complex and/or identified by H3K27m3 histone mark. (B) HEK293T cells were
transfected with plasmids expressing tagged proteins (hemagglutinin [HA]-EED, HA-EZH2, or HA-SUZ12) and RP58, and then cultured for 48 h
posttransfection. Protein extracts were used to immunoprecipitate HA-tagged proteins from transfected cells. (Left) Twenty percent of total protein extracts
were probed with an HA tag or RP58 antibodies. (Right) Fifty percent of total immunoprecipitation was used for Western blot analysis. When EZH2 and
SUZ12 are cotransfected with RP58, we observe an immunoreactive band for RP58 but not for EED-RP58 cotransfection, suggesting the specificity of the
interaction. Arrow indicates IgG heavy chain on the HA blot detecting the EED protein. (C) Endogenous RP58 was immunoprecipitated from proteins lysate
of E18.5 cortical tissue from Rp581/1 and Rp582/2 brains. Ten percent of proteins lysate was used for input lanes. RP58 forms a complex with endogenous
EZH2, SUZ12, and HDAC2 in Rp581/1 lysate but not in Rp582/2 lysate used as a negative control. (D) Rp582/2 E18.5 cortices show increased H3K9/K14Ace
and decreased H3K27me3. Histone modifications were normalized to total H3, and statistical analysis was done using an unpaired t test. Analysis was done
on n= 3 embryos from two different litters (P, 0.01).
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H3K27me3 presence is reduced at the Ngn2 and Neurod1 promoters in Rp58 mutant
versus control cortices (11).

DISCUSSION

We and others have shown that the BTB/POZ zinc finger transcription factor RP58
(ZBTB18) is critical for brain development (11, 50, 64, 65), and our work using neural-spe-
cific mutants of Rp58 suggested a role for RP58 in human microcephaly (11, 50). These
results were confirmed by the discovery that haploinsufficiency or mutations in RP58 are
linked to human microcephaly and/or intellectual disability (e.g., references 12, 13, 15).
Because RP58 is more expressed in postmitotic neurons than in progenitors during cere-
bral cortex development, we set out to better understand its transcriptional role in these
cells.

Using RNA-seq to profile the transcriptome of embryonic postmitotic neurons from
Rp581/1 or Rp582/2, we show that during neuronal differentiation in vivo, a set of
genes not expressed in the neural lineage must be repressed for correct cell identity
acquisition to proceed and that RP58 is a major regulator of this process, as its loss
leads to the abnormal expression of these genes in neuronal cells. To our knowledge,
this is the first study showing that (i) during development, the acquisition of the neuro-
nal identity in vivo requires the repression of genes normally not expressed in neural
cells, and (ii) the loss of one transcription factor in vivo is sufficient to derepress a set of
genes, the expression of which is not usually associated with neural cells.

Within this context, a recent study reported that the neuron-specific transcription
factor Myt1-like (Myt1l) represses nonneuronal programs in primary cultured hippo-
campal neurons (10) and suggested Myt1l may physiologically function to establish
and maintain the identity of neurons. Using an in vitro model of neuronal differentia-
tion, it was shown that Myt1l appears to block many different somatic lineage pro-
grams other than the neuronal program via recruitment of a complex containing Sin3b
for its proneuronal function (10). In contrast, our study suggests that the molecular
mechanisms underlying in vivo RP58-mediated control of the neuronal transcriptome
are partly mediated by the PRC2 complex, as many genes upregulated in the Rp58 mu-
tant neurons were previously identified as targets of the PRC2 complex in neuronal
cells (51–53). Interestingly, we also observed global changes in histone posttransla-
tional modifications, such as H3K27me3, a histone mark that is regulated by the PRC2
complex. These results showing a global decrease of H3K27me3 level confirm the
reduced enrichment of H3K27me3 on the Ngn2 and Neurod1 promoters that we
observed in the Rp58 mutant compared to control cortices (11), further suggesting
that one main mode of gene repression for RP58 is through the control of H3K27me3
on its target genes. It is interesting to also note that it has been suggested that the
PRC2 complex may be more involved in the maintenance of the transcriptionally
repressed programs, rather than in their initiation (reviewed in reference 54). Our
results point to the neuronal transcriptome being controlled by molecular mechanisms
regulated by RP58 that may be distinct from that of Myt1l. Future studies should
resolve whether and how RP58 and Mytl1l interact to maintain the neuronal transcrip-
tome intact.

Besides genes associated with other lineages, such as Fst and Six2, we also
found that loss of RP58 leads to an important increased expression of genes
involved in the acquisition of mesenchymal identity, including Mmp2 and Snai2,
or Met, known to regulate the epithelial-mesenchymal transition process in devel-
opment or diseases. It has been suggested that similar biological processes may
also be happening in the developing neocortex during the neuronal differentia-
tion/migration step, i.e., the neuronal progenitors would use an EMT-like process
during the transition from neural stem cells (or radial glia) to multipolarized
neuronal progenitors and a mesenchymal-to-epithelial transition (MET) from
polarized progenitors to radially migrating neurons (reviewed in reference 55).
Our data suggest that, in addition to the function described above in controlling
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genes of other cellular identity, RP58 may also control the transition of neuronal
cells to the radial migratory state by repressing the expression of genes involved
in EMT, such as Mmp2, Snai2, and Met, in postmitotic neurons.

Parallels between normal developmental mechanisms and cancer processes have
been now recognized for several years (reviewed in, e.g., references 56, 57). Interestingly,
the GSEA analyses of the transcriptional programs in Rp582/2 versus Rp581/1 revealed
that a large number of genes that are derepressed in the Rp582/2 neuronal cells are sig-
nificantly represented in gene sets positively associated with glioblastoma plasticity and
classical and mesenchymal subtypes. The reduced expression of RP58 itself is signifi-
cantly correlated with the acquisition of glioma malignancy and with the loss of the pro-
neural phenotype and acquisition of the classical and mesenchymal phenotype (43).
Importantly, we show that a large number of these RP58 target genes, first identified as
derepressed in mouse Rp582/2 neurons are indeed significantly increased during human
glioma progression from low to high grade and during the acquisition of the mesenchy-
mal subtype (Fig. 3 and 4). More importantly, this study has actually identified novel
RP58 targets, the expression of which is correlated to GBM survival; these include
C1QTNF1, EMILIN1, DDIT4L, and FLNC (Fig. 4). These results suggest that decrease of RP58
expression in human glioma may lead to derepression of a transcriptional program, simi-
lar to the one regulated by RP58 during neural development, and that deregulation of
this glioma transcriptional program (and therefore of some aspect of neural cell identity)
may lead to more aggressive tumors. We also demonstrate that reintroducing RP58 in
glioma stem cells led not only to aspects of neuronal differentiation but also to loss of
stem cell characteristics, including loss of stem cell markers and a decrease in stem cell
self-renewal capacity. These results, as well as those of a recent study on expression of
the neurogenic factor Ascl1 in glioma leading to cell differentiation (58), further suggest
that glioma stem cells may still be amenable to reprogramming and differentiation and
therefore may lead to the development of differentiation therapy option for gliomas.

We also hypothesize that disruption of the function of “guardians” of the neuronal
transcriptome, such as RP58 or Mytl1, may be also linked to other brain disorders such
as brain birth defects or neurodegenerative diseases. Interestingly, GSEA analysis
showed that genes positively regulated in the mutant cells were also significantly over-
represented by gene signatures associated with the aging brain, Alzheimer’s disease,
and the aging kidney (Fig. 1E and Fig. 8). Importantly, Rp58 was identified in a study
examining the transcriptome of the human aging brain as strongly downregulated
during aging (59), and our results suggest that loss of RP58 in adult cells may also be
involved in the normal aging process and in brain diseases linked to aging and neuro-
degeneration. The RNA-seq results were also validated by qRT-PCR experiments show-
ing that the expression of genes included in this aging brain signature, such as Bmp7,
Crb3l2, Efs, Eya1, Gja1, Htra1, Myo10, and Ramp1 (59), was strongly elevated in the mu-
tant differentiating neurons. It is important to note that upregulated expression for
these genes is also observed in neuronal progenitors (Fig. 8C). These results therefore
suggest that maintaining neuronal differentiation may be an important step to prevent
or restrain aging and neurodegenerative diseases.

In conclusion, our study therefore addresses a central question in biology linked to the
regulation of cell identity during development through the investigation of the function of
the RP58 in controlling the transcriptional program during neuronal differentiation. This
work provides the first evidence for an in vivomechanism of repression of nonneural tran-
scriptomes in neuronal cells as they undergo acquisition of their cellular identity. We also
identify RP58 as a critical in vivo regulator of this process, as its removal from neural cells
leads to derepression of these nonneuronal transcriptome programs. Myt1l has been sug-
gested to play a similar role during in vitro reprogramming of fibroblasts into neurons (10).
Future studies should investigate if and how these two transcription factors may cooper-
ate or synergize to guard the neuronal transcriptome by repressing similar and/or different
transcriptional programs. Interestingly, our data also suggest the novel hypothesis that
maintaining these RP58-repressed transcriptional programs may be linked not only to
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brain birth defects, such as microcephaly (11), but also to other brain diseases, including
brain cancer progression, neurodegenerative disease, and aging.

MATERIALS ANDMETHODS
Cortex dissection and cell sorting. As previously described (11), E14.5 cerebral cortices were dis-

sected from Rp581/1; tbr2::EGFP or Rp582/2; tbr2::EGFP embryos and dissociated into single cells.
Dissociated cortical cells were then sorted via CD133 and green fluorescent protein (GFP) expression
allowing the separation of neural stem/progenitor cells, neuronal progenitors, and differentiating
neurons.

FIG 8 Genes associated with human aging and Alzheimer’s disease are upregulated in the Rp582/2 cortical neurons. Gene set enrichment analysis (GSEA)
revealing that the genes that are derepressed in the Rp582/2 show a significant correlation with genes associated with the aging brain, Alzheimer’s disease,
and the aging kidney (A). The E14.5 cortical neuron RNA-seq wiggle tracks on the UCSC genome browser (B) show the expression of the Myo10, Serinc5,
Pon2, Htra1, Slc4a4, Crb3l2, Ramp1, Gja1, Hspa2, Bmp7, Serpinh1, and Eya1 genes in the Rp581/1 (black tracks) and Rp582/2 neurons (red tracks). These
genes identified as being regulated during brain aging in the Lu et al. study (30) are derepressed in the mutant cortical neurons. Analyses of the relative
mRNA levels of Bmp7, Crb3l2, Efs, Eya1, Gja1, Htra1, Myo10, and Ramp1 genes in sorted cell populations of Rp582/2 versus Rp581/1 E14.5 cortices (C). Note
that the expression of these genes is maintained at a high level in the Rp582/2 cells. Diagrams are from a representative experiment.
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Plasmid constructs. The inducible RP58/ZNF238-expressing lentiviral vector with neomycin-selec-
tive marker, TREAutoR3-RP58-Neo, was constructed by introduction of PGK-NEO into TREAutoR3-RP58
(45). The PGK-NEO fragment was isolated from a gene-targeting vector (a gift from S. Potter, Cincinnati
Children's Hospital, Cincinnati, OH) and then cloned into the backbone of TREAutoR3-RP58.

Glioma stem cell culture, self-renewal, and differentiation assay. Glioma stem cells (GSCs) were
cultured in stem cell culture medium (neurobasal [Gibco, Carlsbad, CA], B27 [1�; Gibco], glutamine
[2mM] and penicillin [50 U/ml]/streptomycin [50mg/ml], EGF [20 ng/ml], and FGF [20 ng/ml]). After dis-
sociation, GSCs were transduced overnight with TREAutoR3-RP58-Neo viruses and selected with G418
for 2weeks prior to doxycycline (DOX) induction for assays.

For the differentiation assay, dissociated GSCs were plated onto poly-D-lysine-coated coverslips at a
density of 100,000 cells per well in 24-well plates and cultured in medium without growth factors. After
DOX induction for 2 to 3 days, cells were fixed with 4% paraformaldehyde (PFA) solution for 10min and
processed for immunocytochemistry with Tuj1, GFAP, RP58 (45), and SOX2 antibodies, as previously
described (11). The analysis was performed on three independent replicates. Statistical analysis was per-
formed using Student’s t test.

For self-renewal experiments, gliomaspheres were dissociated into single-cell suspensions and
seeded into 96-well plates at a density of 1, 5, 10, 20, 50, and 100 cells per well. After DOX induction for
7 days, sphere formation was evaluated. Stem cell frequency was calculated using the Walter and Eliza
Hall Institute Bioinformatics Division ELDA analyzer (http://bioinf.wehi.edu.au/software/elda/) (60).

For stem cell marker analysis, GSCs were cultured in stem cell culture medium with or without DOX
for 4 days before being harvested for Western blot analysis.

RNA extraction and quantitative RT-PCR. Total RNA was isolated from sorted cells, cortical tissues,
or U87 cells (cultured as described previously [45]) and reverse transcribed into cDNAs, followed by real-
time PCR analysis as described previously (11). Gene expression in embryonic sorted cells or in embry-
onic cortices was assessed in cells from at least two different litters. Gene expression in U87 cells was
assessed from at least 3 replicate experiments. Primer sequences will be provided upon request.

E14.5 neuronal sorted cell RNA sequencing. Library construction was performed for total RNA of
E14.5 sorted postmitotic neurons by following the Illumina stranded RNA-seq workflow (TruSeq
stranded total RNA library prep kit, catalog no. RS-122-2201). Pools of indexed library were then pre-
pared for cluster generation and single-end or paired-end sequencing on the Illumina HiSeq 4000 plat-
form. For each genotype (Rp582/2 and Rp581/1), 3 biological replicates were used.

Computational analysis of RNA-seq data. The samples were sequenced at the BGI sequencing
core at the Children’s Hospital of Philadelphia (BGI@CHOP). The raw RNA sequencing reads were FastQC
checked and then mapped to a reference genome (NCBI37/mm9) using STAR aligner. After that, HTSeq
was applied to detect the sequencing read count for each gene, while DESeq2 was used to detect the
differential expression level for each gene. The bioinformatics analysis generated the cluster result for
the top differentially expressed genes by hierarchical clustering, and the differential expression was also
considered for the gene set enrichment analysis (GSEA).

GSEA and network enrichment mapping. The differentially expressed genes in the Rp58 mutant
versus control cells were tested for enrichment in the H (hallmark) and C2 (curated) gene sets deposited
in the Molecular Signature Database (MSigDB) v6.2 (http://www.broadinstitute.org/gsea/msigdb).

The gene sets of C2, significantly enriched in those genes upregulated in Rp58 mutant cells, were
selected by a cutoff value of #0.05 for P value and false-discovery rate (FDR) and then visualized with
EnrichmentMap software (19), which organizes the significant gene sets into a network of gene set
nodes with mutual gene overlap.

Endogenous coimmunoprecipitation. E18.5 cortical protein lysates were resuspended in lysis buffer
(150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1mM EDTA, and 1�
Pefabloc [Roche]), flash frozen and lysed using cryogenic grinding. Protein amounts were measured using
the Bradford assay. Protein lysate (500mg) was used, and volume was adjusted to 500ml with binding
buffer (50mM Tris-HCl [pH 7.5], 120mM NaCl, and 0.5% NP-40). Immunoprecipitation (IP) reactions con-
taining either Rp581/1 or Rp582/2 (negative-control) lysates were incubated with anti-RP58 polyclonal anti-
body (45) and rotated overnight at 4°C. Protein A-agarose (Invitrogen) was washed 3� and incubated with
samples for 3 to 5 h. Beads were washed 5� with lysis buffer and then heated to 100°C for 10 min in 2�
sample buffer. Samples were then electrophoresed on a 10% SDS-PAGE gel, transferred to immobilon-P
polyvinylidene difluoride (PVDF) transfer membrane (Millipore), and blotted with the following primary
antibodies: EZH2 (1:1,000 CST 5246), SUZ12 (1:1,000 CST 3737), RP58 (1:2,000) (45), and secondary anti-rab-
bit light chain-specific horseradish peroxidase (HRP; Jackson ImmunoResearch Laboratories).

In vitro coimmunoprecipitation. 293T cells were transfected with RP58 alone or in combination
with hemagglutinin (HA)-EED-, HA-EZH2-, and HA-SUZ12-expressing plasmids (61, 62) (pCMVHA hEZH2,
pCMVHA EED wild type [wt], and pCMVHA SUZ12 were a gift from Kristian Helin; Addgene plasmids
24230, 24231, and 24232). For lysis, cell pellets were resuspended in lysis buffer (150mM NaCl, 1% NP-
40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1mM EDTA, and 1� Pefabloc [Roche]).
Freeze-thawed 2� NaCl (12.5ml) was added to the reaction mixture for 1 h to break the nuclei, followed
by salt adjustment with 200ml of double-distilled water (ddH2O). Protein amounts were measured using
the Bradford assay. Protein lysate (500mg) was used, and the volume was adjusted to 500ml with bind-
ing buffer (50mM Tris-HCl [pH 7.5], 120mM NaCl, and 0.5% NP-40). IP reactions were incubated with
2.5mg of anti-HA monoclonal antibody (catalog no. 26183; Invitrogen) and rotated overnight at 4°C.
Protein G-agarose (Pierce) was washed 3� with lysis buffer, and samples were incubated in agarose
beads for 3 to 5 h. Beads were washed 5� with lysis buffer and then heated to 100°C for 10 min in 2�
sample buffer. Samples were then electrophoresed on 10% SDS-PAGE gel, transferred to immobilon-P
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PVDF transfer membrane (Millipore), and Western blotted with the following primary antibodies: anti-
HA monoclonal antibody (1:1,000, catalog no. 26183; Invitrogen), RP58 (1:1,000), and secondary anti-rab-
bit light chain-specific HRP (Jackson ImmunoResearch laboratories) and anti-mouse HRP.

Immunoblotting. To detect histone modifications by Western blotting, frozen E18.5 cortical tissue
was lysed in lysis buffer (150mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sul-
fate, 1mM EDTA, and 1� Pefabloc). Protein amounts were measured using the Bradford assay. Protein
lysate (50 mg) was then electrophoresed on a 12% SDS-PAGE gel, transferred to immobilon-P PVDF
transfer membrane, and Western blotted with anti-H3K27me3 (1:1,000, catalog no. 07-449; Millipore),
anti-H3K9/K14 acetyl (CST 9677), and total H3 (CST 96C10 monoclonal antibody [mAB]). For quantifica-
tion, densitometry was performed on scanned Western blots and quantified using the ImageJ 1.32 soft-
ware (National Institutes of Health, Bethesda, MD). For statistical analysis, an unpaired t test was used to
compare Rp582/2 to Rp581/1.

For analysis of various marker expression in glioma stem cells, protein lysates were prepared from
cell pellets in lysis buffer (25mM Tris-HCl [pH 7.5], 150mM NaCl, 1mM EDTA, 1% Triton, and 5% glycerol
with protease inhibitors [Roche]). After SDS-PAGE, the membranes were transferred and then incubated
with the following antibodies: anti-RP58, anti-SOX2 (Abcam), anti-CD44 (provided by Ellen Puré,
University of Pennsylvania), anti-OLIG2 (Abcam), and anti-TUJ1 (BioLegend).

Quantitative ChIP-PCR. Chromatin immunoprecipitation (ChIP) coupled with quantitative PCR on
embryonic telencephalon and cortex tissues was performed as previously described (11, 63). We used the
RP58 antibody (11, 45) for ChIP and Rp582/2 tissues as a negative control for the ChIP on Rp581/1 tissues,
as no RP58 protein was detected in the mutant tissues. The sequences of the primers used to amplify the
Mmp2 genomic region encompassing an RP58 potential binding site (BS) are as follows
(59 to 39): forward primer, CACCCTCCCCTCTCCACCCG; reverse primer, GAGCCTCCAGCCACCAGGGA. These
primers amplify the mouse genomic region at chromosome 8 (chr8): 92827286 to 92827400 (115bp). The
forward primer (59-TCTGGCCACTAGGGGCTGCG-39) and reverse primer (59-GGTGACCTACGGCGACTTGGC-
39) were used to amplify the Snai2 genomic region, which encompasses an RP58 BS at chr16: 14705493 to
14705601 (109bp). The primers for Neurod1 were previously described (11).

TCGA data analysis. Analysis of gene expression and survival data of human glioma samples was
performed using the GlioVis site (http://gliovis.bioinfo.cnio.es/).

Data availability. The RNA-seq data have been deposited in GEO under accession number
GSE121260.
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