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Abstract

Genome analysis in several eukaryotes shows a surprising number of transcripts which do not

encode conventional messenger RNAs. Once considered noise, these non-coding RNAs (ncRNAs)

appear capable of controlling gene expression by various means. We find Drosophila sex

determination, specifically the master-switch gene Sex-lethal (Sxl), is regulated by long ncRNAs

(>200 nt). The lncRNAs influence the dose sensitive establishment promoter of Sxl, SxlPe, which

must be activated to specify female sex. They are primarily from two regions, R1 and R2,

upstream of SxlPeand show a dynamic developmental profile. Of the four lncRNA strands only

one, R2 antisense, has its peak coincident with SxlPe transcription, suggesting it may promote

activation. Indeed, its expression is regulated by the X chromosome counting genes, whose dose

determines whether SxlPe is transcribed. Transgenic lines which ectopically express each of the

lncRNAs show they can act in trans, impacting the process of sex determination but also altering

the levels of the other lncRNAs. Generally, expression of R1 is negative whereas R2 is positive to

females. This ectopic expression also results in a change in the local chromatin marks, affecting

the timing and strength of SxlPe transcription. The chromatin marks are those deposited by the

Polycomb and Trithorax groups of chromatin modifying proteins, which we find bind to the

lncRNAs. We suggest the increasing numbers of non-coding transcripts being identified are a

harbinger of interacting networks similar to the one we describe.
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1. Introduction

Transcriptome analysis shows that a large portion of the genome in higher eukaryotes is

transcribed, but the majority of these transcripts do not code for protein (reviewed in [1].
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Original views were that this transcription is dark matter or trash from the genome, however,

more recent analyses suggest the expression is functional and can cover ~85% of the human

genome [2]. Non-coding RNAs have limited sequence conservation and are not uniform in

length; when longer than 200 nucleotides they have been referred to as long ncRNAs

(lncRNAs; [1, 3]). The expanding catalog suggests that most are expressed at levels much

lower than protein coding genes, but some can approach the levels of mRNAs. They may or

may not be spliced, or polyadenylated. Many are single exon transcripts [4]and even those

which are spliced can also be found in their unprocessed form [5, 6].

A few lncRNAs have been analyzed, and the emerging picture is they can have activating or

repressing roles, frequently mediated through the modification of chromatin [7–10]. Some

are capable of affecting their targets in trans, while others act only in cis [11]. trans-acting

lncRNAs can function as signals, guides or scaffolds to alter expression of target genes. cis

regulation appears to involve coordinated expression with the neighboring protein coding

genes, influencing the related transcripts during their biogenesis. The process of

transcription, independent of the lncRNA product itself, can also influence gene activity in

cis (reviewed in [12–14]).

We find that Drosophila uses lncRNAs in making the decision of gender; a process which

uses an X chromosome counting mechanism to determine the activity state of the master-

switch gene, Sex-lethal (Sxl). The initial activation of Sxl in early development is

transcriptional [15, 16], at its establishment promoter SxlPe. SxlPe is a dose sensitive

promoter that is capable of discriminating between one versus two X chromosomes, and is

only transcribed in females (XX animals). It responds to the levels of X-linked activating

genes (five known: sisterless-a, sisterless-b, runt, myc and unpaired) which work in

conjunction with positive maternal factors such as Daughterless [17], reviewed in [18].

Working against these activators are negative maternal factors, such as Groucho, and

autosomal zygotic genes (deadpan, the only identified member) which ensure SxlPe remains

off in males (XY animals). The protein from SxlPe transcripts alters the splicing of

transcripts from the maintenance promoter, SxlPm, which is transcribed in both sexes as the

expression of SxlPe (in females) decays. Without SXL protein, SxlPm transcripts include a

translation terminating exon by default so all male SxlPm transcripts do not encode full-

length protein. Thus by activating SxlPe, female embryos set in motion a splicing

autoregulatory feedback loop which maintains SXL expression and sexual identity, through

the rest of the life cycle [19, 20]. In short, the expression state of SxlPe is critical to deciding

gender.

Several sense and antisense expressed sequence tags (ESTs) are identified at Sxl by the Fly

database (Flybase). We focused on the region upstream of SxlPe as there are several of these

lncRNAs, suggesting they may influence the activity of this gender determining promoter.

We describe here the effects of ectopically expressing some of these lncRNAs as well as

additional lncRNAs we found in the region. The activity of their ectopic expression

implicates the lncRNAs with roles beyond that of aberrant transcripts or the byproducts of

splicing. Additionally, the different SxlPe lncRNAs show a changing expression profile

during development suggesting different roles, which are generally consistent with the

effects of their ectopic expression. Surprisingly, they show complex cross interactions
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between them suggesting they may act combinatorially. They are bound by various

Polycomb and Trithorax group protein members, key regulators of histone marks in

euchromatin, and can alter the chromatin environment of the promoter to influence its

expression.

2. Materials and Methods

2.1. Fly crosses and transgenic lines

Flies were reared under uncrowded conditions on standard cornmeal medium. All crosses

were done at 25°C; w1118 was the wild-type control. Progeny were counted 8–9 days out

from the first day of eclosion. In all cases the reference class had a minimum of 165 males.

Description of genes can be found in Flybase (http://www.flybase.org/).

lncRNA constructs were made by cloning PCR fragments of the SxlPe region into the NotI

site of CaSpeR HSP83 ([21]; primers in Table S1). The long R1+R2 combined constructs

were created using the R2 F NotI and R1 R NotI primers. Injection of plasmids was done by

Genetic Services, Inc. and Rainbow Transgenics. All transgenic lines described were

sequenced to confirm orientation and insert identity.

2.2. in situs

These were performed as described in [22]. Two biological replicates for each genotype

were performed.

2.3. qRT–PCRs

Embryos were collected on apple juice agar plates for 2h and processed immediately, or for

1h and aged for the appropriate time before processing. They were washed off the plate,

dechorionated with 50% bleach, washed extensively in PBS (150 mM NaCl, 10 mM sodium

phosphate, pH 7.6) with 0.1% Triton X-100 (PBST), and frozen at −80°C. RNA was

extracted from the frozen embryos using tri-reagent™ as per manufacturer's protocol. An

additional phenol extraction was performed on the purified RNA, followed by DNAse

treatment. A PCR test was performed on the RNA to confirm the lack of DNA, after which 4

ug of the RNA was reverse transcribed (RT) with AMV RT at 55°C for 15 min followed by

1.5 h at 50°C. For each RT 1 ng of R1 or R2, sense or antisense primer (Table S1), was

added to 100 ng of oligo-dT. Quantitative PCRs were performed in triplicate on a Bio-Rad

iQ5 thermocycler. For each sample a minimum of 2 biological RNA replicates was

analyzed, except where noted in Supplemental data. In all cases, each biological sample was

analyzed by 3 technical replicates, for both the experimental and reference RNA. Ct values

that showed a difference of greater than 0.5 from the other two replicates were discarded.

PCR products were between 200 and 300 bp; primers in Table S1.

For the lncRNA developmental profile, the data was corrected for tubulin as well as DNA

content across each time point. Tubulin corrections were from quantification data available

on Flybase. DNA content correction was done by extracting genomic DNA from embryos at

each time point, followed by qPCR and normalizing to the grams of sample. Ore R was the
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control. SxlPe mRNA quantitation was done as in [22]. Statistical data analysis was

completed using Microsoft Excel and GraphPad Prism.

2.4. Chromatin Preparation and Immunoprecipitations

ChIPs and chromatin preparation were performed as described in [17], a modification of the

small scale ChIP protocol of Alekseyenko et al. [23] that uses 0.1–0.13g of embryos. Ore R

was the control and chromatin was clarified from approximately 80ul of embryos. At least

two or more biological replicates were analyzed; only samples which gave a signal with the

positive controls were included.

ChIPs were performed using 0.24 ml clarified chromatin, 3.5 µg of anti-H3K4me3 [Active

Motif 39915], 2.5 µg of anti-H3K27me3 [Active Motif 39155] or non-immune [Sigma] and

30 µl of Protein A beads [Santa Cruz] in 0.9 ml of RIPA buffer. For the anti-H3K4me3

ChIPs, washes were performed as described in [24]. For the anti-H3K27me3 antibody, beads

were incubated with the extract at 4°C for 3 hours. After the incubation, the beads were

washed once for 7 minutes with each buffer at 4°C, Wash Buffer 1 (500mM NaCl, 10mM

Tris-HCl pH 8.0, 1mM EDTA, 1% Triton X-100, 0.1% SDS, 0.1% Sodium-Deoxycholate),

Wash Buffer 2 (50mM Tris-HCl pH 8.0, 2mM EDTA, 500mM NaCl, 1% NP-40, 0.1%

SDS), Wash Buffer 3 (250mM LiCl, 10mM Tris-HCl pH 8.0, 1mM EDTA, 0.5% NP-40,

0.5% Sodium-Deoxycholate) and TE (10mM Tris-HCl 8.0, 1mM EDTA). The

immunoprecipitated material was then eluted as described in [24]. Negative controls used

non-immune serum (Sigma). The 1–3h H3K4me3 ChIPs had 3 biological replicates and 1

biological replicate was performed for each of the 1–3 and 2–4h H3K4me3/H3K27me3

ChIPs.

2.5. RNA Immunoprecipitation (RIPs)

Embryos were collected on apple juice plates for 1h and aged for 2.5h (1–3.5h collections).

They were washed off, dechorionated in 50% bleach for 3’, washed extensively in PBS (150

mM NaCl, 10 mM sodium phosphate, pH 7.6) with 0.1% Triton X-100 (PBST), and frozen

at −80°C. Approx. 55 µl of embryos were used for each experiment. For each genotype, a

minimum of 6 RIPs for each protein was performed to identify the lncRNAs consistently

bound.

Embryos were homogenized in 150 µl of Buffer C Complete (Buffer C: 150mM NaCl,

50mM Tris-HCl pH 8.0, 0.5% NP-40, 1mM EGTA, 1% Triton X-100, 5mM DTT + 1×

Protease Arrest (100× Stock G Biosciences-786–108) + RNase Inhibitor, Murine (New

England Biolabs-M0314L)). After homogenizing, another 150 µl of BCC was added and the

extract incubated on ice for 10 minutes. The extract was centrifuged for 5 min at 4°C at

8500 g, supernatant transferred into a new tube and centrifuged again for 5 min at 4°C at

8500×g. The extract was then pre-cleared with 5 µl of Protein A or G beads (pre-washed

with Buffer C) for 1 hour at RT. After incubation, the extract + beads were centrifuged at

RT for 1 minute at 1500×g. The volume was brought up to 0.7 ml. About 20 µg of either

anti-ASH1 (Sauer), anti-E(Z) (Jones), or anti-SU(Z)12 (Cavalli) was added. The antibody/

extract mixture was then incubated 2 hours at 4°C and 2 hours at RT. The antibody/extract
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mixture was then added to 5 µl of pre-washed Protein A (rabbit antibodies) or Protein G (rat

antibody) beads and rotated for 2 hours at RT, then 4°C overnight.

The extract/bead mixture was then centrifuged at RT for 1 minute at 1500×g. The extract

was removed from the beads which were then rinsed with 0.8 ml of Buffer C (150mM NaCl)

and centrifuged at RT for 1 minute at 1500×g. Buffer C was discarded and the beads washed

by rocking with 0.8 ml of Buffer C (500mM NaCl) for 6 minutes. The beads were

centrifuged as before, buffer discarded and washed with rocking 3 times with Buffer C

(300mM NaCl) for 6, 8 and 10 minutes at RT, respectively. After the last wash was

discarded, 0.4 ml of Buffer C (300mM NaCl) was added to the beads.

2.6. RNA Extraction

Acid Phenol (300 µl) and Chloroform (150 µl) was added to the bead/buffer mixture, mixed

thoroughly and incubated on ice for 10 minutes after which it was centrifuged at RT for 5

minutes at 16100×g. The aqueous phase was transferred to a new tube, 450 µl Chloroform

added, vortexed and centrifuged at RT for 5 minutes at 16100×g. The aqueous phase was

transferred to a new tube and 1 µl of 20mg/ml Glycogen, 80 µl 1M Sodium Acetate and

~900 µl 100% ethanol added, incubated on ice for 10 minutes, centrifuged at 4°C for 10

minutes at 16100×g. The ethanol was removed, pellet washed with 500 µl 75% ethanol and

centrifuged at 4°C for 5 minutes at 16100×g. After removing the ethanol the pellet was

vacuum dried for 5–10 minutes, resuspended in 12 µl of DEPC-treated water. The RNA was

DNase treated (Promega RNase-Free DNase-M6101) and PCR performed on an aliquot with

primers specific for Sxl to ensure it was DNA-free.

2.7. Reverse Transcription

About ¼ of the RNA was reversed transcribed (New England Biolabs AMVRT) with 1ng of

primers specific to Sxl R1 and R2 sense and antisense strands (see Table S1) at 55°C for 15

min followed by 1.5h at 50°C. Qualitative PCR with 40 amplification cycles for the Sxl

R1/R2 sense and antisense strands was performed. Products were analyzed on a 1.2%

agarose gel.

3. Results

3.1. Long noncoding RNAs with dynamic developmental profile near SxlPe

A few hundred bases upstream of SxlPe several ESTs are described, suggesting they may

have a role in regulating the promoter (Flybase; EP 09229, 484531, 480897, 307363,

EK103837, EP05922, EK187542, 151849). These ESTs are unspliced and appear to have no

polyA tail, and all but one have no open reading frame (ORF). The exception, 307363, has

the potential to code for a peptide of 50 amino acids, well below the 100 amino acid cut off

for lncRNAs [25]. The ESTs helped define a region of ~480bp which we termed R1 (Fig.

1A), which excludes the peptide-coding region of EST 307363. At 463bp upstream of SxlPe,

R1 is immediately upstream of the previously defined ‘switch region’ which contains most

of the elements required for sex-specific expression of the promoter [26]. The ‘switch

region’ alone faithfully recapitulates sex-specific expression of reporter constructs, however,
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it is unable to give the full expression that reporters with additional sequences upto 1.4 kb or

more are capable of.

Through a reverse transcription-PCR (RT-PCR) walk in both R1 and the region upstream,

we defined a second region of ~650bp which produces RNA in 1–3.5h embryos, when the

sex determination decision is being made (R2; Fig. 1A). R2 maps 0.95–1.6 kb upstream of

SxlPe, mostly within the ‘augmentation region’. The augmentation region was previously

defined by deletion analysis as necessary for enhanced expression [26, 27]. This switch/

augmentation organization is conserved in the distantly related D. virilis which also activates

SxlPe in only females, and this specificity is maintained when D. virilis sequences are

transposed into melanogaster suggesting the organization is functional [27]. Unlike the R1

region which has no significant ORFs, a few relatively short ORFs are present in the R2

region (one of 101 amino acids in the sense, and two of 66 and 79 amino acids in the

antisense orientation). These ORFs, except for the shortest, do not have a good Kozak

sequence to suggest they are translated. Moreover, the lncRNAs are of relatively low

abundance (see below) and only a small fraction appear to be polyadenylated (oligo-dT

versus sequence specific RT ratios of ~5% for R2 antisense and ~2% for R2 sense in both

the 0–2h and 2–3h windows; Table S2). Given the requirement for a polyA tail for protein

translation, we take this combined evidence to suggest that it is the RNA and not the

potential to code for peptides that is relevant, as seen for some mammalian lncRNAs [2].

Quantitation of the 4 RNA strands from the R1 and R2 regions shows that, as seen in

mammals [28], the lncRNAs are at much lower levels than their mRNA counterpart. The

two sense RNAs are the more abundant, at 3% (R1S) and 1.5% (R2S) of SxlPe mRNA in 2–

3h embryos, the peak window of SxlPe expression. The sense RNAs are always present and

peak shortly after the expression of SxlPe (5–7h), suggesting they turn off the promoter (Fig.

1B). The antisense strand of R2 is expressed at 0.57% of SxlPe mRNA, and peaks in the

same window as the promoter (2–3h, Fig. 1B), suggesting it may serve an activation role. R2

antisense levels are low after that. R1 antisense is the least abundant at 0.0017% of SxlPe

mRNA. It is at its highest in 0–2h embryos prior to SxlPe activation, and is transcribed

mostly as a long transcript through both regions (Fig. S1A). There is also a long sense

transcript spanning R1 and R2, transcribed mostly in the SxlPe preactivation window and at

low levels after that (see Suppl. discussion).

3.2. SxlPe lncRNAs levels are affected by the X chromosome counting genes

The wild-type embryos in Fig. 1B are of mixed sex. For the lncRNA expression profile in

females, an attached X-chromosome (X^X) stock, where the free X chromosome has a

deletion of Sxl (SxlfP7B0), was analyzed. In this stock only females produce the lncRNAs.

Extrapolating from wild-type levels suggests that ~50% of the R2 antisense lncRNA in 0–2h

embryos is from females (Fig. 1C). The other 3, including the long (R1 + R2) sense

lncRNA, are overwhelmingly from males (Fig. 1D). Surprisingly, during the 2–3h window

when SxlPe expression peaks, the R2 antisense lncRNA, which continues to increase in

females, is at even higher levels in males (Fig. 1D). The process of transcribing SxlPe may

decrease the lncRNA levels, as seen for lncRNAs at active mammalian promoters [29].

Alternatively, females may decrease or destabilize the transcripts in the process of activating
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SxlPe, perhaps through enhanced binding of chromatin proteins or transcription factors to the

region.

During SxlPe expression (2–3h), R1 antisense appears to be primarily from females while

the two sense RNAs appear to be expressed equally in both sexes. In the 5–7h window when

SxlPe is off, the proportions of the lncRNAs are comparable between the sexes, however, the

overall levels in females appear slightly lower.

To get the profile of the lncRNAs under the reverse condition where SxlPe expression is

inhibited, we took advantage of a stock with mutations in the X chromosome counting

genes, sisterless-a and sisterless-b (sis-a1, sis-bsc3-1). This sis-a, b chromosome reduces

female viability, however, it can be maintained in the heterozygous condition (over an FM7

balancer chromosome) at temperatures of 25°C or lower, due to the temperature sensitive

nature of the sis-bsc3-1 allele [30]. At 29°C however, the reduction of both sis-a and sis-b,

even in the heterozygous state, is too severe and almost all the females (>99%) are killed

from a failure to properly activate SxlPe. This sis-a,b/ FM7 stock allows collecting embryos

the majority of which are compromised for the normal dose of X chromosome counting

genes, a more male-like condition where SxlPe is not expressed. Adult females are all

heterozygous (sis-a, b/FM7) and adult males are mostly sis-a,b/Y with fewer FM7/Y males,

so most of the female embryos are either heterozygous or homozygous for sis-a,b, with

some wild-type females (from the FM7 males), while male embryos are equally sis-a,b/Y or

FM7/Y.

Correcting for the effect of temperature (note scale bars in Fig. 1B versus E) which appears

to elevate the levels of all the lncRNAs in wild-type (except for R2 antisense in the 2–3h

window), the most significantly impacted lncRNAs in the sis-a1, sis-bsc3-1 background are

the two antisense RNAs with R2 antisense showing the most severe decrease in the 2–3h

window and beyond (Fig. 1F, see Fig. S1B for levels relative to wild-type). Prior genetic

studies found the X chromosome counting mechanism to be inherently temperature sensitive

[16, 31]. This suggests that, in the critical 2–3hr time window, the apparent drop in R2

antisense relative to the sense RNAs in wild-type embryos at 29°C (Fig. 1E), is not

conducive to the female sex determination process. Its further decrease when the sis-a and

sis-bsc3-1 dose is reduced, is consistent with this view. Indeed, quantifying the levels of

SxlPe mRNA at 29°C shows a decrease relative to 25°C in both the wild-type and the sis-

a,b/FM7 background with the latter having the more dramatic drop, consistent with the role

of X chromosome counting genes (Fig. S1C). When the attached X stock representing

females is shifted to 29°C it also shows the effect of temperature, including the drop in SxlPe

expression levels (Fig. S1C), and elevates the overall lncRNA levels (compare scale bars in

Fig. 1C and G). However, the relationship of the lncRNA levels to wild-type seen at 25°C

appears to be generally preserved; in the critical 2–3hr window, the attached X stock

continues to show proportionately higher levels of the positively correlated R2 antisense

relative to the R1 sense, R1 antisense, and R2 sense lncRNAs. This relationship of R2

antisense is inverted in the sis-a1, sis-bsc3-1 background where its levels are further

decreased, while the R1 sense and R2 sense lncRNAs remain comparable to wild-type

(compare Figs. 1E–G). We note that the same time windows were used at 29°C as at 25°C,

even though development occurs slightly more rapidly at the higher temp. (generation times
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of approximately 9 and 10 days, respectively). As the time windows are short, we did not

correct for the change as it is proportionally small and all the genotypes at 29°C have the

same windows.

Combined, these results demonstrate that SxlPe expression correlates positively with the

expression of R2 antisense, supporting the hypothesis that R2 antisense is associated with an

activation role. R2 antisense (and to a lesser extent R1 antisense) expression is promoted by

the X chromosome counting genes while the sense RNAs appear to be ‘constitutive’ (i. e.

they are expressed continuously) although their levels may vary and they correlate

negatively with SxlPe expression. While the overall levels of all the lncRNAs are a little

higher in males than females, the negatively correlated lncRNAs from the R1 region as well

as R2 sense are also much lower in females, most particularly in the 0–2h window when the

activity state of the promoter is presumably being set up, as it precedes strong expression of

SxlPe. Further support for the idea that the two sense lncRNAs may be associated with

repression and shut down of SxlPe, is that their levels are elevated in the 5–7 h window when

SxlPe is silent. These negatively correlated sense strands are also relatively more abundant in

males, which contribute more than 50% of these lncRNAs at all time points (see Fig. 1D).

The sense RNAs also show a disproportionate increase on elevation of temperature as well

as when the X chromosome counting gene dose is decreased (Fig. 1D, E and Fig. S1B),

conditions which do not favor SxlPe expression.

3.3. Ectopic expression of lncRNAs alters SxlPe expression

To determine how the lncRNAs function, transgenic lines which ectopically express each

lncRNA were made. The R1 or R2 region in either sense or antisense orientation was placed

downstream of the hsp83 heat shock promoter. The hsp83 is strongly expressed in the

female germline, so it maternally provides the RNAs in embryos. As this could potentially

be lethal to one of the sexes, depending on the role of the lncRNA, we chose to randomly

integrate the transgenes as this would increase the chance of recovering insertion lines, in

case the unfettered expression from the hsp83 promoter should prove lethal.

When homozygous most of the R1 lines did not alter the sex ratio, however, some of the R2

lines reduced male viability by 17–26%. The role of the lines in sex determination was

further explored using the sis-a1, bsc3-1 chromosome described above which at 25°C

compromises, but does not completely eliminate, the ability of females to activate SxlPe.

Under this condition, each of the R1 lines was found to further reduce female viability

demonstrating a negative trans effect by the R1 sense and antisense lncRNAs (Fig. 2A). The

R2 lines gave mixed results. Most improved, but some showed a worsening in female

viability. This suggests that while the R2 region can enhance female viability, its effects are

complex, likely the outcome of different expression levels from the random integration sites.

Indeed, lines which improved female viability as homozygotes showed a decrease in their

positive effect when their copy number was reduced, while lines which worsened or had

slightly below wild-type female viability as homozygotes either improved or stayed

unchanged as heterozygotes (Fig. S2).

To corroborate the genetic analyses, SxlPe mRNA expression was examined by in situ

hybridization in representative lines. For the R1 lines many of the embryos showed reduced
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SxlPe expression, consistent with their negative effects (Fig. 2B, Fig. S3A). For R2, two

lines for each strand, a representative positive and negative, are described. All had a change

in both timing and levels (Fig. 2C) with most showing premature expression of SxlPe. This

early elevated expression did not persist, in fact the normal SxlPe expression peak was

delayed. The negative antisense line (A5) had a short late peak, while the activating line

(A3) had a peak which persisted longer than wild-type; the latter extends the time window

for activating the autoregulatory splicing feedback loop and would account for the ability of

A3 to rescue females with a weakened sex determination signal. For the sense lines, one

(S3) had persistent and longer than wild-type expression but few embryos with robust levels.

This persistence potentially explains its positive outcome in the genetic analysis, as it also

extends the window for activating the autoregulatory feedback loop. The second line (S5)

showed relatively normal SxlPe expression levels which persisted a little longer than wild-

type. qRT-PCR of SxlPe mRNA over windows of half hour increments corroborated the in

situ data (Fig. S3B).

Quantitation of transcripts from the other Sxl promoter, SxlPm, during its activation window

showed the lines do not consistently alter its expression (Fig. S3C). We infer that the

lncRNAs primarily affect SxlPe with the effects on SxlPm by some of the lines being

indirect. Removing SxlPe and the region 1.4kb upstream has been shown to alter the

expression of SxlPm [32].

Overall, the inhibitory effect of the R1 ectopic expression lines supports the initial

suggestion that this region is repressive. The R2 region gave complex outcomes, but was

generally activating. While the enhancement in female viability by the R2 sense lines runs

counter to its expression profile, as shown by the results below this activating ability is

likely from the complex interactions of the lncRNAs - ectopic expression of the R2 sense

lncRNA actually decreases its own total levels.

3.4 lncRNAs affect each other’s levels

To get a better insight into how the lncRNAs exert their effects, all 4 strands were quantified

in the representative transgenic lines. Zero-2h, 2–3h embryos and female adults were scored

and the levels compared to wild-type (Fig. 3). The first observation of note is that for all the

lines, the levels of the other 3 lncRNAs change regardless of which lncRNA is being

expressed. This was true for all time points. Second, despite the fact that the hsp83 promoter

is highly expressed in the female germline, the level of the lncRNA being ectopically

expressed is not proportionally increased in embryos (hsp83 mRNA is almost as high as

tubulin [33]). Including endogenous transcripts the lncRNAs are at best elevated only a few-

fold, suggesting that the majority of the RNA from the transgene is being turned over. For

the sense transcripts the total levels mostly decreased. The only exception was R2 antisense

which in adults was several thousand-fold higher than wild-type (Fig. 3C). However, even

these high levels were turned over in 0–2h embryos. To confirm expression, each transgenic

line was quantified in ovaries for its contribution to the corresponding lncRNA total (Table

S3). All were expressed, although the proportions showed a broad range, from essentially

100% for R1 antisense, down to 18 to 3% for the remaining lncRNAs (Table S3).
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Examining the effects of the R1 lines shows that both significantly lowered the level of the

positively correlated R2 antisense lncRNA in the 0–2 as well as 2–3h windows, while the

constitutively expressed R2 sense lncRNA increased in the 0–2h window (Fig. 3A, B).

Additionally, both lines resulted in similar lncRNA profiles particularly in 2–3h embryos

and adults (Fig. 3A, B), despite the fact they are complementary RNAs. These data highlight

the instability of the R1 sense lncRNA which failed to accumulate. By contrast, the

synthesis or stability of the complementary R1 antisense RNA was enhanced.

For the R2 lines (Fig. 3C, D), overexpressing the antisense lncRNA did increase its levels in

embryos although, as noted above, not in proportion to the strength of the hsp83 promoter.

As seen for the R1 sense RNA, the R2 sense lncRNA levels did not increase. In fact they

generally showed a decrease, in addition to reducing the levels of R1 sense. However, they

increased the complementary R2 antisense RNA, so that the relative levels of the positively

correlated R2 antisense RNA appeared higher in adults and 0–2h embryos. These changes

potentially explain the premature activation of SxlPe observed in the in situs, if one assumes

that the positively correlated R2 antisense transcript facilitates activation. The premature

expression of SxlPe in the R2 lines is generally followed by reduced/ delayed transcription,

ending ultimately with fairly robust expression (Fig. 2C and Fig. S3B). The decrease in R2

antisense in the 2–3h window potentially accounts for this delay. The only exception was the

R2 S3 line which did not increase R2 antisense, however, it decreased the other lncRNAs

(Fig. 3D).

The general trends from these experiments suggest that altering the levels of any one of the

SxlPe lncRNAs will in turn affect the others at the promoter, alluding to an interactive

nature. Interestingly, for all the lines the 0–2h window appeared to be the most predictive of

whether SxlPe will be expressed strongly or weakly, correlating with an increase or decrease,

respectively, in the levels of R2 antisense relative to the other lncRNAs (Fig. 3). As this

window precedes the window of highest SxlPe activity (2–3h), it suggests the lncRNAs may

prime the promoter for its strength of expression.

3.5. Interplay and net balance of lncRNA strands determines outcome

The complex changes the lncRNAs induced on each other and their effects on females

suggested that not only the strand, but also the relative levels of the lncRNAs affect how

strongly SxlPe is transcribed. To test this idea we combined representative R1 and R2

transgenes with each other, as well as transgenes which express both regions (R1+R2) as

one lncRNA, in the various possible combinations (Fig. 4, which displays a transgene and

all its permutations with the other transgenes, before the next series of permutations with

another transgene etc.). Each lncRNA combination was tested against a reduced dose of X

chromosome counting genes (sis-a1, bsc3-1) to determine if it was negative or positive to

females. Early in development, the primary role of the X chromosome counting genes in sex

determination is to turn on SxlPe, after which they are no longer required [30]. This genetic

test is, therefore, a good reporter of the efficacy of SxlPe activation.

The R1 region, which is negative to females when either strand alone is ectopically

expressed, is worse if both strands are simultaneously introduced (Fig. 4, line (l) versus (n)

or (o)). Attaching R2 to the R1 region makes it less negative (Fig. 4 line (o) versus (g)).
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When a transgene of the R1 region is combined with a long (R1 + R2) transgene, the effect

is frequently worse than the latter alone (Fig. 4 line (g) versus (h); line (g) versus (i)).

Increasing the R2 region is generally favorable in several combinations (Fig. 4 line (a)

versus (d); line (a) versus (e); line (g) versus (j); line (q) versus (m); line (n) versus (r); line

(n) versus (t); line (o) versus (s); and line (o) versus (u)). Combining R2 antisense with R1

sense also results in high female viability (line (u)).

Remarkably, the combination of (R1 + R2) antisense with R1 sense results in a dramatic

improvement in female viability, even though the individual transgenes are neutral or

negative (Fig. 4 line (e) versus lines (a) and (o)). In stark contrast, the combination of their

complementary strands is the most negative (Fig. 4 line (h)).

We note that as each transgene has a different insertion site, the female viability of each of

the lines tested only approximates the effect of that particular lncRNA. However, it is this

same lncRNA that is placed in combination with one of the other representative lncRNAs,

so a given pair of lncRNAs gives an indication of how the combination shifts female

viability when compared to each lncRNA alone. In some cases, the combinations show large

changes from the effect of each individual lncRNA, emphasizing an outcome of an

interactive nature.

To confirm that these genetic results reflect a change in SxlPe expression, representative

combinations were assessed for their levels of SxlPe mRNA (Fig. S3D). As expected, given

the role of the X chromosome counting genes in activating SxlPe, the wild-type control

shows that reducing the dose of sis-a,b significantly reduces the levels of SxlPe mRNA.

Transgene combinations which improved the drop in female viability from reducing the sis-

a,b dose also showed an increase in SxlPe mRNA levels, while a combination which

worsened it showed a further decrease. By contrast, a lncRNA combination that did not alter

female viability much relative to the wild-type, also did not show a significant change in

SxlPe mRNA levels (Fig. S3D). These results support the idea that the changes in female

viability which the lncRNA combinations produce are a function of changing SxlPe

expression.

Together, these data indicate that in addition to the strand being significant, the relative level

of expression of the two regions is also critical. An increase of the R2 antisense region

appears positive to females (note that R1 antisense is mostly R1 + R2; Fig. S1A). It bears

remarking that the R2 sense transgene, which is also positive, tends to decrease its own

levels while elevating R2 antisense, particularly in the 0–2h window (Fig. 3D), supporting

the view that a relative excess of R2 antisense is what is favorable. These data explain why

deletion analyses of the SxlPe promoter defined R2 as an augmentation region [26, 27].

3.6. Ectopic expression of lncRNAs can rescue effects of PcG/trxG mutations

The Polycomb/ trithorax groups (PcG/trxG) of proteins are involved in the epigenetic

silencing and activation of several developmental genes. These protein complexes have been

shown to interact with lncRNAs and affect target genes in trans [34]. in situ analysis shows

mutations in PcG/ trxG members impact SxlPe, functioning as expected with the trxG
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member, ash1 (absent, small or homoetic discs 1) acting positively, and two PcG members,

Suppressor of zeste 12 (Su(z)12) and Enhancer of Zeste (E(z)) acting negatively on the

promoter (Fig. S5). To functionally test the lncRNAs with these chromatin modifiers, these

PcG/trxG mutants were individually combined with each lncRNA transgene and analyzed in

the female-sensitized background of reduced X chromosome counting genes. As

demonstrated above (Figs. S1C and S3D), reducing the dose of these X chromosome

counting genes compromises SxlPe expression, and females cannot survive without

appropriate activation of SxlPe. Female viability thus serves as a readout of proper SxlPe

expression. Strong loss of function alleles, each of which is homozygous lethal, were tested

(Fig. 5A). ash1, a trxG member which influences methylation of histone H3 at lysine 4,

H3K4me3, and two PcG members E(z), which catalyzes methylation of lysine 27 in H3 to

generate H3K27me3, and Su(z)12, which modulates the activity of E(Z).

Alone, ash1 heterozygous females have only 3.3% viability when the dose of sis-a,b is

reduced (Fig. 5A), indicating it makes a strong contribution to SxlPe activation. Indeed,

providing ash1 heterozygotes with one copy of the constitutive Sxl allele, SxlM4, completely

rescues this female lethality (105% relative to sibling males) as the SxlM4 allele can activate

the autoregulatory splicing feedback loop independently of sis-a,b. This result is also

consistent with an early role of ash1 in Sxl activation. The R2 lines were also able to

ameliorate the severely negative effect on females from reducing ash1. By contrast, the R1

lncRNAs showed very modest or no improvement (Fig. 5A). The ability of the R2 lines to

rescue the detrimental effect of reducing the activator ASH1 positively correlates this region

with SxlPe activation.

Reducing the capacity to introduce H3K27me3 through the reduction of either Su(Z)12 or

E(Z) improved female viabiity in all the lines (Fig. 5A). The strong loss of function Su(z)124

allele improved female viablity to essentially the level of the Su(z)12 mutant alone,

including the negative R1 lines. As SU(Z)12 is in Pc repressive complex 2 (PRC2; [35]) and

is required for the stability of E(Z) [36], this effect strongly suggests that PRC2 is critical to

the final outcome of the lncRNAs. Decreasing the dose of these PRC2 members enhances

SxlPe expression at the critical stage at cycle 14 (Fig. S5). The improvement in female

viability with all the lncRNAs when the dose of either Su(z)12 or E(z) is reduced, would

suggest that the negative effects of the lncRNAs are dependent on PRC2.

3.7. PcG/trxG proteins bind the SxlPe lncRNAs

These genetic interactions raised the question of whether PcG/trxG proteins directly bind to

the SxlPe lncRNAs. To answer this question we performed RNA immunoprecipitations

(RIPs) on extracts from 1–3.5h embryo using antibodies to ASH1, SU(Z)12 and E(Z). As

shown in Fig. 5B, ASH1 consistently binds to the lncRNAs from R2. Previously, ASH1 was

shown to act in trans, activating Ultrabithorax through its trithorax response element RNAs

[37]. The ectopic R2 lncRNAs may similarly be recruiting ASH1 to Sxl allowing the

lncRNAs to compensate for the reduction in ASH1, so rescuing female viability (Fig. 5A).

We find E(Z) also binds to the R2 lncRNAs in addition to the R1 sense transcript, and

SU(Z)12 generally binds to the same lncRNAs as E(Z). As E(Z)and SU(Z)12 interact
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directly in PRC2, this is not unexpected. The negative control, GS2 mRNA which is

expressed at comparable levels to the lncRNAs gave little to no signal (Fig. 5C).

As Ore R represents the male and female states combined, the transcriptionally active and

inactive states represented by the X^X; SxlfP7B0/Y and sis-a1, sis- bsc3-1/FM7 backgrounds,

respectively, were also examined. ASH1 and E(Z), as a representative of PRC2, were tested.

In the X^X stock, ASH1 is primarily on R2 antisense (Fig. 5E), consistent with R2 antisense

and ASH1 acting as activators, and suggesting that the ASH1 on R2 sense detected in Ore R

embryos (Fig. 5D) may be contributed by the male embryos. E(Z) binds R1 and R2 sense,

and with more variability, to R2 antisense (some RIPs were negative for R2 antisense). This

variability of E(Z) on R2 antisense may reflect ASH1 and E(Z) being in competition, as the

promoter transitions from being silent into activation during the window examined. The idea

that ASH1 and E(Z) are in competition is consistent with recent studies on mammalian

ASH1 which suggest its activity directly counteracts Polycomb silencing [38]. Further,

conditions which are negative for females (sis-a1, sis- bsc3-1/FM7 at the non-permissive

temperature of 29°C) show ASH1 on only R2 sense, the opposite strand from females (Fig.

5F). E(Z) is on the constitutive R1 and R2 sense lncRNAs. As SxlPe is inactive, it suggests

the repressed state has ASH1 absent from R2 antisense, and E(Z)is bound to the R1 and R2

sense lncRNAs.

Taken together, ASH1 on R2 antisense with little to no E(Z) appears to favor the female

state. PRC2 has been shown to bind RNA promiscuously [39], so robust SxlPe expression

may require ASH1 to compete or displace PRC2 from this lncRNA. The SxlPe lncRNAs

may act as a PcG/TrxG response element, serving to recruit the proteins to regulate SxlPe.

Indeed they can compensate for decreases in PcG/trxG proteins and a reduction in key X-

chromosome counting proteins (Fig. 5A).

3.8. lncRNAs alter chromatin at the SxlPe promoter

The lncRNAs are bound by PcG/trG proteins raising the question of whether they influence

the deposition of their chromatin marks. Our analyses (Cabrera, Olcese and Horabin,

unpublished) indicate high levels of H3K4me3 with low H3K27me3 correlate with strong

SxlPe expression in females; males maintain high levels of both marks but do not activate

the promoter (Fig. 6A).

To determine whether the lncRNAs were influencing these regulatory marks, chromatin

immunoprecipitations (ChIPS) were performed on 1–3 and 2–4h embryos for the activating

H3K4me3 and repressive H3K27me3 levels (Fig. 6B,C). Ectopic expression of both R1

lines reduced the levels of the activating H3K4me3 mark in both time windows, consistent

with their poor SxlPe expression (Fig. 2B). This poor expression is in spite of the slightly

reduced levels of H3K27me3. Consistent with it worsening the effect of ash1 (Fig. 5A), R1

antisense reestablished normal H3K27me3 levels in the later 2–4h window while H3K4me3

levels showed a further decrease.

The three R2 lines also changed the chromatin. In the early 1–3h window, all had lowered

H3K27me3 and significantly lowered H3K4me3, consistent with a delay in strong SxlPe

expression (Fig. 2C). In the later 2–4h window, the antisense lines (A3 and A5) further
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decreased H3K27me3, while the sense line (S5) reestablished wild-type levels. H3K4me3

levels, however, were elevated to wild-type in the 2 positive lines (S5 and A3), but in the

negative A5 line they remained below wild-type. These data show the lncRNAs influence

the chromatin marks at the promoter, and the changes correlate with their effects on females.

As the lncRNAs also affect their own and each other’s levels, we examined the chromatin at

R1 and R2 (Fig. S4). For all lines, H3K7me3 was decreased in both regions in the two time

windows (except for R2 sense which reestablished wild-type levels in 2–4h). Although each

line changed the levels slightly differently, for every change the trend was similar for both

the R1 and R2 regions. For H3K4me3, a few of the samples showed close to wild-type

levels but the rest, like H3K27me3, were generally reduced (R2 antisense line A3 was the

only exception increasing it above wild-type at R2). As for H3K7me3, the changes for each

line generally showed the same trend in both R1 and R2. These chromatin shifts suggest

why the transgenes alter the levels of the other lncRNAs (Fig. 3), and their coordinated

effects across the 2 regions reinforce the idea that they are interactive.

4. Discussion

lncRNAs are increasingly being accepted as a major new class of regulatory element. They

act in the nucleus and cytoplasm, with activities that can impact all aspects of cellular

function including signal transduction, translation and transcription [12, 40]. Their best

characterized function is arguably that of epigenetic modulators, which recruit or alter the

activity of chromatin modifying proteins at specific sites [11, 40].

This is the first description of an interactive lncRNA network which modulates the

chromatin of its associated promoter. Two regions, R1 and R2, upstream of the SxlPe

promoter were identified as expressing lncRNAs. Transgenic lines encoding each strand

from the two regions indicate they can act on the promoter in trans, and the lncRNAs alter

not only their own levels but also those of the others in the network. Ectopic expression was

favored over deletion as the latter would also remove transcription factor binding sites (see

[29], [30]) and so affect the promoter. On discovery of their interactive nature, individual

shRNA knockdown was no longer considered; besides the risk of the opposite strand

lncRNA also being knocked down (both strands are potentially available as siRNA), the

interactive nature of the lncRNAs suggested that not only the targeted lncRNA would

change but so would the others, as seen with the ectopic expression lines. This would make

it hard to isolate the effect of reducing any single lncRNA.

4.1. Low levels of stability of the lncRNAs

The endogenous lncRNAs are expressed at low levels, <1/3000 to ~1/30 relative to Sxl

mRNA at 2–3h, and appear to have low stability. Quantifying the RNA from only the

transgenes gave signals that were much lower than expected for the hsp83 promoter driving

their expression. For the sense RNAs, the greater the distance of the RT primers from the

lncRNA body in the transgene, the more the signal diminished, supporting the idea they are

highly labile (see Table S3). Despite their relatively low steady state levels, which in most

part were lower than the endogenous, all the transgene RNAs were able to produce effects

on females and on the levels of the endogenous lncRNAs.
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The total levels of the R1 and R2 antisense lncRNAs could be elevated to some extent by the

ectopic expression, and these lncRNAs showed dynamic changes over development.

However, the two sense lncRNAs, which are always present and are the most abundant (Fig.

1B), could not have their levels elevated. On the contrary, their levels dropped. A drop

frequently also occurred in the other (non-transgene) sense lncRNA. This reduction suggests

a turnover mechanism is being induced. As it occurs in trans we speculate it involves small

RNAs; the RNA silencing machinery may also be involved in the other lncRNA cross

interactions, an avenue that should be explored in the future.

4.2. Overlapping activating and repressive lncRNAs

Of the four lncRNAs, R2 antisense is the only one which peaks in the 2–3h window when

SxlPe is being transcribed. It is also dependent on the X chromosome counting genes, but

unlike SxlPe, not in a dose-sensitive manner as it also expressed in males. Coordinated

expression of lncRNAs with their mRNAs has also been observed at mammalian promoters

in embryonic stem cells suggesting a regulatory link [41].

R2 antisense is normally expressed in the presence of the other lncRNAs, particularly the

two sense strands which appear to be constitutive, so it must typically function under the

condition of combinatorial lncRNAs. The different transgene combinations in Fig. 4

emphasize this same point, highlighting the impact of the two regions on each other and

indicating that the amounts of each strand are significant. Our data suggest that the levels of

the lncRNAs relative to each other, determines the outcome. For example, even though the

endogenous R2 sense strand does not show a correlation with SxlPe expression, its transgene

behaves positively. This is likely from its decrease which results from ectopic expression,

while it increases the levels of R2 antisense (discussed above). Similarly, although R2

antisense is present in males and peaks in the same window as females, the fact that males

do not transcribe SxlPe indicates that the lncRNA alone is not sufficient for activation. Males

express much higher levels of the sense lncRNAs than females, particularly in the 0–2h

window (Fig. 1D), which we suggest compete with the activity of R2 antisense. The final

outcome must be determined by the lncRNAs working in conjunction with the transcription

factors, so that two X chromsomes can activate the ‘switch region’ [26] to drive female

specific expression.

4.3. Roles of the lncRNAs in the network

Activation of SxlPe is biphasic; the promoter is first set up in repressive chromatin which is

the default or male state, after which it transitions to activation in females [24, 42]. The R1

region and R2 sense lncRNAs appear to favor this repressed state. In the second phase,

activation occurs and likely utilizes the lncRNA from R2 antisense to augment the effect of

the accumulating X-linked numerator proteins which serve to activate the promoter. This is

similar to the ncRNA HOTTIP whose expression alone cannot activate its target promoter.

Only when the appropriate transcription factors are present does HOTTIP potentiate

expression [7].

Setting up the chromatin phases of SxlPe appears to call for interactions between the

lncRNAs, in a complex interplay that includes recruitment of the PcG and trxG histone
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modifiers (Fig. 7; [43]). Indeed, ectopic expression of the lncRNAs can compensate for

reductions in these proteins, as well as alter the chromatin marks they induce (Fig. 5 and 6).

We find that depending on the transcription state, the lncRNAs bound by the PcG and trxG

chromatin modifiers changes (Fig. 5B, E, and F). Wild-type embryos show PRC2 (E(Z) and

SU(Z)12) is on the 3 more abundant lncRNAs (R1 sense, R2 sense and antisense),

presumably to establish the silenced or off state through H3K27 methylation (Fig. 7A). As

PRC2 appears to bind promiscuously with higher affinity for longer RNAs [39], this is not

entirely surprising. Despite this promiscuity, it binds more readily to the SxlPe lncRNAs

than the mRNA tested as a control.

The transition to activation in females shows ASH1 on R2 antisense, while the repressive

E(Z) protein is primarily on the sense lncRNAs (Fig. 7B). In wild-type embryos ASH1 is on

both R2 strands, so we infer its presence on R2 sense is contributed by the male embryos.

This idea is supported by the condition of reduced X chromosome counting gene dose (sis-

a1, sis- bsc3-1/FM7 at non-permissive temperature), where ASH1 is not detected on R2

antisense but on R2 sense, together with PRC2. Recruitment of ASH1 to its targets is

thought to occur in a transcription dependent manner, but its role is not dependent on

transcription elongation of the mRNA [38, 44]. We suggest part of this recruitment includes

lncRNAs, besides the transcription factors. The higher dose of activating transcription

factors in females must facilitate the recruitment of ASH1 to the activating lncRNA, R2

antisense (Fig. 7B). ASH1 may then displace E(Z) from R2 antisense to promote SxlPe

expression, in keeping with its role of antagonizing PcG repression [45]; the H3K36 mono-

and di-methylation which it introduces negatively affects the H3K27 methylation activity of

PRC2 [46, 47]. ASH1 and H3K36me2 have been described as overlapping on chromosomes,

and both localize to the 5’ end of active genes [48–50], consistent with such a role.

Presumably, this effect of ASH1 only occurs when it is on R2 antisense, but not R2 sense, to

explain the low levels of H3K27me3 observed in females (Fig. 6A). In the silenced or off

configuration, the presence of PRC2 on both R2 sense and antisense must preclude ASH1

function, allowing PRC2 to maintain its activity and generate the high levels of H3K27me3

in males (Fig. 6A). A comparable scenario of ASH1 together with the PRCs on the

chromatin of ES cells has been suggested for the repressed state, with ASH1 deposited but

only poised for activation [38].

Transcription occurs in both the sense and antisense direction in many parts of the human

genome [5]. PRC2 presumably surveys these transcripts, binding promiscuously to them to

silence expression until the appropriate developmental cues which recruit transcription

factors and trxG protein activators, such as ASH1, to activate expression at the appropriate

times. The complex interplay we describe here may well be commonplace and likely reflects

the norm rather than exception in gene regulation, a mechanism perhaps for PcG/trxG

targets. A good case in point is also sex related; mammalian X chromosome silencing uses

multiple lncRNAs as well as PcG members to select which X chromosome is kept active or

silenced [51]. This system also employs trans-acting ncRNAs to facilitate transcription;

through binding and titration of the repressive zinc finger protein CTCF, the Jpx ncRNA

permits transcription of the Xist promoter to trigger X chromosome inactivation [52].
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Drosophila sex determining promoter, SxlPe, expresses several lncRNAs

• Ectopic expression of lncRNAs can alter SxlPe expression

• lncRNAs act as a network with complex interplay, affecting each other’s levels

• lncRNAs are bound by Polycomb and trithorax group proteins

• Ectopic expression of lncRNAs alters the chromatin at SxlPe
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Figure 1. Drosophila sex determination utilizes lncRNAs near SxlPe

(A) Positions of R1 and R2 lncRNA regions relative to known regulatory elements. The two

Sxl promoters are indicated, SxlPm is ~5 kb upstream of SxlPe. Prior deletion studies of SxlPe

[26] define the switch region as necessary for sex specific activation (0–0.4 kb upstream),

while the augmentation region (0.8–1.4 kb upstream) is required for robust expression.

Primers for PCR of R1 and R2 shown as black arrows, RT primers as shorter grey arrows.

(B–G) Developmental profiles of the four R1 and R2 lncRNAs strands in different

genotypes (key to strands on right). All measured by qRT-PCR and normalized to tubulin to

give arbitrary units (AU) of expression. They are also corrected for approximate DNA
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content at each stage, to give a gauge of the lncRNA to DNA level (removing this correction

does not significantly change the plot shapes, it mostly depresses the apparent 0–2h levels).

Note the graphs are in log scale, which makes the small error bars difficult to see. (B) wild-

type (OreR) 0–2, 2–3, 5–7h embryos and adult females. Expression of the 4 lncRNA strands

relative to SxlPe mRNA (2–3 hr) is R1A: 0.000017, R1S: 0.03, R2A: 0.0057, R2S: 0.015.

(C) attached-X stock where the free X chromosome has a deletion of Sxl (X^X; SxlfP7B0/Y).

This allows scoring the female only signal. (D) Percent female AU for each lncRNA in 0–2,

2–3 and 5–7h embryos from an attached-X stock (data in C) relative to its corresponding

lncRNA in wild-type (data in A), to give an indication of the proportion from males. The

dotted line at 50% represents equal contribution from males and females. (E–G)

Temperature and reduction of X chromosome counting genes depresses relative R2

antisense levels. (E) wild-type, (F) X^X SxlfP7B0, and (G) sis-a1, sis- bsc3-1/FM7 stock at the

non-permissive temperature of 29°C. Only 0–2, 2–3 and 5–7h embryos were analyzed in (C,

E–G). SxlPe is most active in the 2–3h window. R2 antisense RNA shows a strong positive

correlation with SxlPe expression (B and C), and is severely depressed in the background of

reduced X chromosome counting genes of sis-a,b/FM7 (G). In all backgrounds, R1 as well

as R2 sense RNA show an increase in the 5–7h window, which correlates with the shutdown

of SxlPe. The AU level for the genotypes is slightly different; overall females have slightly

reduced lncRNA levels and 29°C elevates transcription (* P-value <0.05, ** P-value <0.005,

*** P-value <0.0005). Error bars represent mean +/− SEM.
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Figure 2. Constructs ectopically expressing R1 and R2 lncRNAs affect SxlPe
(A)Altered female viability induced by ectopic expression of lncRNAs. Viability of eclosed

females relative to males expressed as a percent. Mothers homozygous for the indicated

lncRNA line were crossed to males with decreased sis-a, b numerator dose. w is w1118 and is

the wild-type control (black bar), female viability ~24%. Error bars show percent +/− %SE.

(B, C) Ectopic expression of lncRNAs affects SxlPe expression as shown by in situ

hybridization of SxlPe transcripts, normally seen as two dots on each of the two X

chromosomes as Sxl is on the X. Nuclear cycle number is shown on the left (Cycles 11–14

correspond with ~90–200min after egg laying), genotype at top. OreR is wild-type where the
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promoter is only on in females from cycle 12 to 14. in situs of R1 lines (B) show weaker

staining dots (additional R1 lines in Fig. S2A), and R2 lines (C) which have more varied

expression patterns and match the genetics in (A). Quantitation of the SxlPe mRNAs by

qRT-PCR supports the in situs – shown in Fig. S2B.
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Figure 3. R1 and R2 lncRNAs interact and affect the levels of other lncRNAs
All the lncRNAs change in levels when only one lncRNA is over-expressed. qRT-PCR of

R1 and R2 transcripts was done in homozygous transgenic lines expressing each lncRNA.

All data was normalized to tubulin and are reported as fold change relative to wild-type.

Genotype and time window noted at top, lncRNA being expressed is shaded in grey on the

X axis. Bars for the positively correlated lncRNA R2 antisense are shown in white, to

facilitate tracking its relative levels. Quantitation of lncRNA levels in lines expressing

transgene of R1A (A), R1S (B), two R2A lines (C) and two R2S lines (D). Note the y-axes
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have different scales. Error bars represent mean +/− SEM. * P-value <0.05, ** P-value

<0.005, *** P-value <0.0005.
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Figure 4. Different combinations of lncRNA transgenes can increase or decrease female viability
Female viability relative to males as percent, when females with different lncRNA

combinations are crossed to males with reduced X chromosome counting genes (sis-a1, sis-

bsc3-1). For all crosses, only one copy of the lncRNA transgene is present. Viability of w1118

females without a transgene was 24%. Arrow direction indicates the strand expressed; 5’ is

to the left. Graphic of promoter and R1 and R2 regions at bottom shows location of region

expressed in each line. Light gray is R2 and dark line represents R1 region. Transgenes of

the combined regions (R1 + R2) shown with both tones. They encompass all of the R1 and
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R2 regions and the short ~35bp region between them. The effect on females with only the

(R1+ R2) sense or antisense lncRNA is in lines (a) and (g), and is relatively mild. R1 lines

represented: 40.3 and 28.1; R2 lines represented: A3 and S5.
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Figure 5. lncRNAs genetically interact with and bind PcG/trxG proteins
(A) Genetic interaction between transgenes and PcG/trxG mutants. Female viability of trans-

heterozygotes with single copy of lncRNA alone (het), one copy of the ash1MB03235, E(z)731

or Su(z)124 mutation over w (to remove the balancer chromosome) or one copy of both the

lncRNA shown and either ash1MB03235, E(z)731 or Su(z)124 mutation, crossed to numerator

deficient, sis-a,b/Y, males. Viability shown as a percentage, which is relative to the male

reference class. white1118 (w) serves as the wild-type control. Error bars show +/− %SE. (B–

F) PcG/trG proteins bind lncRNAs. RIPs of lncRNAs at SxlPe. (B) IP of the proteins from

RIPS. Input lane has 1% of the extract for E(z) and Su(z)12, 3% for Ash1. Note ASH1

protein runs as a doublet ([53]) (C) RNA control: GS2 mRNA which is expressed a little

more abundantly than the lncRNAs, gave little to no signal in RIPs for the PcG and trxG

proteins. Genotypes in which RIPs were performed at top. NTC: no template control, P:

positive control for RT-PCR shows band for GS2. (D–F) ASH1, E(Z) and SU(Z)12 RIPs in

Ore R (D); ASH1 and E(Z) for X^X SxlfP7B0/Y (E) and sis-a1, sisb sc3-1/FM7 (F). Antibody

of RIP shown at top of each panel. In sis a-b/FM7 background E(Z) is less consistently

found on R2 antisense, probably because its levels are reduced (see Fig. 1F). The arrows

indicate protein and PCR product bands. Asterisks mark the position of primer dimers

generated, particularly when there is no signal. NTC: no template control; -RT: no RT

control; S: sense, AS: antisense. Rabbit serum (PI) served as the control for anti-SU(Z)12

and anti-E(Z) antibodies which are from rabbits, CI monoclonal was used as the control for

anti-ASH1 as both are rat monoclonals.
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Figure 6. lncRNAs alter H3K4me3 and H3K27me3 levels
lncRNA expression alters epigenetic marks associated with PcG/trxG proteins. ChIPs of

H3K4me3 and H3K27me3 (A) reported as % input, scored immediately 3’ of SxlPe (+138

bp avg. position) in Ore R and X^X 7BO (females), as well as the projected male signal

calculated by subtracting the female contribution from Ore R (obtained by multiplying Ore

R signal by 3, giving the total from the avg. of 3 contributing X chromosomes, and

subtracting 2 times the female signal which represents the avg. of 2 contributing X

chromosomes). ChIP signal of H3K27me3 (B) and H3K4me3 (C) in OreR and lncRNA
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lines. NI is non-immune serum. Astersisks show significant changes relative to wild-type,

*** P-value <0.0005. ChIP experiments were repeated at least twice. Highest P-value

compared to non-immune <0.0001. Error bars represent mean +/− SEM.
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Figure 7. Model of SxlPe repression or activation by lncRNAs and PcG/trxG proteins
SxlPe in males, indicative of the ‘default’ or transcriptionally repressed state. This is marked

by R1 and R2 sense, as well as R2 antisense lncRNAs being bound by PCR2 to ensure SxlPe

is not expressed. ASH1 is on R2 sense and unable to displace PRC2 from R2 antisense

lncRNA. The ‘X’ represents a failure to activate SxlPe. Activation of SxlPe in females which

have reduced levels of R1 and R2 sense, that are also bound by less PRC2. ASH1 is able to
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evict PRC2 and bind the R2 antisense lncRNA in the process which activates SxlPe (see

discussion for more details). Thickness of lncRNA lines is meant to depict their levels.
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