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POF Regulates the Expression of Genes on the Fourth Chromosome
in Drosophila melanogaster by Binding to Nascent RNA

Anna-Mia Johansson,® Per Stenberg,>? Anders Allgardsson, and Jan Larsson®

Department of Molecular Biology, Umea University, Umed, Sweden,® and Computational Life Science Cluster (CLIC), Ume& University, Umed, Sweden®

In Drosophila, two chromosome-wide compensatory systems have been characterized: the dosage compensation system that acts
on the male X chromosome and the chromosome-specific regulation of genes located on the heterochromatic fourth chromo-
some. Dosage compensation in Drosophila is accomplished by hypertranscription of the single male X chromosome mediated by
the male-specific lethal (MSL) complex. The mechanism of this compensation is suggested to involve enhanced transcriptional
elongation mediated by the MSL complex, while the mechanism of compensation mediated by the painting of fourth (POF) pro-
tein on the fourth chromosome has remained elusive. Here, we show that POF binds to nascent RNA, and this binding is associ-
ated with increased transcription output from chromosome 4. We also show that genes located in heterochromatic regions
spend less time in transition from the site of transcription to the nuclear envelope. These results provide useful insights into the

means by which genes in heterochromatic regions can overcome the repressive influence of their hostile environment.

neuploidy of entire chromosomes and chromosome seg-

ments is an important evolutionary driving force that in-
creases variation but is accompanied by problems associated with
changes in gene dosage and genomic instability. The evolution of
buffering systems that compensate for dosage differences must
therefore allow for a balance between allowing genomic variability
and avoiding genomic instability (66). Buffering systems of this
kind have been described in Drosophila; in haploid conditions,
they cause the transcription output to increase by a factor of ap-
proximately 1.4 (22, 46, 67, 82). However, the evolution of heter-
omorphic sex chromosomes, such as the X and Y chromosome
pair in flies and mammals, is accompanied by an expression prob-
lem that requires more extensive compensation. Since most genes
on the X chromosome should be expressed at the same levels in
males and females, dosage compensation mechanisms coevolve
as the X-Y chromosome pair is formed (34, 44, 77). Notably, while
the ancient homology between the mammalian X and Y is clear,
the evolutionary origin of the Drosophila Y is more complicated
(8, 77). The evolution of dosage compensation mechanisms is
attributable to evolutionary pressures that act at all levels of ex-
pression to compensate for the losses of functional gene copies.
Two dosage compensation systems have been studied in Drosoph-
ila: the male-specific lethal (MSL) complex, which targets and
upregulates the male X chromosome (18, 23, 56), and the painting
of fourth (POF) protein, which stimulates the expression of the
fourth chromosome in Drosophila melanogaster but is believed to
have originated from a dosage-compensating mechanism (26, 33—
35). The MSL complex and POF coexist; they are on different
chromosomes in, e.g., D. melanogaster, but are colocalized on the
same chromosome in, e.g., Drosophila ananassae. Their coexis-
tence suggests that they probably act on different levels of gene
regulation (66).

The MSL complex is a ribonucleoprotein complex consisting
of five male-specific lethal proteins (MSL1, MSL2, MSL3, MLE,
and MOF) and two noncoding RNAs, r0X1 and roX2. Because
expression of MSL2 is sex restricted, the complex is formed only in
males and specifically targets the male X chromosome (41). A
model of its action has been proposed: MOF (a histone acetyl-
transferase) acetylates H4K16, and this modification leads to de-
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compaction of the chromatin and hypertranscription of the male
X chromosome genes (18, 56). The prevailing idea is that the MSL
complex stimulates transcriptional elongation (40). This idea is
supported by genome-wide mappings showing that expression of
the MSL complex and the associated H4K16 acetylation are both
enhanced within gene bodies with a bias to their 3’ end (2, 3, 19,
30, 57). A recent study confirmed that the MSL complex enhances
transcription by facilitating the progression of RNP2 across the
active X chromosomal genes (32).

Less is known about the regulatory level at which POF acts.
POF is a 55-kDa protein containing an RNA recognition motif
(RRM). Like the MSL complex, POF binds within the bodies of
expressed genes. However, in D. melanogaster, POF specifically
targets the fourth chromosome in both males and females (27,
33). The targeting of POF to the fourth chromosome is associated
with a chromosome-specific increase in transcript levels that pri-
marily affects differentially expressed genes (26, 67). Flies can sur-
vive without POF or missing one copy of the fourth. However,
haplo-fourth animals die if they also lack POF. Importantly, the
expression of nonubiquitously expressed genes on the fourth
chromosome has been shown to be compensated by POF in
haplo-4 flies; suppressing or eliminating this compensation causes
haplo-fourth lethality (67).

The fourth chromosome of D. melanogaster has several unique
characteristics. It is the smallest chromosome in the Drosophila
genome, with an approximate size of 5 Mb. Of these 5 Mb, 3 to 4
Mb consists exclusively of simple AT-rich satellite repeats and
does not contain any known genes. The sequenced part of chro-
mosome 4 is only 1.3 Mb and represents the banded, polytenized,
and gene-rich portion corresponding to cytological sections 101E
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to 102F (4, 37). In principle, the entire fourth chromosome can be
considered heterochromatic; more specifically, it consists of the
HP1 enriched “green chromatin” as defined by van Steensel and
coworkers (17). This means that the fourth chromosome is en-
riched in the heterochromatin protein HP1 and in specific histone
modification markers of heterochromatin, e.g., methylated H3K9
(13, 15, 60, 61). In keeping with its heterochromatic nature, the
polytenized part of chromosome 4 contains large blocks of re-
peated sequences and transposable elements that are interspersed
with the genes (29, 36, 38, 48, 55, 68). Transgenes inserted on the
fourth chromosome often show partially silenced, variegated ex-
pression (70, 71, 79, 80). In fact, the structure and sequence com-
position of the fourth chromosome, with its scattered repetitive
elements, is more reminiscent of the organization of mammalian
chromosomes than that of the other D. melanogaster autosomes. It
appears as though the genes located on the fourth chromosome
have adapted to function in this repressive milieu.

To study the fundamental compensatory processes acting on
the fourth chromosome, we have performed RNA immunopre-
cipitation (RIP) experiments followed by tiling array analysis
(RIP-chip) and transcript profiling experiments. We show here
that POF associates with the newly transcribed RNA produced
from the fourth chromosome. Our data indicate that POF binds to
the spliced form of the transcript and that this binding is associ-
ated with an increase in the amount of chromosome 4 transcripts.
We also show that transcripts encoded by the fourth chromosome
or pericentromeric heterochromatin have a shorter transition
time from the site of transcription to the nuclear envelope.

MATERIALS AND METHODS

Immunostaining of polytene chromosomes. For heat shock, vials were
incubated for 45 min in a 38°C water bath and allowed to recover at room
temperature for the time indicated. Polytene chromosomes from the sal-
ivary glands of 3rd-instar larvae were prepared and stained essentially as
previously described (81). Salivary glands were fixed in 2% formaldehyde
in phosphate-buffered saline (PBS), 0.1% Triton X-100, and 0.2% NP-40
for 40 s followed by 2 to 3 min in 50% acetic acid containing 1% formal-
dehyde. Polytene chromosomes were squashed as described previously
(81). The slides were washed for 30 min in 1X PBS and 0.1% Triton
X-100, transferred to blocking solution (0.1 M maleic acid, 0.15 M NaCl,
1% Boehringer blocking reagent), and incubated for 30 min at room
temperature. They were then incubated overnight at 4°C with primary
antibodies raised against POF (1:400 dilution) and RNP2 (ab5408; 1:200;
Abcam). The slides were washed two times for 10 min each in a solution
containing 0.1 M maleic acid, 0.15 M NaCl, and 0.3% Tween 20 and then
blocked for 30 min. Goat anti-rabbit and goat anti-mouse antibodies con-
jugated with Alexa Fluor 555 or Alexa Fluor 488 (Molecular Probes; di-
luted 1:300) were used as secondary antibodies and incubated at room
temperature for 2 h. The squashes were counterstained with 4',6-di-
amidino-2-phenylindole (DAPI; 1 pg/ml) and washed two times for 10
min each before being mounted with Vectashield (Vector). For DRB (5,6-
dichloro-1-B-p-ribofuranoxylbenzimidazole) (Sigma) treatment, sali-
vary glands were dissected in Drosophila serum-free medium (SEM) (Ex-
press Five; Invitrogen) and incubated for 60 or 90 min in SFM
supplemented with 250 uM DRB and 5% dimethyl sulfoxide (DMSO) or
5% DMSO only (control). Fixation and immunostainings were done as
described above. For RNase treatment, salivary glands were dissected in
Drosophila SFM (Invitrogen) and pretreated for 2 min in PBS and 0.2%
Triton X-100. The glands were then incubated for 12 min in PBS alone
(control) or PBS and RNase (45U/ml RNase A, 1,800 U/ml RNase T1;
Ambion). For MLE/POF double stainings, primary antibodies against
POF (chicken, 1:100) and MLE (rabbit, 1:1,000) were used, and for MSL2/
POF, primary antibodies against POF (rabbit, 1:400) and MSL2 (goat,
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catalog no. sc32459, 1:100) were used. Goat anti-rabbit and goat anti-
chicken or donkey anti-goat and donkey anti-rabbit antibodies conju-
gated with Alexa Fluor 555 or Alexa Fluor 488 (Molecular Probes; diluted
1:300) were used as secondary antibodies. Preparations were analyzed
using a Zeiss Axiophot microscope equipped with a KAPPA DX20C
charge-coupled-device camera. Images were assembled and merged elec-
tronically using Adobe Photoshop. For quantitative comparisons of stains
at different time points or with different treatments, preparations and
staining were run in parallel. Nuclei with clear cytology were chosen on
the basis of DAPI staining and photographed. All settings were identical
for each specific antibody. At least 20 nuclei for each time point or treat-
ment were used in these comparisons, and at least four slides for each time
point or treatment were analyzed.

RNA immunoprecipitation. For each sample treatment condition, we
used 300 ml of D. melanogaster cells from Schneider’s line 2 (ATCC CRL-
1963), grown as a suspension culture at 25°C in Erlenmeyer flasks at a
density of 1 X 107 cells/ml in Drosophila SFM (Invitrogen) supplemented
with 100 U/ml penicillin G, 100 pg/ml streptomycin sulfate, and 2 mM
L-glutamine. The cells were pelleted, washed twice in 100 ml of a solution
containing 10 mM HEPES (pH 7.4) and 140 mM NaCl, and then resus-
pended in 50 ml of lysis buffer (20 mM HEPES [pH 7.4], 3 mM MgCL,,
0.1% Triton X-100, 1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride [PMSF], 10 U/ml RNasin, and 0.5X protease inhibitor cocktail;
Roche). The cells were allowed to swell on ice for 10 min and then homog-
enized on ice with 30 strokes of a Dounce homogenizer. The nuclei were
pelleted at 2,000 X g for 5 min and used either in the native state (i.e.,
non-cross-linked) or after formaldehyde cross-linking. For the cross-
linked sample (FA), the pelleted nuclei were resuspended in 50 ml lysis
buffer and cross-linked by adding formaldehyde to a final concentration
of 0.5% and incubating for 10 min at room temperature. The cross-link-
ing was stopped by adding glycine (final concentration of 0.125 M), after
which the nuclei were washed once in lysis buffer and resuspended in 2 ml
of sonication buffer (20 mM HEPES [pH 7.4], 10% glycerol, 0.1 M NaCl,
1 mM MgCl,, 0.1% Triton X-100, 1 mM dithiothreitol, 0.5 mM PMSF, 10
U/ml RNasin, and 0.5X protease inhibitor cocktail) and sonicated using a
Bioruptor (Diagenode) for 4 min, on the high setting (30 s on, 30 s off).
For the native samples (N1, N3, and N6), the pelleted nuclei were resus-
pended in 2 ml sonication buffer and sonicated for 1, 3, or 6 min (N1, N3,
and N6, respectively). Cellular debris were removed by centrifugation for
25 min, 4°C at 14,000 X g, and the supernatants were used for immuno-
precipitations.

For the whole-cell sample (WCFA), we used 40 ml of D. melanogaster
cells from Schneider’s line 2, grown as described above. The cells were
cross-linked by adding formaldehyde to a final concentration of 0.5% and
incubated for 10 min at room temperature. The cross-linking was stopped
by adding glycine (final concentration of 0.125 M) and incubating for 5
min on ice. The fixed cells were pelleted, resuspended in 5 ml PBS, washed
for 10 min in wash A solution (10 mM HEPES [pH 7.6], 10 mM EDTA
[pH 8.0], 0.25% Triton X-100) for 10 min at 4°C, and then washed once
with wash B solution (10 mM HEPES [pH 7.6], 100 mM NaCl, 1 mM
EDTA [pH 8.0],0.5mM EGTA [pH 8.0],0.01% Triton X-100) for 10 min.
The cells were resuspended in 5 ml TEN140 (10 mM Tris-HCI [pH 8.0],
0.1 mM EDTA, 140 mM NaCl), PMSF was added to a final concentration
of 1 mM, and the samples were sonicated using a Bioruptor (Diagenode),
4 min, on the high setting (30 s on, 30 s off). To the resuspended cell
extract, 50 wl 10% SDS, 500 wl 1% sodium deoxycholate, 500 wl 10%
Triton X-100, and 140 pl 5 M NaCl were added sequentially. The extract
was incubated for 10 min at 4°C and then centrifuged for 5 min at 4°C and
14,000 X g, after which the supernatants were used for immunoprecipi-
tation.

For immunoprecipitation, 1 to 2 mg nuclear or whole-cell extract was
incubated with 8 pl anti-POF, 5 pl anti-MSL2, or 5 pl anti-MOF antibody
for 45 min at 4°C with agitation. The antibody complexes were precipi-
tated by incubation with 75 pl of Dynabeads conjugated to protein A
(Invitrogen) for 30 min at 4°C with agitation. The supernatant was re-

Molecular and Cellular Biology


http://mcb.asm.org

moved, and the beads were washed twice with PBS (150 mM NaCl), 0.1%
Triton X-100, 32 U/ml RNasin, and 0.5X protease inhibitor cocktail and
twice in PBS (300 mM NacCl), 0.1% Triton X-100, 32 U/ml RNasin, and
0.5X protease inhibitor cocktail. The cross-links in the FA and WCFA
samples were reversed by adding 200 wl 0.45 M LiCl to the beads and
incubating 3 to 4 h at 65°C. RNA was isolated using TRI reagent (Ambion)
followed by a purification using the RNeasy kit (Qiagen) according to the
instructions by the suppliers. The RNA samples were concentrated and
reverse transcribed into cDNA using random primers with the ImPromII
first-strand synthesis kit (Promega). The single-stranded cDNA was pu-
rified with the QIAquick PCR purification kit (Qiagen). The purified
cDNA samples were amplified using the WGA2 GenomePlex complete
whole-genome amplification kit (Sigma) according to the recommenda-
tions by the supplier.

Microarray analysis. For the RIP tiling array analysis, amplified DNA
samples were fragmented, labeled, and hybridized to an Affymetrix Dro-
sophila Genome 2.0 array. The signal intensity data were analyzed with the
Affymetrix tiling analysis software (version 1.1.02), using a 90-bp band-
width and perfect match only. When determining absolute amounts (i.e.,
to obtain transcript profiles), the bandwidth was set to zero and RNA
enrichment ratios for all genes were calculated as the average enrichment
ratio value of all probes located within the exons of each gene. The total
nuclear amounts of each gene transcript were calculated from the input
sample as the average value of all probes located within exons of each gene.
Only genes with at least 10 probes within exons were included. To com-
pare the POF-RIP profile to the chromatin immunoprecipitation with
microarray technology (ChIP-chip) POF profile and transcriptome pro-
file, we used the data previously obtained from the same cell line (27). The
transcriptome profile data from S2 cells was converted to D. melanogaster
genomic release 5 using the coordinate converter tool at FlyBase (74).

Whole-cell/nuclear transcript ratios. To compare the relative
amount of transcripts in the whole cell to the amount of transcripts in the
nucleus from all chromosome arms, we did the following. (i) Gene tran-
script values were calculated as the average of all probes located within
exons of each gene. This was done both for the whole-cell (WCFA) and the
nuclear (FA) extracts. (ii) For each gene, we calculated the ratio between
the whole-cell and the nuclear transcript values. (iii) For each chromo-
some arm, the mean ratio and confidence interval was calculated. (iv) The
genomic average ratio (i.e., all genes) was set to zero. The pericentromeric
region was compiled based on the breakpoints in S2 cells defined in ref-
erence 60, including 92 genes; region 2L:31 was defined as the 77-gene
region starting at Pros35 and ending with CG5198.

RNP2 pausing index and elongation density index. To analyze the
density of engaged RNP2 for all chromosome arms, we used the previ-
ously calculated pausing index (PI) and elongation density index (EdI)
provided as supplementary data in reference 32. The P1 is the ratio of the
GRO-seq signal at the 5" peak (first 500 bp downstream of the transcrip-
tion start point) to the average signal over gene bodies. The EdI is the
signal density ratio of the 3 region of each gene compared to its 5" region
(excluding the first 500 bp) (32).

ChIP of DRB-treated S2 cells. Schneider’s Drosophila line 2 cells
(ATCC CRL-1963) were grown in suspension at 25°C in Erlenmeyer flasks
to a density of 1 X 107 cells/ml in Drosophila SEM (Invitrogen) supple-
mented with 100 U/ml of penicillin G, 100 pg/ml of streptomycin sulfate,
and 2 mM L-glutamine. DRB treatment was performed using two biolog-
ical replicates. For each replicate, the culture was divided into two 10-ml
fractions. To one fraction of each replicate, DRB was added to a final
concentration of 100 pM in 1% DMSO, and the other fraction was used as
the control. The cells were then incubated for 60 min prior to cross-
linking, sonication, and immunoprecipitation against POF as previously
described (27). DNA from the ChIP reactions was quantified by real-time
PCR as described previously (26).

Transcriptome profile. Total RNA was prepared from three biological
replicates for both wild type and Pof*!*?. For each replicate, RNA was
isolated from 20 adult female flies using TRI reagent (Ambion) followed
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by a purification using the RNeasy kit (Qiagen) according to the instruc-
tions of the suppliers. The six labeled cDNA probes were hybridized to the
Affymetrix Drosophila Genome 2.0 tiling array. The signal intensity data
were analyzed with the Affymetrix tiling analysis software (version
1.1.02). Gene transcript values were calculated as the average enrichment
ratio value of all probes located within exons of each gene. Metagene
profiles were made by including all annotated exons between the first
annotated transcription start site and the last annotated transcription stop
site of each gene. The genes were then rescaled to the same relative length,
the transcripts were divided into 10 bins, and the average intensity for each
bin was calculated. For the metagene profiles, we included only expressed
genes. We used strict criteria for expression (average gene values were
greater than the average plus 2 standard deviations based on all intergenic
probes on the array), resulting in 27 expressed genes on the fourth chro-
mosome and 380 expressed genes on chromosome 2L.

Microarray data accession no. The microarray data reported in this
paper have been deposited at http://www.ncbi.nlm.nih.gov/geo/ (acces-
sion no. GSE28519).

RESULTS

POF binding depends on active transcription. We have previ-
ously shown that POF binds to active genes on the fourth chro-
mosome with a preference for exons and that the levels of POF
binding to genes correlate with transcript levels (27). We therefore
wanted to determine whether there is a relationship between the
binding of POF and that of RNA polymerase II (RNP2). To ad-
dress this question, we heat shocked Drosophila larvae for 45 min
at 38°C and monitored the reassociation of POF and RNP2 to
chromatin. Upon heat shock, most transcription stops and RNP2
is released from most genes and redistributed to heat shock-in-
duced genes (65). As was the case with RNP2, POF was also re-
leased from its normal chromatin target sites after the heat shock,
but it was not redistributed to heat shock-induced genes. Both
POF and the RNP2 were restored to their normal distributions on
the chromosomes over a period of approximately 2 h (Fig. 1). The
temporal profiles of the release and the subsequent recovery of
POF and RNP2 binding after heat shock were very similar, sug-
gesting that there is a relationship between the binding of the one
and that of the other. To test if POF binding depends on active
transcription, we monitored POF association with chromosomes
following DRB treatment in S2 cells and salivary glands. DRB
inhibits phosphorylation of Ser2 in the C-terminal domain (CTD)
of RNP2, causing its failure to advance from the initiation to the
elongation phase of transcription (9, 10, 45, 58). After DRB treat-
ment of S2 cells, POF was released from target genes on the fourth
chromosome (Fig. 2A). DRB treatment of salivary glands showed
a corresponding decrease in POF binding to the fourth chromo-
some. Notably, upon DRB treatment, RNP2 redistributes from a
diffuse binding pattern to a more specific banded pattern, consis-
tent with its release from the main part of the gene bodies (Fig.
2B). We conclude that the binding of POF to the fourth chromo-
some correlates with active transcription and that the release of
POF upon DRB treatment suggests that recruitment of POF to
specific chromatin domains occurs through nascent RNA.

POF associates to transcripts from the fourth chromosome.
To delineate the relationship between POF and transcription, we
performed RNA immunoprecipitation (RIP) experiments on nu-
clear extracts from S2 cells with and without cross-linking fol-
lowed by tiling array analysis (RIP-chip). We analyzed three dif-
ferent sonication conditions; N1, N3, and N6 denote protocols in
which the native nuclear extracts were sonicated for 1, 3, and 6
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DAPI

POF

RNP2

min, respectively (Fig. 3A). In order to assess the extent (if any) to
which POF dissociated from its normal targets during the prepa-
ration of the native extracts, we prepared, in parallel to the prep-
aration of the native extracts, extracts in which the nuclei were
cross-linked with formaldehyde (FA) and also cross-linked
whole-cell extracts (WCFA) (Fig. 3A). The higher enrichment ra-
tios on non-fourth chromosomes in native samples (Fig. 3B) com-
pared to cross-linked samples (Fig. 3E) demonstrates that POF has
a general RNA affinity and can be dissociated from its normal
targets during sample preparation and reassociated to any mRNA.

Independent of the conditions used to prepare the extract, the
results showed that POF has a general affinity for RNA and a
significantly higher preference for RNA transcribed from the
fourth chromosome than from other chromosomes (Fig. 3B and
E; P << 0.001, two-tailed # test). This suggests that POF associates
directly with nascent RNA but does not exclude the possibility that
chromosome 4 RNAs are enriched indirectly by association of
POF with chromatin and that RNA molecules linked to chromatin
by active transcription are pulled down indirectly. To test this
possibility, we included two chromatin-bound proteins from the
MSL complex (MSL2 and MOF) as controls. MSL2 and MOF are
involved in the chromosome-specific targeting of the male X
chromosome. The chromosome specificity of the MSL complex
has several evolutionary and mechanistic similarities to POF (27,
34, 35, 66, 67). In the native extracts (Fig. 3B to D), we observed
only minor enrichment of X chromosome transcripts in RIPs us-
ing MSL2 and MOF antibodies. Conversely, strong enrichment of
chromosome 4 was observed in the POF-RIP. This suggests that
whereas MSL2 and MOF bind directly to the chromatin of the X
chromosome, POF binds to the nascent RNA transcribed from the
chromosome 4 genes. In the cross-linked samples, strong signifi-
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FIG 1 The time course for the release and reassociation of POF from its chromosomal targets closely resembles that for RNP2. POF (yellow) and RNP2 (green)
are released from chromosomes after heat shock. Third-instar Drosophila larvae were heat shocked for 45 min and allowed to recover for 60, 90, or 140 min prior
to dissection. After a recovery time of approximately 140 min, the distributions of both POF and RNP2 on the fourth chromosome (indicated by boxes) have been
restored to their original patterns. DNA is stained with DAPI (blue).

HS + 140

cant enrichments of the chromosome 4 transcripts were observed
in the POF-RIP (Fig. 3E; P << 0.001, two-tailed t test). Similarly,
using extracts fixed with formaldehyde, MSL2-RIP and MOEF-RIP
experiments showed enriched levels of chromosome X transcripts
compared to autosomes (Fig. 3F and G; P << 0.001, two-tailed ¢
test). These results indicate that after formaldehyde cross-linking,
RNA molecules linked to chromatin by transcription are immu-
noprecipitated by chromatin-associated proteins. The enrich-
ments of X-linked transcripts seen in MSL2 and MOF cross-linked
samples are much lower than the observed enrichments of chro-
mosome 4 transcripts in the POF samples. This indicates that
POF, in contrast to the MSL complex, is directly linked to RNA.
Notably, chromosome 4 transcripts are slightly reduced in MSL2
and MOF RIPs (Fig. 3C, D, F, and G). We also detected an increase
in the levels of non-chromosome 4 transcripts in the POF-RIPs,
confirming that POF has a general affinity for RNA. This general
affinity is most pronounced in the native samples, as expected,
since some of the POF proteins are likely to be released from their
normal target sites during sample preparation and are then free to
associate with any available RNA. The complete results of the
MSL2-RIPs and the MOF-RIPs are analyzed and discussed in de-
tail elsewhere (25).

POF binds to nascent processed RNA. We have previously
shown that POF is tightly and very specifically linked to chromo-
some 4 (26, 27, 33). The RIP results showed that POF associates
with RNA transcribed from the fourth chromosome. Thus, the
most likely explanation is that POF associates with the fourth
chromosome by binding to nascent RNA transcribed from the
fourth chromosome. However, we could not exclude the possibil-
ity that POF both binds directly to chromatin and has an addi-
tional affinity for soluble nuclear chromosome 4-generated RNA.
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FIG 2 POF binding to chromosome 4 genes depends on active transcription. Binding of POF on chromosome 4 genes is decreased upon blocking transcription
by DRB treatment. (A) The binding of POF to three chromosome 4 genes (CG31998, Zyx102EF, and MED26) was analyzed by ChIP using antibodies against POF.
The y axis indicates enrichment plotted as percentage of input. Results are shown for two biological replicates. DRB treatment causes release of POF from the
main part of the gene body. Note that the genes are expressed from right to left, and the primers used are indicated according to reference 26. CG4016 represents
a control gene located on chromosome 2R, i.e., not targeted by POF. (B) POF is reduced on the fourth chromosome after a 60- or 90-min DRB treatment of
salivary glands. Note that in DRB-treated nuclei, RNP2 redistributes from a diffuse binding pattern to a more specific banded pattern, consistent with its release
from the main part of the gene bodies. Arrowheads indicate distal ends of chromosome 4.

To determine whether POF associates selectively with soluble nu-
clear transcripts or if the observed association is with nascent RNA
that is still linked to chromatin by RNP2, we compared the native
RIP profile to a ChIP-chip profile previously generated using the
same cell line (Fig. 4) (27). The enrichment profile from the ChIP-
chip experiment (chromatin IP) very closely resembled that from
the RIP. The high similarity of these two profiles supports a model
in which POF binds cotranscriptionally to the nascent RNA. We
next asked whether POF binding to the fourth chromosome is
RNase sensitive. It has previously been shown that associations of
MLE and MOF with the X chromosome are RNase sensitive while
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MSLI and MSL2 associations are RNase resistant (1, 59). The
RNase sentivity of MLE suggests that it may bind the remaining
MSL complex through an RNA molecule, presumably the roX
RNAs (11, 59). The result shows that at the RNase treatment con-
dition that causes consistent complete release of MLE and none or
very low release of MSL2, POF is not affected (Fig. 5). We con-
clude that the binding of POF to chromatin is RNase resistant.
Our ChIP-chip data show that POF associates preferentially
with exons. By visualizing the POF-RIP enrichment at the gene
level, it was found that POF has a strong preference for binding to
the exons rather than the introns of enriched RNA sequences (Fig.
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FIG 3 POF binds preferentially to chromosome 4 transcripts rather than transcripts originating from the other chromosome arms. (A) Schematic outline of the
RIP method. The light gray indicates the period in the sample preparation where POF can be released from its target and reassociate with free RNA. Dark gray
indicates the point at which the RNA molecules bound by POF are fixed. N1, N3, and N6 denote native nuclear extracts sonicated for 1, 3, or 6 min, respectively.
FA denotes formaldehyde cross-linking. (B, C, D) Mean ratios for native samples of POF-RIP/Input (B), MSL2-RIP/Input (C) and MOF-RIP/Input (D)
calculated for all probes within exons for each chromosome arm (log, scale). Squares indicate the mean value, and whiskers indicate the 95% confidence interval.
Sample N1 is indicated in red, N3 in green, and N6 in blue. (E, F, G) Mean ratios for cross-linked samples of POF-RIP/Input (E), MSL2-RIP/Input (F), and
MOF-RIP/Input (G) calculated for all probes within exons for each chromosome arm (log, scale). Squares indicate the mean value, and whiskers indicate the 95%

confidence interval. FA is indicated in red and WCFA in green.

6A). We plotted the mean ratio between the POF-RIP and the
input RNA for every probe within genes and also for probes ex-
clusively within exons for each chromosome arm (Fig. 6B and C).
The enrichment of chromosome 4 RNAs was higher when introns
were excluded, indicating that POF associates preferentially with
spliced RNAs.

Chromosome 4 genes show decreased RNP2 pausing and
elongation. We have shown that POF stimulates the expression of
genes on the fourth chromosome (26, 67). The RIP-chip data
indicated that POF binds to the nascent RNA of chromosome 4
genes. This binding could be linked to an enhanced transcription
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or to stimulation of any posttranscriptional process. Dosage com-
pensation of the X chromosome in Drosophila is accomplished by
an increased transcription output from the single male X chromo-
some. The prevailing model is that the MSL complex stimulates
transcriptional elongation (40). This model recently gained exper-
imental support when it was shown by global run-on sequencing
(GRO-seq) that the male X chromosome has an enhanced tran-
scriptional elongation measured as a higher elongation density
index (EdI) (32). We therefore sought to determine whether there
was any difference in the transcriptionally engaged RNP2 distri-
bution on the fourth chromosome compared to the other auto-
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somes. Using the previously published genome-wide data of
RNP2 pausing index (PI) and RNP2 elongation density index
(EdI) (32), we found that RNP2 pausing is significantly decreased
on the fourth chromosome compared to on all other autosomes
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(Fig. 7A; P = 0.0196, two-tailed ¢ test; n = 48 and 5,946 genes). In
addition, there is a significant decrease of the RNP2 elongation
density index compared to the other autosomes (Fig. 7B; P =
0.0035, two-tailed ¢ test; n = 51 and 6,039 genes). The decreased PI
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FIG 5 POF binding to chromosome 4 is RNase resistant. Isolated salivary glands were treated with PBS * RNase and double stained with MLE-POF or
MSL2-POF. MLE (red) is completely released from the X chromosome after RNase treatment, while POF (green) remains unaffected. MSL2 (red; lower panel)
is not affected by the RNase treatment. The rightmost column shows enlargements of the chromocenters and chromosome 4 regions.

is consistent with an increased transcriptional output, while the
decreased EdI is consistent with a decreased transcriptional out-
put. We conclude that the fourth chromosome displays an altered
RNP2 profile over active gene bodies compared to the other auto-
somes.

Loss of Pof causes a general decrease in the number of chro-
mosome 4 transcripts. In addition to the possibility that tran-
scription is enhanced per se, at least three posttranscriptional
models are compatible with POF-mediated stimulation of expres-
sion output from chromosome 4. First, POF may be involved in

2128 mcb.asm.org

the splicing machinery; a decrease in the efficiency of splicing
could cause a decrease in expression output. Second, the binding
of POF to transcripts from the fourth chromosome may protect
them from degradation. Third, the binding of POF to nascent
RNA may facilitate the export of chromosome 4 transcripts from
the nucleus. To further explore the function of and mechanism
underpinning POF-mediated stimulation of expression, we per-
formed transcriptome mapping experiments comparing wild-
type flies and Pof mutant flies. We prepared total RNA from three
biological replicates for both wild-type and Pof mutant adult fe-
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the 95% confidence intervals.

male flies and hybridized the total RNA to tiling arrays. By aver-
aging the levels of all exon probes for each chromosome arm, we
found a slight overexpression of the female X chromosomes rela-
tive to autosomes in the wild type (Fig. 8A). This is in line with
what has been previously reported (22, 69, 83). We also found that
the fourth chromosome is slightly overexpressed relative to all
other autosomes (Fig. 8A). The two transcriptome profiles, wild
type and Pof, are exceptionally similar, and we detected no differ-
ence between the two transcriptome profiles in terms of exon us-
age or intron boundaries (Fig. 8B), indicating that loss of POF
causes no obvious splicing defects or splicing alterations. Next, we
rescaled all genes into a metagene profile, including all annotated
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exons between the first annotated transcription start site and the
last annotated transcription stop site. The genes were rescaled to
the same relative length, and the transcripts were divided into 10
bins. A plot of the decrease against gene length did not reveal any
bias, i.e., the decrease in the levels of the chromosome 4 gene
products is most compatible with a decrease in the number of
complete transcripts (Fig. 8C). The gene expression profiles for
chromosome 4 are based on an average of 27 expressed genes; the
ups and downs in the profile represent the exon usage of a few
individual genes. Note that the profile is perfectly reproduced in
Pof mutants, demonstrating the stability of the method even when
the average intensity of the transcript signal was reduced along the
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FIG 7 The fourth chromosome shows a decrease in RNP2 pausing and a more
pronounced decrease of RNP2 density over the gene body compared to the
other autosomes. (A) The average RNP2 pausing index (PI) for genes grouped
by chromosome arms; (B) the average RNP2 elongation density index (EdI)
for genes grouped by chromosome arms. Squares indicate the mean values,
and whiskers indicate the 95% confidence intervals. The PI and EdI values are
from reference 32.

whole gene body (Fig. 8C and D). No difference between the wild
type and Pof mutants was found for genes on the control chromo-
some. These results are less consistent, with a difference in RNA
stability between the wild type and Pof mutants. In keeping with
previous results obtained using expression arrays (26, 67), the
levels of chromosome 4 transcripts in the Pof mutants were found
to be significantly lower than those of all other chromosomes in
the Pof mutants but not in the wild type (Fig. 8E; P = 4.3 X 107,
two-tailed ¢ test). We conclude that loss of Pof causes a general
decrease in the number of chromosome 4 transcripts but no ob-
vious alteration in the structure of individual transcripts.
Transcripts from chromosome 4 and pericentromeric het-
erochromatin are more efficiently exported. To test the role of
POF in nuclear transport, we calculated the amount of nuclear
transcripts for each gene and the corresponding amount of whole-
cell transcripts. Next, we calculated whole cell/nuclear ratios for all
genes and then average ratios for all chromosome arms. Impor-
tantly, this will not give an estimate on how much of a transcript
resides in the nuclei but only on the relative ratio compared to all
other genes. Intriguingly, we observed a clear increase in the whole
cell/nuclear ratio for the chromosome 4 transcripts relative to the
other chromosome arms (Fig. 9A; P = 6.7 X 10718, two-tailed ¢
test). The whole-cell levels of RNA from the fourth chromosome
genes were comparable to those of the other chromosome arms,
but the amount of nuclear chromosome 4 RNA was reduced. This
indicates that chromosome 4 mRNA spends less time in the nu-
cleus than do transcripts from other chromosomes. Chromosome
4 is highly heterochromatic, as demonstrated by its binding of
HP1. We therefore sought to determine whether such increases in
the whole-cell RNA/nuclear RNA ratio was typical for genes in
other heterochromatic regions defined by HP1 binding. We iden-
tified two additional regions that are enriched in HP1: cytological
region 31 on chromosome arm 2L (12, 16, 24) and the pericentro-
meric regions of chromosome arms 2L, 2R, and 3L as defined in
reference 60. We then calculated the whole cell/nuclear ratio of the
transcripts from these HP1-rich regions (Fig. 9B). The results
showed a decreased whole cell/nuclear ratio for RNAs from the
region 2L:31 but a clear increase in the whole-cell RNA/nuclear
RNA ratio for the pericentromeric region (Fig. 9B). We conclude
that mRNA from expressed genes located in heterochromatic re-
gions such as the fourth chromosome or pericentromeric hetero-
chromatin spend less time in the nuclei compared to mRNA from
euchromatic regions. Taken together, these results suggest that the
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increased export rate of chromosome 4 transcripts is not depen-
dent on POF (since it is also seen for pericentromeric regions) but
rather reflects a characteristic of genes located on the fourth or in
the pericentromeric region.

We conclude that POF is enriched on nascent RNAs tran-
scribed from genes on the fourth chromosome and that it stimu-
lates expression output by increasing the number of chromosome
4 transcripts. Furthermore, expressed genes in some HP1-rich re-
gions, such as the pericentromeric regions and the fourth chro-
mosome, exhibit increased transition rates, i.e., the RNA encoded
from genes in these regions spends less time in the nuclei than does
that from genes in typical euchromatic regions.

DISCUSSION

In Drosophila melanogaster, two chromosome-wide compensa-
tory systems have been characterized: the MSL complex, which
targets and stimulates the expression of the X chromosome in
males, and POF, which targets and stimulates the expression of the
fourth chromosome (34, 66). It has been hypothesized that the
MSL complex stimulates expression by facilitating transcriptional
elongation, and this hypothesis was recently confirmed experi-
mentally (32). Here, we have used RNA immunoprecipitation and
transcriptome profiling techniques to further clarify the mecha-
nism by which POF stimulates gene expression.

POF associates with transcripts from the fourth chromo-
some. We have previously shown that POF binds to active genes
on the fourth chromosome (27). Since our previously reported
ChIP-chip results were obtained using cross-linked extracts, they
could not be used to determine whether POF associates directly
with the chromatin or binds via interactions with other compo-
nents and was frozen in place by the cross-linking. In the work
reported herein, we observed a relationship between the binding
of the POF protein to the chromosome and that of the RNA poly-
merase. This connection with transcription, together with the fact
that POF possesses an RNA binding domain, suggested that POF
binds to RNA rather than directly to chromatin. To test this hy-
pothesis, a genome-wide POF RIP-chip experiment was per-
formed. The POF-RIPs verified the association of POF with chro-
mosome 4 transcripts.

Two components of the MSL complex (MSL2 and MOF) were
also investigated, both as controls and to determine whether the
MSL complex also binds to transcripts from the chromosome it
regulates, i.e., the male X chromosome. In contrast to the observed
association of POF with transcripts from the fourth chromosome,
no unambiguous evidence was found to support any binding of
MSL2 or MOF to X-linked transcripts. However, at this point, we
cannot exclude the possibility that other components of the MSL
complex, especially the more loosely bound MLE, may have a
general affinity for transcripts of the X chromosome. We also no-
ticed a slight reduction in the number of transcripts from the
fourth chromosome in both the MSL2-RIPs and the MOF-RIPs,
suggesting that the general RNA affinity of the MSL complex is less
pronounced for the fourth chromosome than for the other chro-
mosomes. This relative reduction in the number of chromosome 4
transcripts associated with the MSL complex might reflect the
binding of POF to these transcripts, which could block their asso-
ciation with other RNA binding proteins.

POF binds to nascent chromosome 4 RNAs. Our POF-RIP
results, together with the previously reported strong link between
POF and the fourth chromosome, suggested that POF binds to
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nascent RNAs, while these RNAs are still bound to the RNP2. The  possibility that POF in addition to binding nascent RNAs also
most parsimonious explanation of the high similarity between the  associates with fully processed mature mRNAs en route to the
ChIP-chip and RIP-chip profiles for POF is that POF associates  cytoplasm. It also remains possible that POF, in addition to bind-
with nascent RNA and the ChIP profile is indicative of chromatin  ing nascent RNA, also associates with chromatin via interactions
linked via RNP2. However, at this point we cannot exclude the  with other proteins (for instance, HP1). No evidence of physical
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association between POF and HP1 has so far been reported, but
POF and Setdbl (the HKMT responsible for H3K9me on the
fourth chromosome) have been shown to interact in vitro (75).
Thus, POF may be an element of an adaptor system linking his-
tone marks to nascent RNA via HP1 and Setdbl, in a fashion
similar to MRG15 and PTB (42, 43). The fact that POF binding to
chromatin is RNase resistant may be explained by a stabilization of
POF via interaction with a chromatin-associated factor like HP1
or Setdbl. The RNase resistance may also be caused by inaccessi-
bility, i.e., the nascent RNA associated with POF is not accessible
to the RNase.

We also report that POF was observed to bind to RNA from
other chromosomes, indicating that it possesses a general affinity
for RNA. This association with transcripts other than those from
the fourth chromosome is more pronounced in the native sam-
ples, suggesting that it occurs during sample preparation as an
equilibrium reaction rather than accurately reflecting in vivo as-
sociations. We speculate that during the preparation of the native
samples, some POF molecules are released from their normal tar-
get sites and become free to associate with any transcript in the
nucleoplasm. In contrast, in the cross-linked samples, the in vivo
POF binding is “frozen” before any sample treatment steps are
performed. Consequently, POF will only be observed to bind to
chromosome 4 transcripts, and the apparent enrichment of RNAs
encoded from other chromosomes is lost.

POF shows a preference for exons. Splicing is commonly re-
garded as a process that takes place after transcription. However,
cotranscriptional splicing was visualized in Drosophila more than
25 years ago (51). More recent studies have revealed that cotran-
scriptional splicing is more common than was previously believed
(52) and also that splicing can begin as a cotranscriptional event
and continue posttranscriptionally (6, 50). Therefore, the strong
exon bias reported here is compatible with POF binding to nas-
cent RNAs. Cotranscriptional splicing is believed to depend on
cooperation between exon recognition and the speed of transcrip-
tion by RNP2. Further, it has been shown that the density of
nucleosomes is higher within exons; they may thus function as
“speed bumps” to slow down the RNP2 elongation rate (62, 63,
73). Since POF is connected to nascent RNAs, this reduction in the
speed of transcription over exons would explain the exon bias
observed at the chromatin level in ChIP-chip experiments (27).
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POF stimulates expression output of chromosome 4
mRNAs. Given that POF presumably binds to nascent RNA via its
RRM1 domain, it is interesting to consider hypothetical mecha-
nisms by which POF might regulate the expression of genes on
chromosome 4. The binding of POF to nascent RNA may directly
or indirectly (i.e., via chromatin structure modifications) stimu-
late transcription. There are several examples of interactions be-
tween chromatin-associated proteins recognizing histone modifi-
cation marks and proteins that bind nascent RNA (20, 21, 39, 43,
54, 64).

To explore the potential difference in engaged RNP2 distribu-
tion on chromosome 4 compared to other autosomes, we used the
previously published GRO-seq data for Drosophila S2 cells (32).
The cited study shows that the male X chromosome has a higher
elongation density index (EdI) than the autosomes, which is in-
terpreted as an enhanced transcription elongation (32). In con-
trast, comparing the fourth chromosome to all other autosomes,
we find a significantly decreased EdI, which is consistent with a
less efficient transcription elongation. The fourth chromosome
also shows a decreased pausing index (PI). This is, on the other
hand, in line with an increased transcription output from chro-
mosome 4 genes. It is tempting to speculate that the heterochro-
matic nature of the fourth chromosome, with HP1 enriched over
gene bodies of active genes, causes the decreased EdI. Considering
that the fourth chromosome is expressed at levels equal to (or
slightly higher than) those of the other chromosomes, this elon-
gation disadvantage may be counteracted by a decreased RNP2
pausing. Since POF is bound to in principle all active chromosome
4 genes, it remains elusive whether POF is connected to the ob-
served decrease in chromosome 4 PI.

It is also possible that the binding of POF to nascent RNA has
posttranscriptional effects. There are at least three possible post-
transcriptional scenarios we must consider: splicing, protection,
and transport. If splicing were the main function of POF targeting,
we would expect a difference in the transcriptome profiles be-
tween Pof mutants and the wild type. However, the transcriptome
profiles of Pof mutants are very similar to those of the wild type,
and there is no evidence of an increased rate of incorrect splicing
or more frequent use of introns in the Pof mutant. The only strik-
ing difference between the transcriptome profile of the Pof mutant
and that of the wild type is the reduction in the amount of pro-
cessed transcripts from chromosome 4. The same reduction is
observed whether we look at the 5 end, 3'end, or middle part of
the genes and is thus less consistent with the hypothesis that chro-
mosome 4 transcripts are more prone to degradation in Pof mu-
tants. This demonstrates that POF has a positive effect on the
amount of chromosome 4 transcripts which is not caused by im-
proved splicing efficiency.

Improved export of transcripts from chromosome 4 and
pericentromeric heterochromatin. Analysis of the ratio of input
RNA levels from WCFA (whole cells) to input RNA levels from FA
(nuclei) revealed that the relative amounts of chromosome 4 tran-
scripts and transcripts from genes in the pericentromeric region
are higher in the cytoplasm than in the nucleoplasm, in relation to
transcripts from the other chromosomes. Notably, although we
have not measured export rates per se, our results are consistent
with pericentromeric and chromosome 4 transcripts being more
efficiently exported. Chromatin is highly organized within the nu-
cleus: euchromatic blocks are preferentially located in the center,
while heterochromatic regions, such as the fourth chromosome
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and pericentromeric heterochromatin, tend to localize closer to
the nuclear rim (31, 53, 72). Whether the nuclear periphery is a
repressive or permissive environment for gene expression has
been debated. The transition time for the export of transcribed
mRNAs from the site of synthesis to the nuclear pore would be
minimized for chromosomal regions close to the nuclear pore.
The gene-gating hypothesis postulates that nucleoporins associate
with active genes and facilitate the export of the corresponding
mRNAs (5). Components of the nuclear pore complex (nucleo-
porins) have been reported to interact with transcriptionally ac-
tive genes (7, 28) and the MSL complex (47, 76). It has been shown
in a mammalian system that transport of an mRNA from the site
of transcription to the nuclear pore occurs within a time frame of
5 to 40 min. In the same study, no pileup of mRNAs at the nuclear
pore was found, and export through the pore was rapid (0.5 s)
(49). Thus, a closer proximity to the nuclear pore may increase
transcription output, especially in rapidly dividing cells, since re-
ducing the transition time would allow a more rapid initiation of
protein synthesis after cell division. We observed that the whole
cell/nuclei ratio for transcripts produced from the fourth chromo-
some and the pericentromeric heterochromatin was increased
compared to the transcript ratio of the entire genome. It should be
stressed that although these genes are located in seemingly repres-
sive environments, both the number of expressed genes and gene
expression (as shown here) are comparable to euchromatic chro-
mosome regions (60). It may be that genes located in these het-
erochromatic regions benefit from their relative proximity to the
nuclear pore, which would facilitate the export of transcribed
mRNA. This may in fact be one reason why genes located in peri-
centric heterochromatin, such as light and rolled, are repressed by
rearrangements that move them into euchromatic surroundings
(14, 78).

It is tempting to speculate that the evolution of more efficient
logistics for the export of transcripts from the fourth chromosome
was driven by the need to facilitate the expression of its genes. We
have also shown that the quantity of chromosome 4 transcripts is
reduced in Pof mutants, and our data indicate that this decrease is
not caused by splicing defects or increased degradation. It is not
yet known whether the binding of POF to nascent RNAs increases
the efficiency of transcription or whether it facilitates their effi-
cient export. However, it should be stressed that transcription
levels are probably influenced by a number of stimulatory and
repressive influences and that during the course of evolution these
factors become increasingly interdependent.
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