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Topoisomerases are essential for DNA replication in dividing cells,
but their genomic targets and function in postmitotic cells remain
poorly understood. Here we show that a switch in the expression
from Topoisomerases lla (Top2«) to 1Ip (Top2p) occurs during neu-
ronal differentiation in vitro and in vivo. Genome-scale location
analysis in stem cell-derived postmitotic neurons reveals Top2f
binding to chromosomal sites that are methylated at lysine 4 of
histone H3, a feature of regulatory regions. Indeed Top2$-bound
sites are preferentially promoters and become targets during the
transition from neuronal progenitors to neurons, at a time when
cells exit the cell cycle. Absence of Top2p protein or its activity
leads to changes in transcription and chromatin accessibility at
many target genes. Top2p deficiency does not impair stem cell
properties and early steps of neuronal differentiation but causes
premature death of postmitotic neurons. This neuronal degenera-
tion is caused by up-regulation of Ngfr p75, a gene bound and
repressed by Top2p. These findings suggest a chromatin-based
targeting of Top2p to regulatory regions in the genome to govern
the transcriptional program associated with neuronal differentia-
tion and longevity.
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Topoisomerases are essential for solving topological problems
arising from DNA-templated processes such as replication,
transcription, recombination, chromatin remodeling, chromo-
some condensation, and segregation (1-5). The type I subfamily
of topoisomerases achieves this task by passing one strand of the
DNA through a break in the opposing strand; proteins in the
type II subfamily pass a region of duplex strands from the same
or a different molecule through a double-stranded gap generated
in DNA (1-5). Mammalian cells encode two isozymes of type IT
enzymes that have highly homologous N-terminal ATPase and
central core domains but differ at their C-termini (6). These two
isozymes, Topoisomerases Ila (Top2a) and IIf (Top2p), have
almost identical enzymatic properties in vitro (7, 8); however,
their expression patterns are dissimilar. Top2a is the main iso-
form expressed in proliferating cells, shows high expression in
S/G2/M phases of the cell cycle, and plays important roles in
DNA replication and chromosome condensation/segregation
during the cell cycle (9-12).

The cellular functions of Top2f are much less well un-
derstood. It is expressed in all mammalian cells throughout the
cell cycle but is up-regulated robustly when cells reach a post-
mitotic state of terminal differentiation (13-15). For example,
the postmitotic granule cells in the external germinal layer of
the developing rat cerebellum show a transition from Top2a to
Top2p (14), and blocking Top2f catalytic activity affects the
expression of about one third of genes induced during differ-
entiation of rat cerebellar granule neurons (16). Genetic deletion
of Top2b in mice causes neural defects including aberrant axonal
elongation and branching and perinatal death explained by lack
of innervation of the skeletal musculature (17). Further support
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for a functional role for Top2p in brain development comes from
the analysis of a brain-specific Top2b deletion in mice; this de-
letion results in a defect in corticogenesis (13). Based on single-
gene analysis, it was hypothesized that Top2p may regulate
transcription of neuronal genes by direct binding to their regu-
latory regions (18, 19). Attempts to purify sites of enzymatic
action suggested that Top2f binding is enriched in AT-rich
intergenic regions as well as at gene boundaries (20). However,
this work was limited to a minor part of the rat genome, leaving
open the questions as to where Top2p binds genome-wide and
how such binding might explain the defects in brain development
observed in Top2p-deficient animals. Also undetermined is how
the Top2p chromosomal location relates to the growing reper-
toire of chromatin modifications that define functional states of
genes and regulatory regions (21-23) and contribute to the
ability of stem cells to differentiate into specific lineages (24-27).

To gain insight into the molecular function of Topoisomerase
II in postmitotic neurons, we used an established neuronal dif-
ferentiation system that progresses through defined stages with
high synchrony and homogeneity (28, 29), and we subsequently
validated the observations in vivo. We show that the transition
from pluripotent stem cells to postmitotic neurons accompanies
up-regulation of Top2f and down-regulation of Top2a. Chro-
mosome-wide analysis shows that Top2p binds preferentially to
regions containing H3K4 methylation, a feature of active chro-
matin. Top2f-target sites are enriched at promoters and become
occupied by Top2f during the transition from neuronal pro-
genitors to neurons, at a time when cells exit the cell cycle. Many
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of these targets show transcriptional changes in absence of
Top2p protein or its catalytic activity. As a result of these
changes, postmitotic neurons degenerate prematurely. We show
that this premature degeneration is accompanied by and caused by
an up-regulation of neurotrophin receptor p75, a Top2f target.

Results

Neuronal Differentiation Accompanies a Switch in Topoisomerase Il
Isoforms. To define Topoisomerase II function in postmitotic
cells, we used mouse embryonic stem cells (ESCs) that differen-
tiate under defined conditions into Pax6-positive neural progen-
itors, which in turn differentiate into postmitotic glutamatergic
neurons with high synchrony and purity (28-30). Top2a mRNA
expression and protein levels decreased from the stem cell to
the neuronal progenitor state and further were down-regulated
strongly in postmitotic neurons (Fig. 1 4 and B). These expression
levels are in line with previous observations in the developing
nervous system (31) and are in agreement with the reported high
levels of Top2a in proliferative cells such as the ESCs studied
here (9, 32, 33). Top2p shows a different pattern: It is up-regu-
lated robustly upon differentiation and reaches its highest levels
in neurons, as measured by mRNA and protein analysis (Fig. 1 4
and B). At higher temporal resolution, complete disappearance of
Top2a (encoding Top2a) was observed 2 d after progenitor
plating (Fig. 1C). During the same time period, Top2b (encoding

Top2p) levels were highly induced (Fig. 1C). This switch in
Topoisomerase II isoforms accompanies cell-cycle exit and rapid
cessation of proliferation, as measured by BrdU incorporation
(Fig. 1C). These observations with cultured cells were confirmed
in vivo, and, in line with a previous report (13), at embryonic day
18.5 (E18.5) we found exclusive and high expression of Top2f in
the cortical plate of mouse cortex, which consists of mature
neurons (Fig. 1D). We conclude that a switch in Topoisomerase II
isoforms from Top2a to Top2p occurs during neuronal differen-
tiation in vitro and in vivo, temporally in parallel with the tran-
sition from a pluripotent, rapidly proliferating state to a differ-
entiated, postmitotic state.

Top2p~'~ ESCs Exhibit Defects in Neuronal Differentiation. To ad-
dress the role of Top2p directly, we derived Top2p~"~ ESCs from
the progeny of Top2p™*'~ mice (Fig. S14) (13). Both the growth
characteristics and the morphology of Top2$~~ ESCs were in-
distinguishable from those of wild-type ESCs (Fig. S1B), as
confirmed by a global expression analysis that revealed no sig-
nificant differences in the transcription profile between Top2p™~
and wild-type ESCs (Fig. 2D and Fig. S1C). We conclude that
Top2p is dispensable for the stem cell transcription program,
including self-renewal.

We next examined whether Top2p~~ ESCs retain the poten-
tial for lineage commitment and their ability to differentiate into
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Fig. 1.

Induction of neuronal differentiation accompanies a switch from Top2a to Top2f isoform. (A) Expression analysis of three stages of murine stem-cell

differentiation reveals up-regulation of Top2b and down-regulation of Top2a upon neuronal differentiation. mRNA levels as measured by real-time RT-PCR
relative to Gapdh are plotted on the y axis. ES, embryonic stem cells; NP, neuronal progenitors; N, neurons. (B) Western blot analysis for Top2a and Top2p
protein levels in extracts isolated from the same stages as in A. Lamin B1 serves as a loading control. (C) (Upper) Analysis at a higher temporal resolution
shows that Top2a is diminished around neuronal day 2 after plating of progenitor cells, whereas Top2b is up-regulated robustly. mRNA levels are plotted as in
A. (Lower) Cell proliferation measured by BrdU incorporation at 6 h, 24 h, 48 h, 3d, 7 d, and 10 d (stage N in A). (D) Immunofluorescence analysis in neurons
using Top2p-specific antibody (red, Left) and Hoechst (blue, Center) for nuclear staining in a section from mouse cortex at embryonic day 18.5 (E18.5). The
overlay of both stains (Right) shows that Top2 is expressed abundantly in the differentiated postmitotic neurons that lie in the peripheral zone. Inset shows
results of RT-PCR in cortical neurons derived from the peripheral zone. The results are plotted as in A.
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Fig. 2. ESC lacking Top2p show impaired neuronal differentiation. (A) Immunofluorescence analysis using an anti-Pax6 antibody (red) in wild-type and
Top2p-knockout neuronal progenitor cells reveals no differences in progenitor specification with regard to the expression of this instructive transcription
factor. (B) Immunofluorescence analysis in differentiated neurons after 6 d of culture using g-lll tubulin-specific antibody (red) shows significant neuronal
degeneration in Top2p-knockout cells. Hoechst is used for staining DNA. The arrows mark axonal degeneration. (C) Quantification of apoptotic nuclei after
6 d of neuronal culture showing a significantly increased percentage of neuronal death in Top2g-knockout as compared with wild-type neurons. (D) Graphs
depict the number of genes that are expressed differentially in wild-type and Top2p-knockout cells at the embryonic stem cell (ES), neuronal progenitor cell
(NP), day 2 neuron (N d2), and day 6 neuron (N d6) stages. Neurons lacking Top2p exhibit the greatest number of deregulated genes. Dark gray bars represent

up-regulated genes; light gray bars represent down-regulated genes.

postmitotic neurons. Top2p~~ ESCs generated neuronal pro-
genitors with efficiency similar to that of wild-type ESCs and also
expressed characteristic markers such as Pax6 (Fig. 24). This
notion was confirmed and extended at the transcriptome level as
measured by Affymetrix analysis (Fig. 2D and Fig. S1C). Al-
though we failed to find a large number of genes that are affected
significantly by knockout neurons soon after exit from the cell
cycle (Fig. 2D and Fig. S1C), we observed that at later stages the
Top2p ™'~ neurons started to show signs of degeneration and died
by apoptosis (Fig. 2 B and C). Transcriptome profiling revealed
a number of genes that were statistically significantly deregulated
in neurons lacking Top2p as compared with wild-type cells (Fig.
2D and Fig. S1C). The genes down-regulated in Top2p~~ neu-
rons show a strong enrichment for gene ontology (GO) terms
associated with “neurogenesis,” whereas genes up-regulated in
Top2Bp~'~ neurons were associated with the GO term “cell di-
vision” (Fig. S1D). A number of single-gene controls validated
these transcriptional changes (Fig. S1E). This observation is not
limited to in vitro-differentiated neurons; similar transcriptional
changes were observed for cortical neurons isolated from E16.5
Top2p-knockout embryos (Fig. SIC; also see Fig. S4F). In-
terestingly, Top2a (encoding Top2a) was among the genes that
were up-regulated in Top2p~/~ neurons both in vitro and in vivo
(Fig. S1C). Because Top2a is repressed in nonproliferative cells
(34), and its expression is linked exclusively with increased pro-
liferation cycle (1, 10, 35, 36), we speculated that its reactivation
in postmitotic neurons may cause neuronal degeneration, e.g., by
forcing the neurons to re-enter the cell cycle. To test this pos-
sibility, we treated TopZﬁ‘/ ~ neurons with meso-2,3-bis(2,6-
dioxopiperazin-4-yl)butane (ICRF-193), an established inhibitor
of catalytic activity of both Top2 isozymes (37). We found this
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inhibition did not prevent the degeneration of the neurons
lacking Top2p, suggesting that Top2a activity is not causally
involved in the observed phenotype.

Top2p Binds Preferentially to Promoters. We next explored whether
sites of chromosomal binding of Top2f in postmitotic cells relate
to the aberrant changes in gene expression and the phenotype
observed in Top2p~'~ neurons. Toward this goal, we performed
ChIP with Top2p-specific antibodies followed by detection using
custom tiling arrays. These arrays cover 10% of the mouse ge-
nome, including all well-annotated promoters, several large
multigene loci, and the complete chromosome 19 (SI Material
and Methods). Visual inspection of the chromosomal profiles for
Top2p indicated specific enrichment at promoters (Fig. 34), with
biological replicates showing high reproducibility (R = 0.90).
Intrigued by this observation, we performed a comprehensive
and unbiased analysis by comparing Top2p enrichment along the
fully tiled chromosome 19. This analysis revealed a clear en-
richment for Top2f binding to promoters as compared with
exons, introns, and intergenic regions (Fig. 3B). Furthermore,
a time-course analysis for Top2f binding during neuronal dif-
ferentiation revealed that Top2f targeting to promoters occurs
at the time of transition from the progenitor to the neuronal
state, a time when Top2p levels are highly induced and cells
become postmitotic (Figs. 1C and 3C).

Distinct Histone Modification Patterns Mark Top2p-Bound Promoters.
Several recent studies established that promoter sequences in
eukaryotic genomes show characteristic patterns of histone
modifications that associate with the active or inactive state of
the linked gene (21-23). Actively transcribed promoters as well
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Fig. 3. Top2p binds preferentially to promoters. (A) Genome browser screenshot from a segment of chromosome 19 showing promoter-specific localization
of Top2p in neuronal cells. The y axis represents log2 enrichments (immunoprecipitation/input). (B) Distribution of Top2f enrichments in different genomic
regions. The fully tiled chromosome 19 was divided hierarchically into promoter, exon, intron, and intergenic regions, and Top2p enrichments for each region
were calculated by averaging over all probes that mapped to the particular region. The distribution of enrichments shows that Top2p is enriched most
strongly at promoters. (C) ChIP-gPCR for Top2p enrichment at various identified target promoters using Top2p ChIP material derived 24 h, 48 h, 5 d, and 10d
after plating of progenitors for neuron formation. This analysis shows that Top2p targets gene promoters at neuron day 2 when cells exit the cell cycle (Fig.
1C). Average enrichments from three separate assays are plotted on the y axis as the ratio of precipitated DNA (bound) to the total input DNA and further

normalized to a control region. Error bars indicate SEM.

as DNA unmethylated CpG island promoters show uniformly
high levels of H3K4 dimethylation (H3K4me2) in mammalian
cells (38, 39). H3K4me2 is considered to be a mark of active
chromatin, which is involved in the recruitment of many distinct
factors involved in chromatin remodeling and gene regulation
(21, 40-42). In many cases CpG islands that are inactive harbor
both the activating H3K4 mark and the repressive chromatin
modification trimethylation of H3K27 (H3K27me3) set by the
Polycomb system (39). This bivalency of activating and repres-
sing marks has been implicated in developmental gene regula-
tion (43). To determine if Top2f binding relates to these
important marks of chromatin, we compared the Top2f3 ChIP
data with genomewide datasets that were generated by ChIP
followed by next-generation sequencing with neurons as starting
material (44). This analysis revealed that the active chromatin
modification H3K4me2 is present at most Top2B-enriched
regions, and vice versa (Fig. S24). Visual inspection of the
chromosomal profiles for Top2f and H3K4me2 suggested their
co-occurrence at promoters (Fig. 44). A genomewide compari-
son further revealed a high positive correlation between the two
datasets at the level of promoters (R = 0.78) that also was evi-
dent in a cluster analysis (Fig. 4 B and C and Fig. S2B). Top2p
and the Polycomb-associated H3K27me3 mark showed no cor-
relation, because many Top2p targets are not marked by this
histone modification (R = 0.06) (Fig. 4 B and C and Fig. S2B).
Intriguingly however, most bivalent promoters that have both
H3K4me?2 and H3K27me3 also were marked by Top2f (Fig. 4C,
cluster 3). To relate these patterns to transcriptional activity, we
included RNA Polymerase II binding data in this analysis and
found that the majority of Top2f-bound promoters also recruit
Polymerase (R = 0.63) (Fig. 4 B and C and Fig. S2B). In most
cases, this recruitment coincided with active transcription as
measured by transcriptome analysis (R = 0.65) (Fig. 4 B and
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cluster 2 in C and Fig. S2B). Top2p-target bivalent promoters
that have both H3K4me2 and H3K27me3 are not occupied by
polymerase (Fig. 4C, cluster 3) and are not transcribed (Fig.
S2B), in line with the model proposing that this state marks
genes that are activated subsequently (43). Extensive single-gene
controls with wild-type and Top2p-knockout cells, as well as with
brain tissue using two additional antibodies specific for Top2p,
validated these genomic binding patterns (Fig. S3 A-C).

These findings indicate that Top2f binds promoters that are
characterized by high levels of H3K4 dimethylation and that
a majority of these promoters are transcribed actively, whereas
many of those that are inactive harbor the additional H3K27me3
mark. This result links Top2p to proximal regulation of tran-
scription and suggests that chromatin modifications are involved
in specifying its chromosomal binding and that this binding
influences gene expression.

Top2p Binding Modulates Gene Expression. To determine if Top2p
binding to promoter regions influences the transcriptional ac-
tivity of target genes, we contrasted T0p2[3 occupancy with the
transcriptional changes observed in Top2~'~ neurons. We found
that a large number of genes that were Top2p bound in wild-type
neurons were down-regulated in the knockout cells (Fig. 4D).
This dependency of Top2p also was observed for a smaller and
less significant set of Top2p targets that showed up-regulation in
the mutant cells, whereas a large fraction of bound genes
remained unaffected. Importantly, however, a majority (99/171)
of the genes showing differential expression in mutant cells were,
in fact, bound by Top2p in wild-type cells (P = 9e-19) (Dataset
S1). Genes in this group that were down-regulated upon Top2p
deletion were associated with gene functions related to neuro-
genesis (Fig. 4D), whereas genes that were bound and up-regu-
lated were associated with organismal development (Fig. 4D).
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cipitation/input). The lower track shows ChIP-seq data for H3K4me2 in neuronal cells. The y axis represents average coverage per base, averaged over 100 nt.
(B) Correlation of Top2p enrichment at TSS in neurons (y axis) with H3K4me2, H3K27me3, RNA Pol I, and mRNA levels. (C) Heat map depicting Top2p en-
richment and H3K4me2, H3K27me3, and RNA Pol Il levels for each of the promoters. Promoters were clustered using k-means clustering with k = 5. (D) Scatter
plot showing Top2p enrichment at promoters (y axis) versus the changes in expression (log2 scale) in wild-type and Top2p-knockout cells at the corresponding
genes (x axis). A significant number of genes deregulated in Top2p-knockout neurons are occupied by Top2p at their promoters. The top five hits from GO
term analysis for genes from the categories of “Top2p occupied and down-regulated in Top2p KO cells” and “Top2p occupied and up-regulated in Top2p KO

cells” are shown. P < 1072,

Chemical Inhibition of Top2p Catalytic Activity Affects Transcription
of Target Genes and Results in a Phenotype Similar to the Absence of
Top2p. To determine if Top2f catalytic activity is required for its
effect on target-gene expression, we again used the inhibitor
ICRF-193. ESC-derived neurons were treated for 3 d starting 48
h after plating of neuronal progenitors, when Top2a levels were
decreased and Top2p was strongly up-regulated (Fig. 1C). Ex-
pression analysis suggested a dose-dependent decrease in activity
of Top2p-target genes (Fig. S44), and ICRF-193-treated cells
exhibited neuronal degeneration similar to that observed in
Top2p-knockout neurons (Fig. 54). Transcriptome profiling of
cells that were treated with either DMSO (vehicle control) or
ICRF-193 revealed significant transcriptional down-regulation
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and very little transcriptional up-regulation (Fig. S1C). A com-
parison of the expression changes in ICRF-193-treated and
Top2p-knockout ESC-derived neurons revealed a strong overlap
between down-regulated genes (Fig. 5B and Fig. S4B). Fur-
thermore, consistent with the findings in Top2p knockout neu-
rons, a significant number of down-regulated genes were direct
targets of Top2p in wild-type neurons and were enriched exclu-
sively for neuronal functions (Fig. 5C). To see if ICRF-193—
mediated down-regulation of Top2p-target genes accompanies
changes in their chromatin accessibility we used the formalde-
hyde-assisted isolation of regulatory elements (FAIRE) assay
(45-47). This approach identifies regions of low nucleosomal
occupancy, a chromatin feature of active regulatory regions.
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Fig. 5. Inhibition of Top2p catalytic activity phenocopies the genetic deletion and down-regulates target genes. (A) Immunofluorescence analysis in neurons
using B-1ll tubulin-specific antibody at different time points after treatment with inhibitor or control reveals neuronal degeneration from day 3 onwards as
indicated by arrowheads. p-lll Tubulin (green) and Hoechst (blue) staining mark neurons and nuclei, respectively. (B) Venn diagram illustrating the overlap be-
tween genes down-regulated in knockout and in inhibitor-treated neurons. (C) Scatter plot depicting Top2p enrichment (y axis) versus expression changes (log2
scale) between inhibitor treatment and control (x axis) illustrating that most inhibitor-sensitive genes are Top2p bound. This group of genes is strongly enriched for
neuronal gene functions (P < 1072°). (D) Chromatin accessibility assay in neurons treated with the inhibitor for different periods starting at d 2 after plating. Shown
are average FAIRE enrichments and RNA levels detected by qPCR for four Top2p-target promoters normalized to a control (y axis). Error bars indicate SEM. (E)
Inhibitor treatment of primary cortical neurons leads to similar transcriptional responses in three Top2p-target neuron-specific genes (see Fig. S1C for genome-
wide analysis). The graph also shows two non-Top2g-target genes, Megf9 (expressed in neurons) and Cmah (not expressed in neurons) that are not affected by this
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Here we observed that ICRF treatment affects the chromatin
structure, as detected by the FAIRE assay, only in Top2f-target
genes that also are transcriptionally down-regulated (Fig. 5D).
To establish the in vivo relevance of these observations, we
isolated cortical neurons from E16.5 mouse embryos and plated
them on polyornithine- and laminin- coated dishes. Top2a is not
expressed in these cells, whereas Top2b is transcribed robustly
(Fig. 1D). Expression analysis indicated a decrease in the ex-
pression of Top2f-target genes upon ICRF-193 treatment in
cortical neurons (Fig. 5E), similar to the results described for

Tiwari et al.

ESC-derived neurons (Fig. S4A4). Furthermore, ICRF-193
treatment led to neuronal degeneration (Fig. 5F) similar to the
degeneration we observed in Top2p~~ neurons (Fig. 2B) and in
ICRF-193-treated ESC-derived neurons (Fig. 54). We next
profiled the transcriptome of cortical neuronal cells treated with
either DMSO (vehicle control) or ICRF-193 and again observed
mostly transcriptional down-regulation of tested genes (Fig.
S1C). A comparison of the expression changes with ICRF-193
treatment in cortical neurons and in stem cell-derived neurons
revealed a strong overlap among down-regulated genes (Fig. 5G
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and Fig. S4C). These data suggest that Top2p inhibition results
in transcriptional as well as phenotypic changes, similar to the
changes observed with neurons generated from Top2p-knockout
ESCs. Furthermore, a substantial overlap was observed among
genes that were down-regulated upon ICRF-193 treatment of
cortical neurons and Top2p-knockout cortical neurons (Fig.
S4D). It is important to note that only a few of the genes that
are up-regulated in Top2f-knockout neurons show a similar
response upon enzymatic inhibition (Fig. S4 B and D). This
result might indicate either that in most cases transcriptional
up-regulation is an indirect effect or that it depends on the
presence of Top2p but not on its catalytic activity. Among the
genes that were Top2p bound and up-regulated in mutant
neurons and those treated with ICRF-193, we concentrated on
the nerve growth factor receptor (Ngfr) (Fig. S1C), commonly
referred to as the “neurotrophin receptor p75,” a member of the
TNF receptor family and previously implicated in neuronal death
(48-50).

Up-Regulation of the Neurotrophin Receptor p75 Is Involved in the
Death of Neurons Lacking Top2p. The neurotrophin receptor p75 is
a direct target of Top2p (Fig. 6 4 and B) and is up-regulated in
both Top2p-deficient ESC-derived neurons and cortical neurons
(Fig. 6 C and D and Figs. S1C and S4 B-F). It also is up-regu-
lated in ICRF-193-treated wild-type ESC-derived neurons and
cortical neurons (Fig. 6 E and F and Fig. S1C). This transcrip-
tional up-regulation led to higher protein levels as measured by
Western blot analysis (Fig. 6G and Fig. S5).

To investigate whether p75 up-regulation is responsible for the
degeneration in Top2p~~ neurons, we reduced its endogenous
levels by shRNA-mediated knockdown in stably transfected
clones of Top2p™~ cells. Western blot analysis confirmed effi-
cient knockdown in neurons in two clones expressing three dif-
ferent shRNAs against p75 (Fig. 6H), and this reduction
markedly delayed neuronal death (Fig. 6 I and J). To support our
observations further, we derived cortical neurons from E16.5 p75
wild-type and p75-knockout mouse embryos (51) and treated
them with ICRF-193. Under these conditions, p75-knockout
neurons showed significantly reduced death compared with the
wild-type neurons (Fig. 6K). Together these findings suggest that
up-regulation of the Top2p target p75 is causal for the premature
death of neurons lacking Top2f protein or its enzymatic activity.

Discussion

Mammals have two isoforms of Topoisomerase II with similar
enzymatic properties in vitro (7, 8). Both isoforms can comple-
ment the single form of the enzyme in yeast (52), but in mam-
mals only Top2a can provide the type II topoisomerase functions
required for DNA propagation, such as chromosome conden-
sation and segregation (32, 53). Thus Top2a is necessary for the
survival of cycling cells (54). By comparison, Top2p was recog-
nized mostly for what it is unable to do: It does not support
mitotic chromosome segregation (32, 53, 55) and appears dis-
pensable for cycling cells (56). However, mice lacking Top2p
exhibit a perinatal death because of defects in neuronal de-
velopment (17). This phenotype has been linked to Top2f
function in the transcriptional regulation of neuron-specific
genes (13, 18, 31). Further hints came from the observations that
type II topoisomerase activity is involved in steroid-stimulated
gene activation of the pS2 promoter (19) and that it relaxes
nucleosomal chromatin in vitro (5). These observations led to
the hypothesis that Top2f has a function in chromatin conden-
sation/decondensation and in local changes of chromatin archi-
tecture. Our results provide strong support for this hypothesis,
because we show at the level of the genome that Top2f binds
selectively to chromosomal regions marked by H3K4 dimethy-
lation, a histone modification characteristic of active regulatory
regions. Notably we did not observe consistent changes in
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chromatin organization of Top2f targets upon ICRF-193 treat-
ment, as measured by the FAIRE assay. Instead we observed
reduced accessibility only at targets that were transcriptionally
down-regulated. It is important to note, however, that the cur-
rently available assays to measure chromatin organization are
limited in scope and sensitivity (57). Thus, how Top2p activity
contributes to the local chromatin organization of target genes
remains an open question.

Enzymes that catalyze H3K4 methylation were first identified
genetically in the fruit fly as activators of Hox loci, and sub-
sequent studies have found that H3K4 methylation has an acti-
vating role in gene regulation (21-23, 58). Although there is only
a single H3K4 methyltransferase in yeast, several enzymes
methylate and demethylate this residue in higher eukaryotes
(21). Further complexity is generated by a growing list of pro-
teins that selectively bind methylated H3K4 (58), leading to the
concept that H3K4me functions in tethering a multitude of
proteins to chromatin and repelling others. For example,
a component of the NURF chromatin-remodeling complex,
BPTF, recognizes H3K4 methyl marks via a PHD domain, which
in turn recruits the SNF2L ATPase to activate gene expression
(59), whereas a DNA methyltransferase is inhibited by this his-
tone modification (60). Similarly a number of other H3K4me-
binding proteins with enzymatic activities have been discovered,;
among these proteins are JMID2A, CHD1, and WDRS5 (61-64).
Each of these activities is shown to modulate chromatin structure
during the process of gene regulation. It is conceivable that the
involved DNA binding of proteins and/or remodeling of nucle-
osomes create structural constraints that require topoisomerase
activity to ensure proper gene regulation.

A large group of H3K4me2-decorated promoters are tran-
scriptionally active. Many inactive ones harbor the repressive
mark H3K27me3 as well. This coexistence of active and repressive
marks at gene promoters has been defined as a “bivalent chro-
matin state” and is suggested to be an important signal for acti-
vation at later developmental stages (43). The specific genomic
location of Top2f is compatible with a chromatin-based re-
cruitment mechanism functioning at sites of chromatin remod-
eling and gene regulation. Compatible with this hypothesis is the
finding that human ToplIIp, but not Toplla, copurifies with the
chromatin-remodeling factor ACF (65).

The preferential location to regulatory regions in the genome
challenges the notion that type II topoisomerases in mammalian
cells are merely structural components of chromosomes (66, 67)
that show enriched binding at AT-rich intergenic regions (20)
and instead links them with gene regulation in postmitotic cells.
Indeed, expression of many bound genes was found to be altered
in Top2™~ neurons both in vitro and in vivo, with most being
down-regulated. These genes respond similarly to ICRF-193
treatment of wild-type cells suggesting specific function of the
catalytic activity of Top2p in maintenance of expression of bound
targets. Importantly, Top2a, even though up-regulated, cannot
compensate for absence of Top2p in the knockout cells, sug-
gesting that Top2f has a genuine function in these cells. This
model raises the question as to why Top2p appears dispensable
in cycling stem cells. At this point we only can speculate that the
structural constraints solved by Top2f might arise in both cycling
and postmitotic cells but can accumulate only in postmitotic
cells, because they are resolved during mitotic division in cycling
cells and thus do not accumulate and cause no phenotype. In line
with this model, Top2p targets promoters during the transition
from progenitor to neuronal state at a time when cells become
postmitotic and when Top2f is strongly up-regulated.

The findings of our comprehensive analysis are compatible
with previous single-gene studies (18, 19) but reveal an un-
expected universal recruitment of this enzyme to gene sites that
are proximal for gene regulation and greatly expand the set of
target genes. Notably, a small subset of Top2p-bound genes was
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Fig. 6. Loss of Top2p-mediated repression of p75 Ngfr mediates premature death of Top2p-knockout neurons. (A) Genome browser screenshot showing
enrichment of Top2p at p75 Ngfr promoter in neuronal cells. The y axis represents log2 enrichment (immunoprecipitation/input). (B) PCR validation of Top2f
enrichment at the Ngfr promoter in neurons. Average enrichments from three separate assays are plotted on the y axis as the ratio of precipitated (bound)
DNA to the total input DNA and further normalized to a control region. Error bars indicate SEM. (C) Expression analysis of Ngfr showing its up-regulation in
Top2p-knockout versus wild-type neurons (N). mRNA levels as measured by real-time RT-PCR relative to Gapdh are plotted on the y axis. Error bars indicate
SEM. (D) Ngfr is up-regulated similarly in cortical neurons (CN) isolated from E16.5 Top2p-knockout mouse embryos. The graph is plotted as in C. (E) Up-
regulation of Ngfr transcript levels through ICRF-193-mediated inhibition of Top2f catalytic activity in neuronal cells (N). The graph is plotted as in C. (F) Up-
regulation of Ngfr upon ICRF-193 inhibition in cortical neurons (CN). The graph is plotted as in C. (G) p75 protein levels as detected by Western blotting of
extracts isolated from wild-type and Top2p-knockout neurons confirm its increase at the protein level in cells lacking Top2p. p-lll Tubulin serves as loading
control. (H) Western blot analysis for p75 levels in protein extracts isolated from control and Top2p-knockout neurons as well as neurons with shRNA-me-
diated depletion of p75 confirm a significant knockdown of p75 in the two p75 shRNA clones. Actin serves as a loading control. (/) Inmunofluorescence
analysis using p-Ill tubulin-specific antibody (red) after 3 and 6 d in vitro (div) neuronal culture shows survival of Top2p-knockout neurons depleted of p75 as
compared with Top2p-knockout neurons that degenerate. (J) The percentage of neurons surviving (y axis) is calculated as the ratio between the neurons
surviving after 6 d of culture and the number of progenitors used for neuron formation. The data indicate a marked increase in cell survival in Top2p-
knockout neurons depleted of p75 as compared with Top2p-knockout neurons. (K) Immunofluorescence analysis using p-11l tubulin-specific antibody (red) in
wild-type and p75~'~ primary cortical neurons 3 d after treatment with control (DMSO) or inhibitor (ICRF-193) reveals markedly reduced neuronal death in
inhibitor-treated p75~'~ neurons as compared with similarly treated wild-type cells.
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found to respond by transcriptional up-regulation because of the
absence of Top2f or to ICRF treatment. It is conceivable that
these genes are actively repressed and that maintenance of this
repression requires structural integrity of the DNA template, as
is the case for gene activation. The most prominently affected
gene was Ngfr p75, a key regulator of cell death during de-
velopment of the central and peripheral nervous system (48-50).
Although Ngfr p75 is widely expressed during development, it
subsequently is down-regulated and is reexpressed in the adult
only in response to injury, where it has consistently been shown
to be responsible for cell death accompanying neurodegen-
eration (68, 69). We previously showed that prevention of its
down-regulation in ESC-derived neurons causes cell death (70),
thus indicating that a higher level of this receptor alone is suffi-
cient to cause the phenotype reported here with the same cellular
system. We find that the depletion of p75 in Top2p-knockout
neurons led to a marked delay in their death. Furthermore, p75-
knockout neurons showed significantly reduced death compared
with the wild-type neurons upon chemical inhibition of Top2p
activity. These data strongly argue that up-regulation of the
Top2p-target gene p75 is causal for the premature death of
neurons lacking Top2p function. Furthermore, little is known
about the molecular mechanisms controlling the expression of
Ngfr p75, and thus the finding that Top2p binds and likely acts on
the Ngfr p75 promoter is a significant step toward understanding
its regulation.

Taken together, our findings provide insights into the regulatory
function and genomic localization of Top2f in postmitotic cells.
Our results suggest a model whereby Top2p occupies active reg-
ulatory regions in the genome where it modulates transcription of
target genes that control neuronal differentiation and survival.

Materials and Methods

Derivation of Wild-Type and Top2p-Knockout ESCs. Blastocyst embryos were
obtained from superovulated Top2p*'~ female mice mated to Top2p*~
males. Embryos were harvested in FHM medium (Chemicon) by flushing the
uterus (blastocysts) at blastocyst stage and were cultured on mouse em-
bryonic fibroblast feeders as described by Bryja et al. (71). Later, individual
clones were genotyped. The primer sequences used for genotyping are
available on request. Housing and handling of mice conformed to the Swiss
Animal Protection Ordinance, chapter 1.

Cell Culture. Wild-type and Top2p-knockout ESC (129Sv) were cultured and
differentiated as previously described (29). ESC expressing shRNA constructs
against p75 were generated as previously described (72).

Western Blot Analysis. Western blot analysis was performed with purified
protein extracts using 1/1,000 dilutions of Top2p, Top2a, p75, lamin B1, and
tubulin Ill antibodies. Blots were developed with ECL reagent (GE Healthcare).

ChIP. ChIP experiments were performed as described previously (39), starting
with 70 pg of chromatin and 5 pg of the following antibodies: anti-Top2b:
H286 (Santa Crutz), anti-RNA Pol Il: N-20 (Santa Crutz), anti-H3K4me2:
Ab32356 (Abcam), and anti-H3K27me3: 07-449 (Millipore). The ChIP libraries
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processed for lllumina sequencing were prepared with the Illumina ChIP-Seq
DNA Sample Prep Kit (catalog no. IP-102-1001) according to Illumina’s
instructions and were sequenced on the Genome Analyzer 2 following the
manufacturer’s protocols. ChIP-real time PCR was performed using SYBR
Green chemistry (ABI) and ChIP (1:40) or input (1:100) DNA per PCR. Primer
sequences are available upon request.

FAIRE assay. The FAIRE assay was done essentially as described (45, 46).

Immunocyto- and Immunohisto-Chemistry. Cells or embryos were fixed in 4%
(wt/vol) PFA prepared in phosphate buffered saline (PBS) for 20 min or 5 h
respectively. Fixed embryos were then cryopreserved overnight in 30% (wt/
vol) sucrose prepared in PBS and were sectioned into 14-um sections using
a cryostat. Cells or sections were blocked and permeabilized for 1 h in PBS
supplemented with 10% (vol/vol) horse serum and 0.2% Triton X-100.
Subsequently, they were incubated overnight at 40 °C with the primary
antibody, prepared in the same solution. Following several washes in PBS,
they were then incubated for 1 h in PBS containing the corresponding sec-
ondary antibody and the nuclear dye Hoechst, were then rinsed in PBS and
mounted. Images were collected using confocal microscopy. The following
primary antibodies were used: anti-Pax6 (DSHB, 1:100), anti-b-Ill tubulin
(Covance, 1:2000), and anti-doublecortin (Chemicon, 1:500).

Bioinformatic Analysis. See S/ Materials and Methods for ChIP-chip array and
expression microarray design, hybridization, and analysis and for ChIP-seq
and RNA-seq analysis.

Datasets. Microarray and ChIP-chip raw data have been deposited at the Gene
Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo) under ac-
cession nos. GSE27245 and GSE27246, respectively. Deep sequencing data
were deposited at the GEO database under submission number GSE25533.
The reviewer’s access links for each of the submissions are provided below:

GSE27245: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=
xpgxvkcumckquxk &acc=GSE27245

GSE27246: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=
fomthwccyoaamtg&acc=GSE27246

GSE25533: http://www.ncbi.nIlm.nih.gov/geo/query/acc.cgi?token=
rhevdyousesscjw&acc=GSE25533
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