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Physiological processes rely on the regulation of total mRNA levels
in a cell. In diploid organisms, the transcriptional activation of one
or both alleles of a gene may involve trans-allelic interactions that
provide a tight spatial and temporal level of gene expression
regulation. The mechanisms underlying such interactions still re-
main poorly understood. Here, we demonstrate that lipopolysac-
charide stimulation of murine macrophages rapidly resulted in the
actin-mediated and transient homologous spatial proximity of Tnfa
alleles, which was necessary for the mono- to biallelic switch in
gene expression. We identified two new complementary long non-
coding RNAs transcribed from the TNFa locus and showed that
their knockdown had opposite effects in Tnfa spatial proximity
and allelic expression. Moreover, the observed spatial proximity
of Tnfa alleles depended on pyruvate kinase muscle isoform 2
(PKM2) and T-helper-inducing POZ-Kriippel-like factor (ThPOK). This
study suggests a role for IncRNAs in the regulation of somatic ho-
mologous spatial proximity and allelic expression control necessary
for fine-tuning mammalian immune responses.
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Tight control of total mRNA levels in a cell is essential for
cellular homeostasis and normal physiology. The mRNA
levels of a gene are regulated at multiple levels, and in addition
to mRNA splicing, turnover, and translation, they also involve
the epigenetic regulation of gene transcription (1). Transcrip-
tional control in eukaryotic cells involves the tissue-specific acti-
vation and binding of transcription factors, which mediate their
mode of action on the chromatin fiber, determined by both his-
tone and DNA modifications (2). Another defining principle of
transcriptional regulation is provided by the levels of chromatin
and genome organization, which are also affected by discrete
subnuclear entities, being regions of increased local concentration
of protein or RNA molecules (3, 4). On the basis of the tre-
mendous advancement of technologies that depict the genome’s
organization in diverse cell types and tissues, we now know that
the regulatory mechanisms involved in gene transcription include
the formation of transcription networks mediated by long-range
chromatin interactions (3, 5-7).

The chromosome conformation capture-based approaches in
combination with fluorescence in situ hybridization to DNA (DNA
FISH) have shown that a gene locus may be involved in a chromatin
network formed by either intrachromosomal or interchromosomal
interactions. In mammals, examples of long-range chromatin inter-
actions have been described for the alpha and beta globin loci (8, 9),
imprinted loci (10, 11), the two homologous X chromosomes (12—
15), the olfactory receptor genes and the H enhancer (16, 17),
and the IFNy and T-helper-type 2 cytokine gene loci expressed in
alternate cell fates of CD4* T cells (18). The public research
consortium ENCODE (the Encyclopedia of the DNA Elements)
was recently launched in an attempt to identify all functional ele-
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ments in the human genome (19). Systematic integrated analysis
of the genome-wide chromatin interactions, which emerged from
the project’s data (20-22), showed that long-range chromatin
interactions are more prominent than previously thought.

Most long-range interchromosomal interactions that have been
functionally characterized in interphase nuclei so far involved loci
localized on nonhomologous chromosomes, with some exceptions
(13, 23-25). During meiosis, most organisms go under the process
of pairing their homologous chromosomes, which is usually re-
stricted in the germ line. Somatic homologous pairing, however,
has been extensively observed in dipteran insects, where it is ev-
ident in diverse cell types. In 1954, E.B. Lewis introduced the
term transvection to describe cases in Drosophila melanogaster in
which homologous pairing influenced gene expression involving
the action of enhancers in trans (26). These interchromosomal
interactions have been studied extensively in several systems,
pointing out that such a mechanism regulating gene expression in
trans may be a general phenomenon.

All these transsensing regulatory mechanisms ultimately point
to the complex regulation of physiological processes in a cell.
Innate immune responses, although tightly regulated, lack such
mechanistic insight regarding the dynamic regulation of chroma-
tin and genome organization. Macrophages, as crucial mediators
of an innate immune response, can be activated by lipopolysac-
charide (LPS) of Gram-negative bacteria via Toll-like receptor 4
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that ultimately leads to the activation of several classes or
responsive genes, such as the cytokine tumor necrosis factor alpha
(TNFa) (27). TNFa is a proinflammatory cytokine with a critical
role in the initiation of innate and adaptive immune responses.
Although TNFa deficiency causes increased susceptibility to in-
fection, resulting in complete lack of B-cell follicles or causing
tuberculosis, prolonged high concentrations of TNFo can result in
severe tissue damage, autoimmunity, and cancer (28-30). It is
evident that a tightly regulated balance of TNFa levels is of
critical importance. Tnfa gene transcription is controlled in a cell
type-specific and stimulus-specific manner. Nonetheless, it also
requires a tight spatial and temporal level of regulation (31, 32).
In our study, we explored the subnuclear interacting events
that regulate Tnfa gene expression. We focused on the identifi-
cation of factors (proteins or RNA molecules) capable of me-
diating its subnuclear localization pattern and investigated the
mechanisms involved in the fine-tuning of Tnfa mRNA levels.

Results

Homologous Spatial Proximity of Tnfa Alleles Is Detected Early upon
LPS Stimulation of Macrophages. To study the subnuclear localization
of the two Tnfa alleles, we performed experiments in thioglycollate-

elicited and LPS-stimulated murine peritoneal macrophages. The
lymphotoxin/TNFa (LT/TNF) locus includes three genes; namely,
the LT beta (Ltb), TNFa (Tnfa), and LTa (Lta) genes (Fig. 14).
Quantitative reverse transcription coupled to PCR (qRT-PCR)
experiments performed in primary macrophages revealed that
the Tnfa gene is expressed on a time course of LPS stimulation,
whereas no mRNA was detected for the Lta and Ltb genes (Fig.
1B). Subsequently, we performed DNA FISH, using fluorescently
labeled bacterial artificial chromosome-DNA probes encompass-
ing the LT/TNF locus. Interallelic distances were measured and
normalized to the cell nuclear volume [normalized distance (ND)
defined in Fig. 1C] to control for differences in the volume between
individual cells. We found a considerable decrease of the Tnfa allele
mean ND after 1 h of LPS stimulation (ND = 0.265), representing
shorter Tnfa alleles distance in average. The homologous spatial
proximity of the Thfa alleles that was detected in wild-type mac-
rophages was abolished in macrophages isolated from MyD88/~
mice, indicating the necessit?l for LPS signaling. More importantly,
we found that in Delta3™" macrophages, harboring an 8.4-kb
deletion in the LT/TNF locus (Fig. 14), the Tnfa alleles do not
undergo homologous association, indicating the specificity of asso-
ciation to the LT/TNF locus (Fig. 1 D and E).
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Fig. 1. LT/TNF locus subnuclear relocalization upon
LPS stimulation of macrophages. (A) The LT/TNF
locus on murine chromosome 17. (B) qRT-PCR
analysis of the total Tnfa mRNA levels. (C) Calcu-
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lation formula for the ND of Tnfa alleles. (D) Single
z-sections of DNA FISH analysis for the LT/TNF locus
in LPS-stimulated primary macrophages. The Tnfa
alleles distance was normalized for the volume of
each cell, and the frequencies of cells with a nor-
malized distance from 0 to 1 were plotted. Mean
ND, blue triangle. (Scale bar, 2 pm.) Sample size,
2,931 cells. (E) Mean ND of total number of cells.
The lowest mean ND was detected for the wild-
type macrophages.
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To meet the demands of the subsequent biochemical experi-
ments, we have then used the RAW 264.7 monocyte-derived
murine macrophages. We performed DNA FISH experiments in
a time course of LPS stimulation. We found a considerable de-
crease of the Tnfa allele mean ND after 30 min of LPS stimu-
lation (ND = 0.375), representing shorter Tnfa allele distance on
average. This decrease in the interallelic distance between the
two Tnfa alleles was progressive, comparing the macrophage cell
population before LPS stimulation with the cell populations
stimulated with LPS for 10, 20, or 30 min. A subsequent increase
in the mean ND places the longest interallelic distances after 1 h
of LPS stimulation of macrophages, which then decreased in the
time course of LPS stimulation (Fig. 2 4 and B). Furthermore,
cumulative frequency curves for the Tnfa alleles NDs displayed
that the macrophage population stimulated with LPS for 30 min
was clearly differentiated from the other points during the course
of LPS stimulation, as well as the untreated cells (Fig. 2C). This
finding was corroborated by statistical analysis for the random-
ness of the distance distributions for each point of LPS stimula-
tion (Kolmogorov-Smirnov test), portraying a normal distribution
for the interallelic distances in untreated cells, but not for the
30-min LPS-stimulated macrophages (P < 0.001; Fig. 2D). This
increase in the proximity of the Trfa alleles could not be attributed

..

to a change in the macrophage cell volume upon LPS stimulation,
as the mean nuclear diameter of the cells during the course of
activation did not significantly change (SI Appendix, Fig. S14). The
close proximity of the Tnfa alleles in macrophages, after 30 min of
LPS stimulation, taken together with the known rarity of so-
matic homologous pairing in interphase nuclei of mammalian cells,
suggested that the homologous spatial proximity of the Thfa alleles
would be temporally transient. Interestingly, we found that this
proximity was explained by the fact that the Tnfa alleles paired
(ND < 0.1, allele distance shorter than 0.6 um, given the fact
that the mean nuclear diameter is 6 pm; SI Appendix, Fig. S14)
in 18.3 + 3.3% of the cells after 30 min of LPS stimulation
compared with 4.93 + 3% of untreated macrophages (Fig. 2F).

To determine whether genomic regions flanking the LT/TNF
locus were also drawn into close proximity by the homologous
spatial proximity of the Tnfa alleles, we measured the interallelic
distances of the E4fI locus, which is mapped 10.7 Mb upstream
of the Tnfa gene on mouse chromosome 17 (SI Appendix, Fig.
S24). As an additional control, we performed DNA FISH experi-
ments and measured the interallelic distances for the gene loci
mapped on different mouse chromosomes, such as the P2ix4 locus
mapped on chromosome 5 and the ArbI locus mapped on chro-
mosome 7 (SI Appendix, Fig. S1 B and C). The cell volume of the
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Fig. 2. Homologous spatial proximity of the Tnfa locus. (A) Z-sections of DNA FISH analysis. (Scale bar, 2 um.) Sample size, 441-1104 cells for each time.
(B) Mean ND of total number of cells. (C) Cumulative frequency curves for Tnfa, E4f1, P2rx4, and Arrb1 allele pairs. (D) Kolmogorov-Smirnov test.
(E) Frequency of cells with an allele ND < 0.1. Bars depict the mean value with SDs from 14 independent experiments. *Value not detected. CGR8, mouse
embryonic stem cell line.
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mouse macrophage cells did not alter during the course of LPS
stimulation for these DNA FISH experiments (S Appendix, Fig.
S1B). The cumulative frequency curves and the frequency of cells
with ND < 0.1 for the E4fI locus, as well as the P2rx4 and Anbl
gene loci, did not show any evident allelic spatial proximity (Fig. 2
C-E), although they are activated by LPS (SI Appendix, Fig. S3).

In summary, our data highlight a transient homologous spatial
proximity event of the Tnfa alleles in mouse macrophages, early
upon LPS stimulation, which was specific to Tnfa and was not
observed in LT/TNF proximal loci or the tested loci mapped on
other mouse chromosomes.

The Tnfa Gene Has a Distinct Pattern of Allelic Gene Expression.
Taking into account that the subnuclear localization of gene loci
has a direct effect on the gene’s expression kinetics, we wanted to
study whether the transient homologous spatial proximity of the
Tnfa alleles had any functional effect on Tnfa gene expression. We
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performed semiquantitative RT-PCR analysis for the Ltb, Tnfa,
and Lta genes of the LT/TNF locus and found that only the Tnfa
gene was highly expressed in macrophages upon LPS stimulation
(Fig. 34), in agreement with the data obtained for the primary
macrophages. We then performed qRT-PCR experiments and
found that Tnfa reached maximal mRNA levels after 1 h of LPS
stimulation (Fig. 3B). To analyze the allelic expression pattern of
the Tnfa gene at the single-cell level, we performed RNA-DNA
FISH experiments, with the simultaneous detection of both the
newly synthesized Tnfa mRNA and the DNA of the two Tnfa
alleles. The analysis of the RNA-DNA FISH experiments we have
performed in macrophages on a time course of LPS stimulation
revealed that the highest frequency of Tnfa-expressing cells (74 +
9.6%) was detected after 1 h of LPS stimulation (Fig. 3C), in
agreement with the qQRT-PCR results (Fig. 3B). We found that
nascent 7nfa mRNA was not detected in resting macrophages, but
the gene was rapidly activated upon LPS induction and expressed
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Fig. 3. Tnfa biallelic expression depends on LPS-stimulated and actin-mediated homologous spatial proximity. (A) mRNA expression analysis for the Tnfa, Ltb,
and Lta genes. Hprt1 was used as a loading control. (B) qRT-PCR analysis of the total Tnfa mRNA levels in LPS-stimulated macrophages. (C) Percentage of Tnfa
expressing macrophages upon LPS stimulation. (D) RNA-DNA FISH analysis of the LT/TNF locus, along with the nascent Tnfa or Lta mRNA transcripts. (Scale bar,
2 um.) (E) The switch to Tnfa biallelic expression is detected after 1 h of LPS stimulation. RNA-DNA FISH experiments were analyzed to plot the allelic pattern
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Tnfa from either one or both alleles, unlike the Lta gene, which was
moderately activated by LPS and was only expressed in a mono-
allelic manner (Fig. 3D). Strikingly, the examination of Tnfa
transcription at the single-cell level uncovered a unique allelic
pattern of expression. Early on in LPS stimulation, during the first
30 min, Tnfa was mainly expressed from one allele. After 1 h of
stimulation, however, about 70% of the expressing cells displayed
a pattern of transcription from both alleles. After the 1 h LPS
biallelic switch, the frequency of expressing cells steadily declined
until it reached basal levels after 24 h of stimulation (Fig. 3E). The
switch from mono- to biallelic gene expression coincided with the
gRT-PCR results of maximal mRNA levels at the 1h LPS time
point, portrayed both by total Tnfa transcript levels and expressing
cell frequency (Fig. 3 B and C). In short, Tnfa gene expression
follows a distinct monoallelic pattern succeeded by a switch to
biallelic expression early on in LPS stimulation of macrophages.

The LPS-Induced and Actin-Mediated Homologous Spatial Proximity
of the LT/TNF Locus Is Necessary for the Biallelic Switch in Tnfa Gene
Expression. To further explore whether the homologous spatial
proximity of the Tnfa alleles played a role in mediating the
subsequent biallelic switch in Tnfa gene expression, we blocked
actin polymerization using latrunculin A (LTA) and found that
the movement of the LT/TNF locus was impeded and spatial
proximity was reduced (Fig. 3F). Although the frequency of cells
that expressed Tnfa was not affected by the treatment with LTA
(Fig. 3G), we found that the switch to biallelic gene expression,
after 1 h of LPS stimulation, was not observed (Fig. 3H). We next
investigated whether the TNFa cytokine, produced by macro-
phages upon LPS stimulation, was responsible for inducing the
homologous spatial proximity of the Tnfa alleles and the sub-
sequent switch from mono- to biallelic gene expression. We
treated RAW 264.7 macrophages with mouse recombinant TNFa
and found that it failed to induce homologous spatial proximity
(Fig. 3I). RNA-DNA FISH experiments on TNFa-treated mac-
rophages revealed that although Tnfa gene transcription was
detected (Fig. 3/), biallelic expression was greatly impaired (Fig.
3K). We conclude that the homologous association of the Tnfa
alleles is LPS-induced, actin-mediated, and indispensable for the
biallelic switch in Tnfa gene expression.

Identification of Two Complementary Long Noncoding RNAs Transcribed
from the LT/TNF Locus. Long noncoding RNAs have been impli-
cated in the regulation of many diverse physiological processes
maintaining cell homeostasis (33-36). For example, to compen-
sate for gene dosage differences between sexes, the mechanism
of mammalian X inactivation involves the transient pairing of the
two X chromosomes, and subsequently the expression of the Xist
IncRNA results in the down-regulation of gene expression in the
inactive X chromosome (13, 35, 37, 38). The involvement of
IncRNAs in mammalian X inactivation, as well as in other pro-
cesses entailing trans-allelic proximity (39), directed us to ex-
amine whether there was evidence of such long transcripts in
the LT/TNF locus.

Multiple intergenic regions in the LT/TNF locus are highly
conserved among mammals, and the locus itself encompasses
a genomic region of 17 kb on murine chromosome 17 (Fig. 44).
To test for the presence of intergenic transcripts in the LT/TNF
locus, we isolated total RNA from LPS-stimulated RAW 264.7
cells in a time course of 6 h; RNA samples were treated with
DNase I and then subjected to reverse transcription primed by
random sequence hexanucleotides. The produced cDNA was
used in PCR reactions, using primer pairs that covered the entire
LT/TNF locus and mapped to either the coding regions of the
genes (such as the primer pairs for the PCR product 6 mapping
on the coding region of the Lta gene, PCR product 8 mapping on
the coding region of the Tnfa gene, and PCR product 10 map-
ping on the coding region of the Ltb gene), encompassing the

Stratigi et al.

locus, or to intergenic regions (such as PCR products 1-4, 7, 9,
and 11) (Fig. 4B). On the basis of this analysis, using random
sequence hexanucleotides for the generation of cDNA and the
subsequent PCR analysis for the PCR products 1-11, we con-
cluded there was extensive transcription throughout the LT/TNF
locus; moreover, these transcripts were up-regulated upon LPS
stimulation of the cells. Intergenic transcripts have been detected
for PCR reactions 1-9, but not for the PCR reactions 10 and 11,
proximal to the Ltb gene.

We then asked whether the transcripts we have detected were
individual short RNA molecules or were part of longer RNA
transcripts. To answer this question, we performed reverse
transcription experiments on total RNA isolated from either
untreated or 1-h LPS-stimulated macrophages, using single pri-
mers mapped on the ends of the transcribed region (genomic
regions mapped on either PCR product 1 or PCR product 9) of
the LT/TNF locus. For the detection of a sense long RNA
transcript, we have used primer 9F (Fig. 44 and SI Appendix, Fig.
S4) to produce cDNA in a reverse transcription reaction with
total RNA as template and then used this single primed cDNA
as template for PCR reactions 1-9 (Fig. 4 C and D). To detect an
antisense long transcript in the locus, we used primer 1R (Fig. 44
and SI Appendix, Fig. S4) to produce cDNA in a reverse tran-
scription reaction with total RNA as template and then used this
single primed cDNA as template for the PCR reactions 1-11
(Fig. 4 C and D). On the basis of the PCR analysis of these
single-oligonucleotide-primed cDNAs, we concluded that there
are two complementary long RNA molecules, with a length of
more than 12.0 kb each, that encompassed the Lta and Tnfa gene
loci, and their expression was up-regulated upon LPS stimula-
tion of the cells (Fig. 4C, Upper, for untreated macrophages and
Fig. 4C, Lower, for 1-h LPS—treated macrophages). We named
these transcripts IncRNA SeT (for LT/TNF locus IncRNA sense
transcript) and IncRNA AseT (for LT/TNF locus IncRNA anti-
sense transcript) (Fig. 4 A and C). We then used the rapid am-
plification of cDNA ends (RACE) approach to characterize the
potential 5'- and 3’-ends of each individual transcript and iden-
tified both ends of each transcript (Fig. 4D and SI Appendix, Fig.
S4). LncRNA SeT had a size of 12,340 bp, and its transcription
start site mapped 8,258 bp upstream from the transcription start
site of the Tnfa gene, whereas its 3’-end mapped between the
Tnfa and Ltb genes. LncRNA AseT had a size of 12,033 bp, its
transcription start site mapped 3,835 bp downstream from the
transcription start site of the Tnfa gene, and its 3’-end mapped
60 bp downstream from the transcription start site of the lncRNA
SeT (Fig. 44). On the basis of additional RACE reactions per-
formed, we have also identified alternative 5’- and 3’-ends for
each transcript, which are presented diagrammatically in S/
Appendix, Fig. S4. It is noteworthy that we were able to detect the
IncRNA AseT in differentiated human monocytes (THP1 cell
line), but not the IncRNA SeT (SI Appendix, Fig. SS5). Although
informative, a more thorough analysis should be performed for
the presence and the transcription start sites of these IncRNAs in
human cell types. Moreover, using biotinylated strand-specific
riboprobes coupled to extensive signal amplification, we were
able to detect each individual SeT and AseT transcript in LPS-
activated macrophages (Fig. 4E). On the basis of our results, we
conclude there are two long cRNA molecules transcribed from
the LT/TNF locus.

LncRNAs SeT and AseT Regulate the Homologous Spatial Proximity
and Biallelic Expression of Tnfa. To further characterize the long
transcripts SeT and AseT, we examined the genomic regions
upstream from the transcription start site of each transcript, using
the Evolutionary Conserved Regions browser, and found them to
be conserved (>70% homology) between mammalian species (Fig.
5A4). To study the chromatin conformation of these conserved
genomic regions, we performed DNase I hypersensitivity assays
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and found them to be hypersensitive in untreated RAW 264.7
murine macrophages, whereas the DNase I hypersensitivity in-
creased upon LPS stimulation of the cells (Fig. 5B). We used
mammalian expression vectors and cloned these genomic regions
upstream of a luciferase reporter gene (SI Appendix, Fig. S6).
Transient transfection of the two individual constructs in RAW
264.7 cells and subsequent LPS stimulation of the cells revealed
that the DNase I hypersensitive site (HSS) 1 upstream from the
transcription start site of the IncRNA SeT showed increased pro-
moter-reporter activity rapidly (30 min) upon LPS stimulation of
the cells, which remained active 3 h after the initial stimulation. In
contrast, HSS9, upstream from the transcription start site of the
IncRNA AseT, showed rapid and transient promoter-reporter ac-
tivity after 30 min of LPS stimulation of the cells (Fig. 5C).

To determine the relative RNA expression levels of the two
IncRNAs, we performed qRT-PCR upon specific primer reverse
transcription and found that the IncRNAs were both expressed
in untreated mouse macrophages and are rapidly up-regulated
upon LPS stimulation of the cells (Fig. 5D). Interestingly, the two
IncRNAs had distinctly different roles in the Tnfa homologous
spatial proximity and allelic expression profile. Silencing of the
IncRNA SeT (SI Appendix, Fig. S7A4), using locked nucleic acid
(LNA) technology, had no effect on the LT/TNF locus homolo-
gous spatial proximity (Fig. 5E) and rendered Tnfa transcription
mainly biallelic (Fig. 5F) upon LPS stimulation of macrophages,
with no apparent effect on Tnfa monoallelic expression (SI Ap-
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IncRNA AseT

IncRNA SeT macrophages stimulated with LPS. Arrows indicate

expected PCR products. Additional bands of lower
molecular weight for PCR reactions 6 and 10: Lta
and Ltb spliced transcripts. Bacterial artificial chro-
mosome DNA was used as a positive control, and no-
DNA reactions as a negative control. (C) Long com-
plementary transcripts are detected on the LT/TNF
locus. PCR reactions harboring the 11 indicated se-
quences in A were performed on cDNA templates
created with single specific-primer reverse tran-
scription of RNA from macrophages (9F: RT primer
for INcRNA SeT; 1R: RT primer for IncRNA AseT).
(D) Rapid amplification of cDNA ends for the 5'- and
3~ ends of the INcRNAs SeT and AseT. From left to
right: INcRNA SeT 5'-RACE performed with the primer
1F and nested primers (control digestion with Ncol
restriction enzyme), INcRNA SeT 3'-RACE performed
with primer 9R and nested primers, INcRNA AseT
5-RACE performed with primer 9R and nested pri-
mers, and IncRNA AseT 3’-RACE performed with
primer 1F and nested primers. NS = nonspecific.
(E) RNA-FISH using strand specific biotinylated
riboprobes for the nascent SeT and AseT IncRNAs.
(Scale bar, 2 pm.)

IncRNA AseT

pendix, Fig. S8). In contrast, LNA-mediated silencing of IncRNA
AseT (SI Appendix, Fig. STB) impaired both LT/TNF locus ho-
mologous spatial proximity and its biallelic expression (Fig. 5 E
and F). Therefore, the specific silencing of each individual of the
two complementary IncRNAs had opposite effects on the ho-
mologous spatial proximity and allelic Tnfa expression profile.

Identification of the Pyruvate Kinase Muscle Isoform 2 Protein with
GA Binding Activity. To unravel the functional mechanism behind
the regulation of homologous spatial proximity of Tnfa alleles
and its effect on the regulation of allelic expression profile of the
Tnfa gene, we have chosen to purify and characterize protein
complexes that mediate such a phenomenon. We thus resorted to
the protein factors that play a major role in transvection. GAF,
a protein encoded by the Trithorax-like (7¥/) gene in Drosophila, is
a transcription factor with DNA binding and transactivation prop-
erties that binds to GAGAG motifs and locally remodels chromatin
to enable enhancer—promoter interactions (40-42). Because there is
no biochemically or functionally characterized mammalian homo-
log of the Drosophila GAF, we performed a series of biochemical
assays to identify a protein factor with similar activity.

We selected (GA), repetitive DNA stretches from the LT/TNF
locus or an oligonucleotide harboring a single GAGAG motif
mapping on the Tnfa gene promoter and performed electro-
phoretic mobility shift assays, using nuclear protein extracts pre-
pared from LPS-stimulated mouse macrophages. We identified
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a specific DNA binding activity, which was dependent on LPS
stimulation of the cells, and reached maximal binding on the Tnfa
promoter oligonucleotide after 30 min of LPS stimulation (Fig. 64).
In accordance with these experiments, we performed Southwestern
blotting experiments and were also able to detect maximal (GA),
oligonucleotide binding of several proteins present in nuclear
protein extracts prepared from 30-min LPS-stimulated macro-
phages (Fig. 6B).

To isolate and characterize the protein or proteins with (GA),
binding activity, we have undertaken a series of approaches. Nu-
clear polyadenylated mRNA from LPS-stimulated macrophages
(for 30 min) was used for the construction of a cDNA library in a
yeast one-hybrid screening, using a sequence of 25 GA nucleotides
as bait (SI Appendix, Fig. S9). In parallel, fractionated nuclear
protein extracts from LPS-stimulated RAW 264.7 macrophages
(Fig. 6 C and D) were used for DNA affinity chromatography
coupled to mass spectrometry. Mouse pyruvate kinase muscle
isozyme 2 (PKM2) was identified by both approaches as a protein
with the ability to bind specifically on GA-repetitive elements (Fig.
6 E and F). On the basis of our results, we suggest that the PKM2
protein binds GA-containing sequences from the Tnfa locus either
directly or indirectly, via its interaction with other protein factors.

Homologous Spatial Proximity Depends on PKM2 and T-Helper-
Inducing POZ-Kriippel-Like Factor Proteins. PKM?2 is a cytoplasmic
protein with a role in glycolysis and was also recently shown to
translocate into the nucleus and directly regulate transcription as
a protein kinase (43-45). Using specific antibodies, we performed
immunostaining experiments and found that PKM?2 protein was
mainly localized in the cytoplasm, but also in the nucleus of mac-
rophages, with a distinct speckled pattern after 30 min of LPS stim-
ulation (Fig. 74 and SI Appendix, Fig. S104). T-helper-inducing POZ-
Kriippel-like factor (ThPOK), in silico predicted to be the GAF
mammalian homolog because of its structural and sequence sim-
ilarity (46), was also tested for its involvement in the Tnfa ho-
mologous spatial proximity. ThPOK protein also displayed a
distinct speckled pattern in the nucleus of macrophages (Fig. 7B).
SiRNA-mediated knock-down of PKM2 (SI Appendix, Fig. S10B)
or ThPOK in LPS-stimulated RAW 264.7 murine macrophages
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resulted in reduced Tnfa mRNA levels (Fig. 7 C and D) and, more
importantly, disrupted the homologous spatial proximity of the
Tnfa alleles, as depicted by DNA FISH analysis, based on the
reduced frequency of cells with a Tnfa allele ND less than 0.1 (Fig.
7E). The reduced Tnfa mRNA levels could be explained by RNA-
DNA FISH experiments, which showed that although the fre-
quency of cells depicting Tnfa monoallelic expression was not
remarkably affected by the knockdown of PKM2 or ThPOK,
the frequency of biallelically expressing cells was greatly reduced
(Fig. 7F). Taken together, these data show that PKM2 and ThPOK
proteins mediate Tnfa homologous spatial proximity, and silencing
either of them disrupts the association and consequently blocks the
switch from mono- to biallelic Thfa expression.

Discussion

Taken together, our data revealed the LPS-induced, transient and
rapidly established homologous spatial proximity of Tnfa alleles
that did not occur to maintain allelic exclusion, as in X chromo-
some inactivation or the Ig loci, but regulates mRNA dose control
through a mono- to biallelic switch in Tnfa gene expression (Fig.
7G). Used as a way of information exchange in trans, Tnfa ho-
mologous spatial proximity ensures the production of maximal
Tnfa mRNA levels necessary for macrophage immune responses.

Although evidence for regional pairing of homologous chro-
mosomes has increased over recent years, it still remains unclear
how the two alleles find each other and what mediates and/or
sustains these associations. It has been speculated to be either a
result of the properties of a larger region of the chromosome or
a result of the specific settings provided by distinct genomic
elements. Homologous pairing has been documented in several
studies, the most prominent of which is the establishment of
monoallelic silencing of the X chromosome. In X inactivation,
the two chromosomes pair and the IncRNA Tsix is transiently
down-regulated to allow the monoallelic expression of the IncRNA
Xist to reach levels sufficient for the coating and silencing of the
inactive X chromosome (12). Pairing was also shown to occur
between the Ig loci. In this case, one of the two alleles under-
goes recombination-dependent cleavage, and the other is hetero-
chromatinized (23). In imprinted loci, it is easier to distinguish
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the two loci, as they are differentially premarked through DNA
methylation. Homologous pairing in the cases of Prader-Willi/
Angelman region in humans or the Kenql cluster has been exten-
sively studied, and in these cases too, the result of the association
was monoallelic expression (24, 25). These examples are associ-
ated with allelic exclusion, and it has been suggested that homol-
ogous pairing is a feature of regions in which one allele is silenced
and monoallelic expression is maintained.

Moreover, homologous pairing has also been associated with
DNA repair of double-strand breaks. Although nonhomologous
end joining is more commonly used in mammals for the repair
of such DNA damage, homologous recombination, which is pre-
dominantly used in yeast, is also found in mammals in the case of
replication-induced breaks (47). It was recently shown that ho-
mologous pairing is not dependent on imprinting or allelic exclu-
sion; in fact, loss of imprinting did not change pairing frequency.
Instead, it was shown that somatic homologous pairing, although
rare, depends on chromosomal position and transcriptional activity
(48). Our data are in line with these findings, as we describe allelic
spatial proximity, which is transient and rapidly established, and
thus independent of imprinting status, and does not occur to
maintain allelic exclusion but, instead, activates the expression of
the Tnfa gene from the second allele as well.

We have also identified two protein factors mediating the ho-
mologous spatial proximity of the two Tnfa alleles: a protein kinase
with transactivation potential and a transcription factor considered
to be the mammalian homolog of the Drosophila GAGA factor.
PKM2, a kinase involved in glycolysis and in cancer metabolism, is
surprisingly capable of functioning as a protein kinase in the nucleus.
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(E) DNA affinity chromatography. Nuclear protein
extracts from mouse macrophages, precleared and
fractionated (fractions 3 and 4), were incubated with
concatamerized biotinylated oligonucleotides im-
100 mobilized on streptavidin magnetic beads. Lanes
1/10: molecular weight marker, 2: first flow-through,
3: GA-bound proteins, 4: wash, 5/6: CA-bound, 7:
second flow-through, 8: GA-bound, 9: input.
Asterisks: bands analyzed. (F) PKM2 has been
identified by mass spectrometry. Shown is the
amino acid sequence of pyruvate kinase muscle
isozyme protein. Green indicates the peptides
identified by MS analysis (underlined: PKM2
specific).
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It has been involved in several phosphorylation and transactivation
events and has been found to bind DNA either directly or indirectly.
It is intriguing, however, how a glycolytic enzyme is able to simul-
taneously function as a protein kinase. Studies of PKM?2 in tumor
cells, where it is predominantly found in its dimeric form, unable to
convert phosphoenolpyruvic acid to pyruvate (49), give a possible
answer to this question. The tetrameric form of PKM2 in the cy-
toplasm interacts with several glycolytic enzymes or oncoproteins,
which are able to promote the conversion of PKM2 to a dimer (50).
In addition, the binding of phosphorylated tyrosine peptides to
PKM?2 decreases its enzymatic activity (43). This was possibly
caused by the exposure of a hydrophobic part of the dimeric pro-
tein, able to bind a protein substrate, in contrast to the tetrameric
form, where this site would be inaccessible (51, 52). Thus, even
without a prominent DNA binding domain, it is possible that LPS
stimulation induces the switch to the dimeric form of PKM2 via
an interaction in the cytoplasm, facilitating PKM2 to bind the
LT/TNF locus, maybe through an interaction with ThPOK. Al-
though a phosphorylation event may be occurring during the
binding of PKM2 to ThPOK, altering the function of the latter
(ThPOK contains tyrosine residues predicted to be phosphorylated
by protein kinases), we have shown that both proteins are func-
tionally necessary for the establishment of Tnfa homologous spatial
proximity, as well as the switch in allelic expression.
Furthermore, we have implicated two long complementary
transcripts, expressed by the LT/TNF locus, in the control of the
switch in allelic expression of the Tnfa gene. The two IncRNAs
involved seem to counteract one another by means of transcript
quantity and localization. In correspondence to the function of
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PKM2 and ThPOK mediate Tnfa homologous spatial proximity and subsequent biallelic gene expression. (A) PKM2 protein subnuclear localization.

(B) ThPOK protein nuclear localization. (Scale bar, 2 pm.) (C) Tnfa mRNA levels in LPS-stimulated macrophages either before or upon siRNA-mediated
knockdown of PKM2. (D) Tnfa mRNA levels in LPS-stimulated macrophages either before or upon siRNA-mediated knockdown of ThPOK. (E) Effect of PKM2
or ThPOK siRNA treatment on Tnfa homologous spatial proximity. Frequencies of cells with allele ND < 0.1, for untreated cells (black), cells treated with siRNA
for PKM2 (red), and siRNA for ThPOK (blue). (n) = 1,958. *Value not detected. (F) Frequencies of cells with monoallelic Tnfa expression for untreated (black),
cells treated with siRNA for PKM2 (red), ThPOK (blue), or scrambled siRNA (gray). (n) = 5,683 cells. *Not detected. (G) Spatial proximity of the Tnfa alleles is
LPS-induced, actin-mediated, and necessary for the biallelic switch in Tnfa expression. The complementary IncRNAs SeT and AseT transcribed from the LT/TNF
locus have diverse effects on the PKM2- and ThPOK-mediated spatial proximity and biallelic Tnfa expression.

the IncRNA Xist in X inactivation, we may suggest that IncRNA
SeT blocks Tnfa transcription from the second allele by coating
the locus after 30 min of LPS stimulation, supported by the fact
that LNA-mediated knock-down of this transcript allowed both
alleles to express Tnfa. In parallel, IncRNA AseT functioned op-
positely by displacing its complementary IncRNA SeT after 1 h of
LPS stimulation (RNA-DNA FISH experiments show IncRNA SeT
to be dispersed around the locus after 30 min of LPS stimulation),
allowing the switch to biallelic expression. LNA-mediated knock-
down of the IncRNA AseT could both disrupt homologous spatial
proximity as well as render Thfa expression monoallelic, possibly by
allowing IncRNA SeT to coat the locus.

Further investigation in the mechanisms involved in the in-
duction and maintenance of TNFoa maximal levels is of great
importance for both basic research and clinical practice. First,
because a mechanism controlling somatic homologous pairing
and allelic expression may be occurring in a wide range of in-
ducible systems, and second, because the identification of ways
to exploit such a mechanism could be used in the future to
study and possibly resolve the deregulation of gene expression
in disease models.

Materials and Methods

Detailed experimental procedures are available in the S/ Appendix.

Cell Treatments. Murine monocyte-derived macrophage RAW264.7 cells were
stimulated with 50 ng/mL LPS (InvivoGen) or 10 ng/mL TNFa (R&D Systems) or
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pretreated with 10 pM Latrunculin A (Sigma) where stated. Knockdown
experiments for PKM2 and ThPOK were performed with the use of 5 nM
Silencer Select siRNAs incubated with siPORT NeoFX Transfection Agent
(Ambion, Applied Biosystems) in OPTI-MEM media (GIBCO) according to
the manufacturer’s instructions. The LT/TNF locus long transcripts were
knocked down using Locked Nucleic Acid oligonucleotides (Exigon). Thio-
glycollate-elicited (Brewer’'s medium, LAB064, Lab M) peritoneal mac-
rophages were harvested from C57BL/6, B6.129P2-Ltb/Tnf/Ltat™PVk/)
(Delta3™"), or Myd88~~ mice, plated overnight, and stimulated with LPS as
described earlier.

RNA-DNA FISH. For DNA FISH experiments, cells were fixed in 4%
paraformaldehyde/1x PBS and permeabilized in 0.5% Triton X-100/1x PBS.
For RNA-DNA FISH, cells were treated with cytoskeletal buffer prior to fix-
ation. Hybridizations of genomic loci and nascent RNA were performed with
bacterial artificial chromosome or ¢cDNA probes labeled with spectrum
orange/green dUTP. Nuclear DNA was stained with ToPro3 (ToPro3 lodide
642/661) and pseudocolored blue.

Imaging Analysis and Statistics. The analyses and measurements of allele dis-
tances and nuclear volumes were performed with the use of the Volocity
software (Improvision, Perkin-Elmer). Statistical analysis for the randomness
of the distance distributions was performed in a pairwise manner, using the
Kolmogorov-Smirnov test.

RACE. The FirstChoice RLM-RACE kit (Invitrogen, AM1700M) was used to

identify the 5'- and 3'- ends of specific capped mRNA molecules from RAW
264.7 macrophages treated with 50 ng/mL LPS for 1 h.
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Protein Identification and Mass Spectrometry. For the isolation of DNA binding
proteins, the Yaneva and Tempst protocol was followed (53). Coomassie-stained
polyacrylamide gel bands were destained, reduced, alkylated, and digested
with trypsin (proteomics grade, Sigma, T6567). The subsequent mass spectro-
metric analysis involved nano-liquid chromatography-MS/MS analysis (54).
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Supplemental Figures and Legends
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Fig. S1. Steady nuclear diameter of macrophages during the course of
LPS stimulation.

(A) Homologous association of Tnfa alleles is not artificially detected due to
changes of the nuclear cell volume upon LPS activation of macrophages. Bars
represent the mean nuclear diameter (in um) of untreated and LPS-stimulated
macrophages used in DNA FISH experiments to measure Tnfa allele distances
with standard deviations of 11 independent experiments. Sample sizes from (n)
= 441 to 1104 cells for each time point.

(B) Bars represent the mean nuclear diameter of cells that were used to
measure the P2rx4 (black bars), Arrb1 (light grey bars) and E4f1 (dark grey
bars) allele distances. Sample sizes (n) = 2022 (for P2rx4), 1176 (for Arrb1) and

1574 (for E411) cells.
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Fig. S2. Spatial proximity of homologous alleles is specific to the LT/TNF
locus.

Spatial proximity of homologous alleles upon LPS stimulation of macrophages
is not detected for loci located upstream the Tnfa gene on the same mouse
chromosome (E4f1-chr. 17) or other chromosomes (P2rx4 - chr.5, Arrb1 -
chr.7). Allele distance distributions are plotted in 10 clusters from 0 to 1, for
each time point of LPS stimulated macrophages. Distances are normalized for

the cell volume of each individual cell, and ND=allele distance/d, where



d=2x(nuclear area/x)*°. ND ranges from 0 to 1 and mean ND is indicated by a
blue triangle.

(A) E4f1 alleles distance distributions. Sample size (n) = 1574 ranging from 133
to 181 cells/timepoint.

(B) P2rx4 alleles distance distributions. Sample size (n) = 2022 ranging from
135 to 223 cells/timepoint.

(C) Arrb1 alleles distance distributions. Sample size (n) = 1176 ranging from 90

to 158 cells/timepoint.
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Fig. S3. Allelic expression profile of E4f1, P2rx4 and Arrb1 genes.

The percentage of expressing cells was plotted for each time point over a time
course of LPS stimulation of RAW 264.7 mouse macrophages — monoallelic
expression (white bars), biallelic expression (grey bars) and no expression
(black bars) is depicted in the graphs.

(A) RNA-DNA FISH analysis of E4f1 expression.

(B) RNA-DNA FISH analysis of P2rx4 expression.

(C) RNA-DNA FISH analysis of Arrb1 expression.
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GCACGTAGAA

AGAGATCCAA
TCTCTAGGTT

CTCGGGAGGC
GAGCCCTCCG

rimer 10F

GCTCCAGAGG
CGAGGTCTCC

CGCTCAGCTG
GCGAGTCGAC

TCCTAGCCTG
AGGATCGGAC

TGCGTCTCTC
ACGCAGAGAG

GAGGACACAG
CTCCTGTGTC

ATTAGCCAAA
TAATCGGTTT

CATTGGCTCA
GTAACCGAGT

GCCCTCACCC
CGGGAGTGGG

TGCTTCCAGG
ACGAAGGTCC

ATCTGCATGG
TAGACGTACC

GCTGCCTCTT
CGACGGAGAA

GCCGCTCTCC
CGGCGAGAGG

AATTTTCAAG
TTAAAAGTTC

TGCCTGCATA
ACGGACGTAT

CAGGCCCAGG
GTCCGGGTCC

TCTGACCTCT
AGACTGGAGA

GGAGCACAGG
CCTCGTGTCC

TCTAGCCTCT
AGATCGGAGA

AATCTAGCCT
TTAGATCGGA

ATGACCATCC
TACTGGTAGG

GTGACTGTTT
CACTGACAAA

CCAGAGGGAA
GGTCTCCCTT

CCCCTTCCTG
GGGGAAGGAC

CATCGTCTTT
GTAGCAGAAA

CCTTGGGGCT
GGAACCCCGA

GGGCACTCTA
CCCGTGAGAT

CTCAGAAAAG
GAGTCTTTTC

CAGAGACTCC
GTCTCTGAGG

CCACATCCCA
GGTGTAGGGT

TGTCTCCAGC
ACAGAGGTCG

auas q17

ACACCAGATC
TGTGGTCTAG

CAGGGGTTCA
GTCCCCAAGT

ACAGCTGCCA
TGTCGACGGT

AAGGGGGAAC
TTCCCCCTTG

CAGAAACTGA
GTCTTTGACT

CCTCAACCCT
GGAGTTGGGA

GAGCTCCCTG
CTCGAGGGAC

CTGCCCACCT
GACGGGTGGA

CATAGGTAAG
GTATCCATTC

CATCTGGTAG
GTAGACCATC

ACCGAAGAGT
TGGCTTCTCA

GCTGGCTATG
CGACCGATAC

TACCCCCACA
ATGGGGGTGT

GTAAGCGAGA
CATTCGCTCT

GTCCTTTGGC
CAGGAAACCG

TCTGCTATGA
AGACGATACT

CACTACTGGT
GTGATGACCA

ACTTTCCCAA
TGAAAGGGTT

CTCCTCCACC
GAGGAGGTGG

ACCAACTTCT
TGGTTGAAGA

CCCTCGGTAT
GGGAGCCATA

GACTGACTGC
CTGACTGACG

TCAGGAAACA
AGTCCTTTGT

GGTAAAAACC
CCATTTTTGG

GGCAGGGATC
CCGTCCCTAG

TCGCCACTTT
AGCGGTGARA

AGTCCCTTCG
TCAGGGAAGC

GGTGATAGAT
CCACTATCTA

AGCACCGTTA
TCGTGGCAAT

TTCCTGCCCC
AAGGACGGGG

TCCCCGCTAA
AGGGGCGATT

GTACCACAGA
CATGGTGTCT

AGGAGGAAGA
TCCTCCTTCT

CCCCGCTCCT
GGGGCGAGGA

CCGCTCCAGG
GGCGAGGTCC

TCCCTGCTCA
AGGGACGAGT

TCCTGCCCGG
AGGACGGGCC

GTCTCCGACC
CAGAGGCTGG

TAGAGATCAC
ATCTCTAGTG

GGCCCGAGCG
CCGGGCTCGC

CTCACGCGTG
GAGTGCGCAC

TCCCTTTCTG
AGGGAAAGAC

CAGGCGCTTG
GTCCGCGAAC

GATGAGTGGG
CTACTCACCC

CAAGGGCTCA
GTTCCCGAGT

GCTGGGAGGC
CGACCCTCCG

GAGCCAAGAA
CTCGGTTCTT

GAAGCGTTTC
CTTCGCAAAG

TGAGGAGCG[
ACTCCTCGCC

GACGGCGTCT
CTGCCGCAGA

CGAAGCCGTG
GCTTCGGCAC

GGGCGAGGTT
CCCGCTCCAA

primer 10R
ATTACCTCTA
TAATGGAGAT

CTCGCTCGCT
GAGCGAGCGA

CCCCCGAGTT
GGGGGCTCAA

CGCGCAGTTC
GCGCGTCAAG

CTGCCACGTC
GACGGTGCAG

CACGCTGCGC
GTGCGACGCG

GCTGCTGGAG
CGACGACCTC

TCCCCCACCC
AGGGGGTGGG

GGGTACAGGG
CCCATGTCCC

AGCGCCCTGT
TCGCGGGACA

GGCGCGGAGA
CCGCGCCTCT

ACGGGCTGGC
TGCCCGACCG

GCAGGACGCC
CGTCCTGCGG

ACCGCGCGGG
TGGCGCGCCC

CAGTCACACC
GTCAGTGTGG

GCTGCCACAG
CGACGGTGTC

CCCTGCCGGC
GGGACGGCCG

GGGCGCCTAC
CCCGCGGATG

TGTTGTGGAC
ACAACACCTG

0T# 12npoud ¥od




3841

3901

3961

4021

4081

4141

4201

4261

4321

4381

4441

4501

4561

4621

4681

4741

4801

4861

4921

4981

5041

5101

CCCATCGGGT
GGGTAGCCCA

CGGAGCGGCG
GCCTCGCCGC

GGGAAGACCT
CCCTTCTGGA

GGATCGACTG
CCTAGCTGAC

GGCCGGGGGC
CCGGCCccea

AGAATGTAAA
TCTTACATTT

ATTCTGGGAC
TAAGACCCTG

CACGTCCTGG
GTGCAGGACC

AGACTTCTGC
TCTGAAGACG

TTGTTAGCAG
AACAATCGTC

TTTTCCTAAT
AAAAGGATTA

GGTGGGAGAA
CCACCCTCTT

CACCCTTGCT
GTGGGAACGA

TTCGTTCCCA
AAGCAAGGGT

TCAGTTCAGT
AGTCAAGTCA

TGGATGTATG
ACCTACATAC

CTATCTATCT
GATAGATAGA

ACTCTCCAGG
TGAGAGGTCC

GGGGCAGCAG
CCCCGTCGTC

TGAAAATGGC
ACTTTTACCG

ACGGGTCGTT
TGCCCAGCAA

AGAGGGTCTA
TCTCCCAGAT

TCTTCGGGGC
AGAAGCCCCG

ACGGTGCGAA
TGCCACGCTT

GTGGCGGGGG
CACCGCcCcCccC

CTATGCCGGC
GATACGGCCG

ACGTGCAGGT
TGCACGTCCA

CTCTAAGGCC
GAGATTCCGG

CAGCACCCTG
GTCGTGGGAC

CTGCGGGTCG
GACGCCCAGC

CCTTATTTCT
GGAATAAAGA

AGAATCCACA
TCTTAGGTGT

CCTGGCTTCT
GGACCGAAGA

GAGAGAAAAA
CTCTCTTTTT

TGGGCCTGAT
ACCCGGACTA

CTCTATCTAT
GAGATAGATA

ATCTATCTAT
TAGATAGATA

GCTGGGGCTA
CGACCCCGAT

GTCAGTCGCA
CAGTCAGCGT

AGGGGTGGGG
TCCCCACCCC

ATGGTACACG
TACCATGTGC

CGTTAACATC
GCAATTGTAG

GGTGATGGTG
CCACTACCAC

TGTGTGAATC
ACACACTTAG

GGGGGGAGAA
CCCCCCTCTT

CCTTGCCAGT
GGAACGGTCA

GTGGCTGACC
CACCGACTGG

AGGGCTCCAA
TCCCGAGGTT

ATTGCCAGGA
TAACGGTCCT

GTCAAAGAAG
CAGTTTCTTC

ATCCTATCTA
TAGGATAGAT

AAGTAGCAAA
TTCATCGTTT

GCCTCTGTGA
CGGAGACACT

CTACAAAGAC
GATGTTTCTG

AGGTTATATG
TCCAATATAC

CTATCTATCT
GATAGATAGA

CTATAGTCCG
GATATCAGGC

AAGGCATGGA
TTCCGTACCT

GGCACGTTAA
CCGTGCAATT

TGGGGGAGGG
ACCCCCTCCC

AGCGTGGGGT
TCGCACCCCA

AGTCACCCCG
TCAGTGGGGC

GGGTGACAGC
CCCACTGTCG

GTGATGTCCG
CACTACAGGC

CGGAATGTAG
GCCTTACATC

GTCTTCACGG
CAGAAGTGCC

CAGCTTTGAA
GTCGAAACTT

GAGGGCGGAA
CTCCCGCCTT

TGCTGAAAGG
ACGACTTTCC

AAACGAAAGG
TTTGCTTTCC

GTGTTAGGGG
CACAATCCCC

GACCTGGTCC
CTGGACCAGG

GGAGGAGCCA
CCTCCTCGGT

TGTGGAACAA
ACACCTTGTT

TATGTAGTAT
ATACATCATA

ATCTATCTAT
TAGATAGATA

GGTCTCATAT
CCAGAGTATA

CCACCACGGG
GGTGGTGCCC

GGGGCAGACT
CCCCGTCTGA

primer HSS9.F

TCGGCGGCCT
AGCCGCCGGA

ACATGGTGGA
TGTACCACCT

CATCTGTATT
GTAGACATAA

GGACCCCGAC
CCTGGGGCTG

GACACGAATT
CTGTGCTTAA

AAATGCAGAC
TTTACGTCTG

CTGTGGACAC
GACACCTGTG

GAAGGGACAA
CTTCCCTGTT

TTAGGGAGGT
AATCCCTCCA

AAAGATATTA
TTTCTATAAT

GTGAAACCAG
CACTTTGGTC

CCACAAGACC
GGTGTTCTGG

ACAGGAGAAG
TGTCCTCTTC

AGCTCCGTGG
TCGAGGCACC

GTATGTAATG
CATACATTAC

CTATCTATCT
GATAGATAGA

ATAGTCCTGG
TATCAGGACC

TTCTGACAGC
AAGACTGTCG

AATGAAGAAA
TTACTTCTTT

GGCGCAGCTC
CCGCGTCGAG

CTACAGGAGA
GATGTCCTCT

CATTCCTGGA
GTAAGGACCT

AGTCCCGAGC
TCAGGGCTCG

TTGAAAATAA
AACTTTTATT,

GTGGTTTTTG
CACCAAAAAC

CTGTTGCACC
GACAACGTGG

TTAAACCCTG
AATTTGGGAC

TGGTTGAGGT
ACCAACTCCA

GACTCACGGA
CTGAGTGCCT

GGCGAGAAAG
CCGCTCTTTC

CCCTCACATA
GGGAGTGTAT

GTAGGCAGGA
CATCCGTCCT

GTTGGGCCCA
CAACCCGGGT

TATGTATGGA
ATACATACCT

ATCTATCTAT
TAGATAGATA

GTCACCTGGA
CAGTGGACCT

CCTTCTTTAA
GGAAGAAATT

GCAAAGGAGC
CGTTTCCTCG

GATTGTGTCC
CTAACACAGG

GAGGAGGAGG
Crccrcctcc

AGTTCCAGGA
TCAAGGTCCT

GGAAGCCGAT
CCTTCGGCTA

GCCCTGGGGT
CGGGACCCCA

CCTTTCTAGA
GGAAAGATCT

AATGGAATGT
TTACCTTACA

CTTCACCTTT
GAAGTGGAAA

GGTTCACACA
CCAAGTGTGT

AAGTTGGGCA
TTCAACCCGT

AGTGGGAGGC
TCACCCTCCG

CCCTACGATG
GGGATGCTAC

AGTAACAGCA
TCATTGTCGT

GCccceeeceee
CGGGGGGGGG

CCCCACGCCA
GGGGTGCGGT

auas q17

6SSH




5161

5221

5281

5341

5401

5461

5521

5581

5641

5701

5761

5821

5881

5941

6001

6061

6121

6181

6241

6301

6361

TGGCTGGAGG
ACCGACCTCC

AGGCAGAGGG
TCCGTCTCCC

GGACCCAGGC
CCTGGGTCCG

ACTATCTAGG
TGATAGATCC

TCACCCCAGT
AGTGGGGTCA

GGGTCACCCC
CCCAGTGGGG

TACCCCCCAC
ATGGGGGGTG

CCCACCCCAG
GGGTGGGGTC

CATACCACGT
GTATGGTGCA

GGTTGGTTTT
CCAACCAAAA

TCCCTCTCTA
AGGGAGAGAT

CACGGGTGCA
GTGCCCACGT

GGAAGGCCCA
CCTTCCGGGT

ACCAACAAAG
TGGTTGTTTC

AGCCCACTGG
TCGGGTGAQC

TCTCTTCTCT
AGAGAAGAGA

AAAAGATTTA
TTTTCTAAAT

GAGGGAGTCA
CTCCCTCAGT

AACTCAGGAC
TTGAGTCCTG

CTTCTCTTCT
GAAGAGAAGA

CTTCTCTTCT
GAAGAGAAGA

CTCCTCTCCT
GAGGAGAGGA

TCTTTCCCTT

AG!}AAGGGAA AAAGAGGAGG AGGAGGGGGA GGAGGGGGAG GAGAAGGAGG AGAAGAAGGA

primer HSS9.R

TCTCTTCTCT
AGAGAAGAGA

TTTATTTATT
AAATAAATAA

GAAGACTTGT
CTTCTGAACA

CTTTGGAAGA
GAAACCTTCT

CTTCTCTTCT
GAAGAGAAGA

CTTCTCTTCT
GAAGAGAAGA

TTCCCTTCCC
AAGGGAAGGG

TTTCTCCTCC

TCTCTTCTCT
AGAGAAGAGA

ATATGCAAGT
TATACGTTCA

TACGGATAGT
ATGCCTATCA

GCAGTTGGTG
CGTCAACCAC

CTTCTCTTCT
GAAGAGAAGA

CTTCTCTTCT
GAAGAGAAGA

TTCCCTTCCT
AAGGGAAGGA

TCCTCCCCCT

GGTTTCATTT
CCAAAGTAAA

TCTCTTCTCT
AGAGAAGAGA

ACACTGTAGC
TGTGACATCG

TGTGAGCCAC
ACACTCGGTG

CTCTTAACCA
GAGAATTGGT

CTTCTCTTCT
GAAGAGAAGA

CTCCTCTCCT
GAGGAGAGGA

TTCCTCTTCT
AAGGAGAAGA

CCTCCCCCTC

TCTCTTCTCT
AGAGAAGAGA

TCTCTTCTCT
AGAGAAGAGA

TGTCTTCAGA
ACAGAAGTCT

AATGTGGTTC
TTACACCAAG

CTGAGCCATC
GACTCGGTAG

CTTCTCTTCT
GAAGAGAAGA

CTCCTCTCCT
GAGGAGAGGA

TTTCTCTGTT
AAAGAGACAA

CTCTTCCTCC

TCTCTTCTCT
AGAGAAGAGA

TCTCTTTTTT
AGAGAAAAAA

CACTCCAGAA
GTGAGGTCTT

CTGGGATTTG
GACCCTAAAC

TCTCCAGCCT
AGAGGTCGGA

CTTCTCTTCT
GAAGAGAAGA

CTCCTCTCCT
GAGGAGAGGA

CTTTCTTCCT
GAAAGAAGGA

TCTTCTTCCT

6SSH

“alternative 3’-SeT transcript

TCTCTTCCTC TCTCTCCTCT TCCTTCTCCC ACTGACCT

l 5’-ASeT tra nscriit |

AGAGAAGGAG AGAGAGGAG!} AGGAAGAGGG TGACTGGAAC TTCGGGAGTT GTTAAATGGA

rimer 9F

3’-SeT transcript

CGYGGATGGA GGCTTCACAA CCCTAATTTT CGTACCGATG TGTGGGTGAG GAATACACGA

rimer

neste

AACCTGGAAG ACGTGTCTCG GAAGGTCACC CCACTCTCCC ACT|GGTTAAA ACCGATTTCA

irimer 9R

GATCAGTCCG AAGTCTTAGA AGATATGGAT CAGTAACGGA AGGAACATTT TGGATCAAAA

GCACTTTTCG GGGTAAGTCA GCCAAATCGT TCGAGGGAGA GGATCTGACC TAGTGGGAGT

CAGTAGGGCA CGTCGGGGAC TCCACTACAG ACGAGTGGAC CGGACAGAGT TGTCCGCAGA

ACAGACTAGA CAAATCTGTT TCAGGGGGAT GGGGCCTAAA AAGAAAGGAG AATCAGTAAA

CGGTAGGGGG ATTGCGGGTG GGACGACCCC GAGAATTCTG GGTGAACGAG AGTAACTTGT

GAGATGTTGT TCAGAGACGT GGTTATTGAT TAAGACTTAT TTCAGCCGGA ACGGACGAAG

TCGTTCATGA TAACTTATTG TTGTTGTTAT TTAATAATAA TAATAATAAT AATAATAATA

10
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6421

6481

6541

6601

6661

6721

6781

6841

6901

6961

7021

7081

7141

7201

7261

7321

7381

7441

7501

7561

7621

7681
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7741

7801

7861

7921

7981

8041

8101

8161

8221

8281

8341

8401

8461

8521

8581

8641

8701

8761

8821

8881

8941

9001
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9061

9121

9181

9241

9301

9361

9421

9481

9541

9601

9661

9721

9781

9841

9901

9961

10021

10081

10141

10201

10261

10321

ATGTCAAGGA GAAACGGGGT GGGGTGGGGG GTCGAAACAC AAAAAGAAGA AGTAAGTAAG

TAGACAGGTT GGGTGCCGAA GAAAGACGCC ACGGGAGACA CGAACTAGAG GGCAATAGAG

GGGAAGTAGA AGGAGGAATA GAGAGTACGG AGAGAGTAAA GACAGAGACT CAAAATAGAG

AACGAATAGG GGAGAAGGGG ACCGGTGTAG AAAGGTCTAG AGAGGTGCAC ACTTGTGTGA

ACAAGCAAGT AAGTAGAGAG ACACGTAGGC TGCTTCCTAC AAATCAGTCG ACCTGCGTAC

CCAGGCTCCA GGACTGAGAC AGGGGAGGTG TGAGAGGAGG TGGAACGGGA CGGGTAATCG

GGTGAAGAAA GGGAGTGTGA CAGGAAGAAC GGGAGGATTG GGCAAAACGA ACACTCGCTC

TTATTCCCAA CGGGTCTGTG AGTGGAGTAG GGAAACCCCT GGCTAGTGGG GCTTCAAGTC

rimer 8F

ATCTGTCTTC TCGCACCACC GGGGACGGTG TTCGTCCTTA CTCTTCTCCG ACTCTGTATC

8# 10npoud Ydd

GACCT TCGGGGGGTA GAAAACCCCC TCACGGAGAA GACGGTCAAG

CGTGGCGGAC CT

—

GTGCAGCGCC TAGTACGAAA GACACGAGTA CCACAGAAAA GACCTCCCTC TACACCGCGG

AACCCGGTCA CTCACTTTCC CTGTCTTGGA CGGACCAACC GACGAACGAA AAGACCCTCG

auas nfuy

ATAAAGGTTC TACAAGACCT CAAAGACAAG AGGGAGGACC GATCAGGGAA CGACAGGAGC

GACTCCCTCG AAGACGACCG ACCGACACGT CTGCCGGCGG AAATATCGGG AACCCCTTCT

CCCGCCCCTT TTCGAGAGTA AGTTGGGAGC CTTTTGAAGG AACCACCTCT TTTGGTACTA

GAGTACACCT CCTTCGCCAT CACCGGGATG TGGAGACAGA GCCAAAGAAG AGGTAGCGCC

CCCGTCTCCC AAACCTTTCA ACCCCTGTGG GTCCGTAGTT CCTTAGAGGA GGGGCAGCAG

GGGTGGTCCT AAGACACCGT TAGACCCCGG TTAGTCCTCC CACACACACA CACACACACA

CACACACACA CACACACACA CAACATATCC TGGGACTCTT GACTTTGGGT AAAGAAGAGA

CAGGAGGTCT CGATTAGTAA CAGACAAAGA AACATCTTTC TGGTACGGAC ACAGATAAAG

GAAAACTAAA GATTTACCCT GTAGGTACCC CCTCTTGAAT CGTACCCCCC CACGAAGACT

TTCGACCCAC GTATTCCCCC CTCTGTACTA TAACTCCTCC CTTTCGGGGG ACAAACTCAA
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10381

10441
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10861
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11101

11161
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11341
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CCTICTTCGCC TGTGGTCTCT CAGGGACCCT GTCTTCTCTC ACCTCTCCTG AGATCCTGAG

o

ACTCAATCGA TCCGGTGGGG TCGTGGGGGT TAGAGAACGA CGGAGTGGAC CCGGGGATCT

CCGTCCCGGT CGTCGTCGGG GTCCTCCTTC TGTCCTCCCC ACGGTTCGTG GGAGTTCTCC

ACCTCTGCCG |GCTCGTCACA GTACACCTCT TGGACGACTC TCTCTCTCTC TCTCACACAC

TGGGACTCTC TGTCCCGCTG TCTGTCTTTT CCCCTGTCCG TCCCCTTGGG ACTTCACTCG

TCCCTATTCC TCTCTGTCTC CCCTTCTCCT TTCGAGGTGG TATCTTAGTC TGTTACCGAT

EGICTCCCGTCRTCTCTCTCTITBICTCTCTCTCRTCTCTCTCTCRTCTCTCCCTCRTCTCTCTCTC
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12961
ACGGACTATG GTCCCATTCG GGTTCCTCTG TCCCATCCTC TCCGAGTGGA CGACACGCCC

13021
CAGGACCCGC GACCGCGAGC CCAGGGAAAT ATCTCCTTCG CCGTCACACC GTCCGTCGCC

13081
CGCCCAAGAT CCAGCCCCGA CCCCGAACCC CTTCGGGGGT CCCGAATCTT CTACGACGAC
rimer 5F

13141

AAAGTCAGCT TCCGTCCTTT CCGACCCCGG ATCCTCTCTT GGCGTCCGAT

auas n37

13201
GATGACGCAA GACCCTTTCC CTCAGCCCAG GCCCCTTGAC ACCCGGCGTC CCTGATCGTC

13261
CCTCGACCCA GTCCGGGTCC TCAAGGTCAC TTGCCGGCTC GTTAAGCACC TCTCCCALGT
rimer

13321
CGACCCGACA CTGACCTTCG GACCAAGGGA CTTCTCACTA CCAAATATAG TGAAGACGTG

13381
GGAACTGACG AGTGTCCGAA GAGACGTGTA AAGGGAGAGA CAGCTAGTAC CAGTACAGAC

13441
CTCCCGAGGC TTCGGTGTAC ACCAATCGCC GTGGAAACAA AAAAGTCCAA GCTTGGGTCC

13501
CGAGACCTAC GAACTGTACG GACGGCGGGG AAGTCCGGAT AAAGGAGAGA ACAGAAACCC

13561
CCAAGTTCAG TGTCAATAAG GTTATATAGA CATAAAAGAC CAGTAGACGG TCAAAAAAAA

13621
AAAAAAAAAA AAAAAAAAAC GAAAAAAGCT CTGTCCCAAA GAGACACATC GGGACCGACA

13681
GGACTTTGAG TGAGACATCT GGTCCGACCG GATCTTGAGT CTTTAGGCGG ACGGAGACGG

G# 3onpoud Ydd

13741
AGGGTTCACG ACCCTAATTT CCACACACGG TGGTGACGGG TCGAAAAAAA AAAAAAAGAC

13801
GGTCAAAGTA GACGGTCAAA GTACAGTTCT TCAAGGTAAT GTCACGGGAG AGGGGTTTAG

13861

ACCCCGTAGG ACCACACATT GTTAGAATITG ACACAGGGGA ATGAGAGACC TCGCCGTCAA

13921
GAGTTGGACA CCCGTTCCAG GGAAACCGTT TGGAGATAAA TTTTGTTTAT AAATGTAATA

13981
CTAAGTATTA TCGTCGCTTT AATGTCAATA CTTTATCGTT GCTTTTATTA ACATACCAAC

14041
CCCAGTGGTG TTGTACTCCT TGACATAATT TCCCAGTACC TCAATCCTTC CAACTCTTGG

14101
GACAGGATCT TACAAGGTCC AGACCTTCTA CTAAACCCCC ATAAGAGAAT CTTGGGGTTC

14161
TAGTACATTG GGGTTTACAT GTGGGGTCCG AAGGTTACGA GACATGTCTC CCTCGAAGTC
rimer 4R

14221

TTAAGATGTG TCCACTTCCG TCAAAAAACA AACAAACAAA CAAACAAAAA GCTCTGTCCC

¥# 19npoud Ydd




14281
AAAGAGACAT ATCGGGACCG ACAGGACCTT GAGTGAAACA TCTGGTCCGA CCGGGGTTTG

14341
AGTCTTTAGG CAGACGGAGA CGGAGGGTTC ACGACCCTAA TTTCCACACA CGATGGTGAC

14401
GGGTTGTTTC CTGTAGACTC GTCACGAAGA GATAACCTTC CGGACCCTGT GTCGAGTCCA
rimer 3F

14461
TCGACGAACG TCCGTACACA CTCGGGGACT CAGGTAGGGG TGTAAGGGTC GTCAGTGTAA

14521
CTACTAAAGA CAGAATTCTG TTTTAAAATT TTATAACAAA ACTCCTAACC TCTTTACCGA

14581

ATCCCAAGAC TCGTGATCTA CAAGAAGGTC TCCTGGTCAC AATTAAGGGT CGTAGACGTA

14641

CAACCGAATA ATGTAGACAG GAACGTCAAA CACCCCTACA CTGTAGGAGA AGACCGGAAA

14701

CGTCCGTGAT ATGAGTTTAC CACGACTCTG TATGTACGTC CGTTTTTAGG ATATGTGTGT

14761

CGTCTTGTAA ATTTTTGTAT AGATAAATAC ACTCATGTAT GTTCACGGTG TCCGGTGTAC
rimer 3R

|

14821
ACCTCCAGTC TCATGTCGAG AAAAAAAAGA ATTATATATT AAGTAAAAAT AAAGTACATT

14881

TAACCACAAA ACGGACGAAC ATACGGACAT ACTCCTACAG TCGAGAGGAC CTTGTCCTCA

14941

ATATCTGTCA ACATTCGACG ACATACCCAA GACCCTTGAC TTGAGTCCGG TAATCCATTT

15001

CGGTCATTCG TGGAAACGGG TGACTCGGTA GAACGACCGG GTTGAAGGAA GAGAAAGAAA

15061

GAAAGAAAGA AAGAAAGAAA GAAAGAAAGA AAGAAAGAAA GAAAGGAAGG AAGGAAGGAA

15121

GGAAGGAAGG AAGGAAGGAA GGAAGGGGGG GGGGAGAGAA AGAAAAACAA AAAGTTCTGT

15181
CCCAAAGAGA CACATCGGGA CCAACAGGAC CTTGAGTGAA AAATCTGGTC CGACCGGAAC

15241

TTTGAGTCTT TAGGCGGACG GAGACGGAGG GTTCACGACC CTAATTTCCG TATGTGGTGG

15301
TAACGGACCG AGAAAAAGAA GAATAATAAT AATAATAGTT TCACAAACTA AAAAAAAGTT

15361
TTAAATGAGA AATTTCAATA AAATAATAAT ATAAAATATA TAATGAATAT GTGTGTATAT

15421

15481
CGGGACCTTG AGTTATACAC GTAGTCCTAC CGGAACTTGA GTGTCTTTAG TGGATGAAGT

15541
TGGAAGGTTC ACGACCCTAA TTACCACACA CGTGGCTTAC AGTAGGTAGA TAGTTCGAAA

17
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15601

15661

15721

15781

15841

15901

15961

16021

16081

16141

16201

16261

16321

16381

16441

16501

16561

16621

16681

16741

16801

16861

GAATATGTTG GGTCCTAGGG GACACGTCTC CTGCCACGGT GAGTACCACC AGAACCCGGA

GGATGTAGTT AATTGTGGGG GGGAGGGGCG GAGGGTTTGT GTATGTCGGA CCCGTTAGGG

TCCTATGAGG ACTACCGACA ATCCAACCAG ATCAAAGACA GACTCTTTGT GACTCATCCT

TTGAGGACAA GCCTTGGTCA AAAGAGAGTC GAACATTCAA TGTCGAGAGT TTTTCGTTTC
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GAGTCCGGGT TTGTTAACTC TCCCTTCTCT TCGTCCAGGA CAGACGAGTC GAGAGTACTG

CGAGACTAAC CGTCAGGAAG GAGGAGGAAC CCTACCCCGT CCTGGGATGT CCTACTCCGG
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CGTTATGATA ATCCAGTACC TTTTTTTCCT CCTAAGATCA GAGGTCCTGG GACCAACCTT

TTCTCCTTAA GGTCAAAGCT ACCGAACGGA E!CCCCTTCT ACACCCATCC TGGCTTCCGA

rimer 2R

CCTTTCCGTG TCTTCACGAA GAAGAGTGCA GAATCCGACA GTGAGTAAGA CTTCACAGGT

CGATGAGTCC GGGGTAGGAA GTCCCTACAC TCGACACTTG AGCCATCAAG AGTAGGTCAG
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GTTCTCTATT TAGGAACTGA AACCCCTAGA GTTCAAATCA CCTCACACTA GCTCAAAGTA

CTGGAACCGT TCCGTCAGGA GTCCTTTAGG CACCTTGGAC CCCCGTAAAT ATCACCTCTA

TTCTTTACAT CTCTCGACCT GTAACCACCG CGTACGGAAA TTAGGGTCGT GAACCCTCCG

TCTCCGTCCG CCTAAAGACT CAAGCTCCGG TCGACCAGAT GTCTCACTCA AGGTCCTGTC

GGTCTCGATA TGTCTCTTTG GGACAGAGTT TTTTGGTTTT GGTTTTTGTT GTTGTTTTTT

TTTTTTTTTC TCTCTTTCTT TCTTTCTTTC TTTCTTTCCT TCCTTCCTTC TTTCCTTCTC
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16921 AGGTAGGGAA GAACAATATG TACTGICTGC CTGAGAGAGA GCCCTCCTGG TCTGAGGTGT

TCCATCCCTT CTTGTTATAC ATGACAGACG GACTCTCTCT CGGGAGGACC AGACTCCACA

16981 GCATCTGGGT ACATATAGAA TAAGCAGAAG AARAGACTGTG GTAAGCAGAG AACACACCCC

17041

17101

rimer 1F rimer 1F nested
17161

ATTTAGAGTA TGATTATTTC TATCTCTCGG TGGTTGTTTC AAATGTATTT TCTTTCTGGG

17221
TGAATGTGCA ATTACAATAT TTTACCTCAG AAATTCGTTC TACTTCTTAG TCTCCTTCCA
rimer 1R

T#10npoud ydod

17281

AGACTCCAGT GGTACCTCTG GTCACTTCTC GTAAAATGTT ACTGGGTCTT TCTCGGGTAC
3’-ASeT transcript

17341

_TGTTCTCGGA CGTAGGACCC CTCTTACCCT TCCTCTTTCA S;GAAGTTCCG TCTTGGATGT

) . Alternative 5’-SeT transcript

17401

CGTAACCACC GACGGGTCTA CATTACCTCC TTCCTTTGCG TATTTGTGGA GAAAGTCCCG

17461

ATCTCCTACG TCAAGTTAAC CGTGTACGGA CGGATCGTAC GTCTTTCAGA ACTCAAGATA

17521

GGGACCGTGG TCCATTTGAT CCACACCTAC GTACGATATT GGGATTGTAA CCCCTTTATT

17581

TCAGTCTTTC TAGTCCTCCA CAAGTTCCAG GATAAATCGA TGTCCCTAAT GTGCCTTGTG

17641

AAACAGTTTT GTTTGTTTGT TGCTTCAGGA CATTAAAGAG CAGATATAGT ACGGTATCAA

17701

GAAAACCGGA AACCGTCTTG ACCGGTACCC TGGGTGTCGG ACTCGTCCGA TTCGTCCGAG

17761

AGAAGTGACT CAAGAGAGTC TGTCTTAAAT TAAGACAGTA ACACAGTAGA AACCGAGGAA

17821

AAGAAACAAG GAGAAAGAGA CCCTCAGAAA TACGAAGGAC AACGAAAACA GAGAATTGAC

17881

TACCATCGGC TCTGCGACCG ATTCGACATA ATTTTACTTT TAACCGTCTC TCTCTCCGTC

17941

TCTCTCTGTIC TCTCTGCCTC TGICTICTTTC TGICTCTGIC TCTGICTCTIC TCTGICTTTC
Alternative 3’-ASeT transcri

18001 GGACCTG GAGGGGCAGA
TCTCTGTCTC TCTCCTAATC TAAACTCAGT CTCGTCTTCC GACCCTGGAC CTCCCCGTCT

rimer HSS1.F

18061 GGAAAGGAGA GGGTGCATAA GGGGATGATG GAGACAGACG AAGGAAGGGT AAGCCTTGGC
CCTTTCCTCT CCCACGTATT CCCCTACTAC CTCTIGTCTGC TTLCTTCCCA TTCGGAACCG

5’-SeT transcript

18121 | TAAGCTGTGT CACGGGAGCT GGCAGCACGC TGGCGGATAT GCCTTGCCAT GGGCCAATTT
ATTCGACACA GTGCCCTCGA CCGTCGTGCG ACCGCCTATA CGGAACGGTA CCCGGTTAAA

TSSH

19




18181

18241

18301

18361

18421

18481

18541

18601

18661

18721

18781

18841

18901

18961

19021

19081

19141

19201

19261

19321

19381

19441

TGGTTTCAAT
ACCAAAGTTA

CTCAGTTTTA
GAGTCAAAAT

GAGGTTGTGT
CTCCAACACA

GAAATTCAGT
CTTTAAGTCA

TTCTCTCTTG
AAGAGAGAAC

GGGAGGCCAA
CCCTCCGGTT

CAGCTGTCTG
GTCGACAGAC

GGACTTTCCC
CCTGAAAGGG

CGGGGGGGAG
GCCCCCCCTC

GGCTGATGAC
CCGACTACTG

TAGGAGTCTT
ATCCTCAGAA

GTGCATCGTC
CACGTAGCAG

TATAACCACT
ATATTGGTGA

CTCAGGAAGG
GAGTCCTTCC

GCCACAGAAA
CGGTGTCTTT

GCTCCGGAGC
CGAGGCCTCG

CTGCAAACCA
GACGTTTGGT

GGCTGAACTG
CCGACTTGAC

ACAGTAGTCA
TGTCATCAGT
primer HSS1.F
AACCTTCACC
TTGGAAGTGG

GACTCTCAAA
CTGAGAGTTT

ACTGACCCCA
TGACTGGGGT

TGGACATTGT
ACCTGTAACA

CAACCAGGAA
GTTGGTCCTT

CCTAAGAGTA
GGATTCTCAT

ACATCAAAGA
TGTAGTTTCT

AGGGACCATC
TCCCTGGTAG

TAACAAGGCA
ATTGTTCCGT

TGTGACTCTC
ACACTGAGAG

AGGGAGGAAG
TCCCTCCTTC

ACTTGAAGAG
TGAACTTCTC

AAAGTATCTC
TTTCATAGAG

TTCAACTGTG
AAGTTGACAC

GAACAGGGTG
CTTGTCCCAC

GCCAGCCTGG
CGGTCGGACC

GAAACAGGGG
CTTTGTCCCC

GGCAGGAAAA
CCGTCCTTTT

AAGACTACTG
TTCTGATGAC

CAAATCACAA
GTTTAGTGTT

TAAACTCCTT
ATTTGAGGAA

AACAAAGCAT
TTGTTTCGTA

CCTACCTCAC
GGATGGAGTG

GTTTGTTCAA
CAAACAAGTT

AATCCTTTAC
TTAGGAAATG

GCAGGGATGT
CGTCCCTACA

CCCAGCATCG
GGGTCGTAGC

GGGTGGCGTG
CCCACCGCAC

AGCAAGGGTA
TCGTTCCCAT

CCAGGGATGC
GGTCCCTACG

GTCAGATGCA
CAGTCTACGT

CATTTTATTC
GTAAAATAAG

ATCTTTCCGG
TAGAAAGGCC

GAGGAGGGAT
CTCCTCCCTA

TCTACAAGGT
AGATGTTCCA

TCTGGGTGAT
AGACCCACTA

GCCAAATGTG
CGGTTTACAC

TGAGTCTCTG
ACTCAGAGAC

TTCAAACGTA
AAGTTTGCAT

CCTGTGAAAC
GGACACTTTG

GATACTAGAT
CTATGATCTA

CGCACCCTCC
GCGTGGGAGG

GGCAGGAAGT
CCGTCCTTCA

TCTTAGGGAT
AGAATCCCTA

GTCTTAGAGA
CAGAATCTCT

CCATAAAATA
GGTATTTTAT

GGGAGTGGAA
CCCTCACCTT

GCACTGAAGA
CGTGACTTCT

TGATGGACAG
ACTACCTGTC

GTGGGAGAGG
CACCCTCTCC

AACTGTGATC
TTGACACTAG

TTCAAGTGGG
AAGTTCACCC

GGTGGTGATT
CCACCACTAA

GGCTCCCTGG
CCGAGGGACC

GGAGCTGGAT
CCTCGACCTA

CTGCTTTGGG
GACGAAACCC

TTTTTTTAGC
AAAAAAATCG

ACCTCAAATC
TGGAGTTTAG

AGCTTACCCT
TCGAATGGGA

GGAACTTCTA
CCTTGAAGAT

AACAGCTTTT
TTGTCGAAAA

ATACTGTGGC
TATGACACCG

CATGTTCCAG
GTACAAGGTC

TAGAGCACTT
ATCTCGTGAA

AAATGAATCT
TTTACTTAGA

GAGAATACTC
CTCTTATGAG

AAAGGCCCAG
TTTCCGGGTC

CAAGAAACTG
GTTCTTTGAC

AAGGCAGGGC
TTCCGTCCCG

TTTTGGAAGA
AAAACCTTCT

ACCTTTTGGA
TGGAAAACCT

GGGAGGCAGG
CCCTCCGTCC

TCTATGCTGC
AGATACGACG

GGGAGCTAAG
CCCTCGATTC

TACATGAGAT
ATGTACTCTA
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CTCAGATTTT
GAGTCTAAAA

TAAGCACATA
ATTCGTGTAT

GTCTCTGGTG
CAGAGACCAC

CCTGAGCCAG
GGACTCGGTC

AATACATGTT
TTATGTACAA

ACAAAGTTGA
TGTTTCAACT

CCAGGCCAGA
GGTCCGGTCT

GCCTAGCGTG
CGGATCGCAC

GTAAAACAGT
CATTTTGTCA

TTGGATACAG
AACCTATGTC

GTGACAGATA
CACTGTCTAT

AACTTGACCA
TTGAACTGGT

CAGACCATGT
GTCTGGTACA

CACAAAGTAT
GTGTTTCATA

AGGTGTGAGT
TCCACACTCA

TGGATCTTTG
ACCTAGAAAC

CTTGCAGAAG
GAACGTCTTC

GTAGGGTCCT
CATCCCAGGA

CTAAATCCAC
GATTTAGGTG

ACCCAAGTTT
TGGGTTCAAA

CCCCTCAAAG
GGGGAGTTTC

TTATCCAGCT
AATAGGTCGA

AAATTAGAGC
TTTAATCTCG

TACTGAGTAC
ATGACTCATG

GCCAAAGAAT
CGGTTTCTTA

TGGAAAAGAC
ACCTTTTCTG

AGTGAGACCC
TCACTCTGGG

CCTACAGGGA
GGATGTCCCT

CACTCAGTAA
GTGAGTCATT

GGTAGGGAGG
CCATCCCTCC

CATCAGAGAC
GTAGTCTCTG

GAGAAGACAC
CTCTTCTGTG

CGACATTTTA
GCTGTAAAAT

GTGTGTGATA
CACACACTAT

TGAGTCTGAA
ACTCAGACTT

AACAAGAGGA
TTGTTCTCCT

TAGGTAGGTG
ATCCATCCAC

TCTCAAGAGT
AGAGTTCTCA

TSSH




19501

19561

19621

19681

19741

19801

19861

19921

19981

Nucleotide #20000= mm9/35.349.095

TGTTAAGTCT
ACAATTCAGA

GGTCCAGAGT
CCAGGTCTCA

GACGCCCTCT
CTGCGGGAGA

AATCTTGGGG
TTAGAACCCC

AGTTCAATTC
TCAAGTTAAG

ATATACATAA
TATATGTATT

AGAGAGAGAG
TCTCTCTCTC

ATGGGGTTAG
TACCCCAATC

TGGACCACGG
ACCTGGTGCC

GGGGCTGGAG
CCCCGACCTC

TCAAATCCCA
AGTTTAGGGT

TCTGGTGTGT
AGACCACACA

CCAGAGCAAG
GGTCTCGTTC

CCAGCAACCA
GGTCGTTGGT

AATAAATAAA
TTATTTATTT

AGAGAGAGAG
TCTCTCTCTC

AGGGAAACAA
TCCCTTTGTT

GGCCTGTTAG
CCGGACAATC

AGATGGCTCA
TCTACCGAGT

GCACCCACAT
CGTGGGTGTA

CTAAAGACAG
GATTTCTGTC

CGGGCCTGAG
GCCCGGACTC

CATGATGGCT
GTACTACCGA

TAAATCTTAT
ATTTAGAATA

AGAGTTGTTA
TCTCAACAAT

GGAGCTGCCA
CCTCGACGGT

20000
20000

GCAGGAAAGA
CGTCCTTTCT

GGTGGCTCAC
CCACCGAGTG

CTACACTGTA
GATGTGACAT

TGAGTGGGGC
ACTCACCCCG

CACAACCATC
GTGTTGGTAG

TAAGAGAGAG
ATTCTCTCTC

AGTCTGAAGC
TCAGACTTCG

GCATAATGGT
CGTATTACCA
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GCACTGACTG
CGTGACTGAC

AACCATTCGT
TTGGTAAGCA

CTTACATATA
GAATGTATAT

CAAAGTGAGC
GTTTCACTCG

TGTACAGCTA
ACATGTCGAT

AGAGAGAGAG
TCTCTCTCTC

CATTCAGGTT
GTAAGTCCAA

GGCCTGGGAT
CCGGACCCTA

(mouse chromosome 17)

CTCTTCCGAA
GAGAAGGCTT

AATGAGATCT
TTACTCTAGA

ATATTAAATA
TATAATTTAT

AGAAGTCCTG
TCTTCAGGAC

CAGTGTACTC
GTCACATGAG

AGAGAGAGAG
TCTCTCTCTC

CACAGGCAAG
GTGTCCGTTC

GTAAAAGCCC
CATTTTCGGG



Fig. S4. The LT/TNF locus sequence.

The double-stranded DNA sequence harboring the Tnfa gene is presented
(mm9, chr. 17: 35.329.096 - 35.349.095). The sequence of the primers used for
the identification of the two IncRNA transcripts (in red), the anticipated PCR
products (blue frames), the Ltb, Tnfa and Lta genes — from the transcription
start site to the last nucleotide of the 3° UTR — (blue, arrows show the direction
of gene transcription), DNAse | hypersensitive sites HSS9 and HSS1 (red
frames), the sequence of INcCRNA Set (yellow) and IncRNA ASet (green), as well
as their transcription start sites and alternative 5’ and 3’ ends are indicated on

the sequence.
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Fig. S5. Expression of SeT/ASeT in human macrophages.

Human THP-1 monocytes, differentiated into macrophages (50ng/ml PMA for
24h), stimulated with LPS were used for the detection of the IncRNAs SeT and
ASeT. Specific primer — reverse transcription (primers shown with arrows 1 and
5) was performed and PCR products 2-3 (A), 4-5 (B), 6-7 (C) and no RT,
negative PCR and positive (human BAC) controls are shown. Black arrows

point to the PCR bands of the expected size.
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ﬁl

121
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GATTGTGTCC
CTAACACAGG

HiNF-A
AATGGAATGT
TTACCTTACA
STAT5

AP1
AGTAACAGCA
TCATTGTCGT

ARP1
GAGGAGGAGG
CTCCTCCTCC

CTTCACCTTT
GAAGTGGAAA

GCccceeceece
CGGGGGGGGG

AGTTCCAGGA GGAAGCCGAT
TCAAGGTCCT CCTTCGGCTA

RAR
RXRa
GGTTCACACA
CCAAGTGTGT
Tbx2

CCCCACGCCA
GGGGTGCGGT

AAGTTGGGCA
TTCAACCCGT
CEBP

HNF-1
TGGCTGGAGG
ACCGACCTCC

RXR
GCCCTGGGGT
CGGGACCCCA

AP2a
AGTGGGAGGC
TCACCCTCCG

RXR
AGGCAGAGGG
TCCGTCTCCC

CCTTTCTAGA
GGAAAGATCT

BACH1
BACH2
CCCTACGATG

GGGATGCTAC!

c-Fos
c-Jun

GGACCCAGGC
CCTGGGTCCG

CREBP1
GATA1/3RORA1/2 CREB
ACTATCTAGG TCACCCCAGT
TGATAGATCC AGTGGGGTCA

GATA3

NFAT
GGTTGGTTTT TCCCTCTCTA
CCAACCAAAA AGGGAGAGAT

NFAT

BACH2 Sp1 GATA1
GGGTCACCCC TACCCCCCAC CCCACCCCAG

CCCAGTGGGG ATGGGGGGTG GGGTGGGGTC

TCF1

USF c-Ets1 CEBP LEF]
CACGGGTGCA GGAAGGCCCA ACCAACAAAG

GTGCCCACGT CCTTCCGGGT TGGTTGHEE?

MYCMAX
CATACCACGT

GTATGGTGCA

MYCMAX

USF
AGCCCACTG
TCGGGTGAC

c-Jun ARNT
AP1

c-Ets2
1 CAGACGAAGG AAGGGTAAGC CTTGGCTAAG
GTCTGCTTCC TTCCCATTCG GAACCGATTC

STRA13
CTGTGTCACG GGAGCTGGCA
GACACAGTGC CCTCGACCGT

61

121

181

241

GGATATGCCT
CCTATACGGA

TTCAGTTTCT
AAGTCAAAGA

GCN4
GATGACTAGG
CTACTGATCC

NF-AT
CGGAGCCTGC
GCCTCGGACG

CTF1 ZEC
TGCCATGGGC CAATTTTGGT
ACGGTACCCG GTTAAAACCA

NFkB
CTCTTGGGGA
GAGAACCCCT

HES1
AGTCTTGTGC
TCAGAACACG

AAACCAGGCT

GGCCAACAGC
CCGGTTGTCG

ATCGTCTATA
TAGCAGATAT

GAACTGACAG

GR HOXA9

HOXA7
TTCAATCTCA
AAGTTAGAGT

GATA1

Zeste
NFkB
TGTCTGGGAC
ACAGACCCTG

GTTTTAGAGG
CAAAATCTCC

NFkB
TTTCCCCGGG
AAAGGGGCCC

c-Ets1
ACCACTCTCA GGAAGGGCCA
TGGTGAGAGT CCTTCCCGGT

TAGTC

TTTGGTCCGA CTTGACTGTC

ATCAG

RXR/RAR

GCACGCTGGC
CGTGCGACCG

Tbx2
TTGTGTGAAA
AACACACTTT

MAZ
GGGGAGGGCT
CCCCTCCCGA

CAGAAAGCTC
GTCTTTCGAG

Fig. S6. DNAse | hypersensitive sites.

The DNA sequence conservation of the LT/TNF locus is presented (ECR
browser). The conserved regions with DNAse | hypersensitivity HSS9 (299bp)
and HSS1 (275bp) were selected and cloned for luciferase assays. Specific

DNA binding motifs of transcription factors are shown on the sequence, as

provided by the rVista (red) and PATCH (blue) tools.
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A mock LNA treated-IncRNA SeT
DAPI SeT RNA merged DAPI SeT RNA merged

B mock LNA treated-IncRNA ASeT
DAPI ASeT RNA merged DAPI ASeT RNA merged

LPS

Fig. S7. LNA-mediated knock-down of IncRNAs SeT and ASeT.

LPS

0

>

RNA FISH experiments utilizing strand-specific biotinylated riboprobes coupled

to tyramide signal amplification were performed in Raw264.7 macrophages
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stimulated with LPS (Oh, 30min, 1h and 3h), upon the transient transfection of
specific LNA probes for 24 hours. Representative images of single z-sections of
RNA FISH analysis using confocal microscopy are shown. Scale bar 5 um.
DNA was counterstained with ToPro3.

(A) RNA FISH analysis of INcRNA SeT expression upon LNA-mediated knock-
down of SeT transcript.

(B) RNA FISH analysis of IncRNA ASeT expression upon LNA-mediated knock-

down of ASeT transcript.
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Fig. S8. Effect of the LNA-mediated silencing of IncRNAs SeT or AseT on
Tnfa mono-allelic expression.

Percentage of cells with mono-allelic Thfa expression are plotted over time of
LPS stimulation of macrophages, for untreated (white bars), cells treated with
LNA for IncRNA SeT (black bars) and LNA for IncRNA AseT (grey bars). *= not

detected.
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B TTCAATCCAAGTTCCCATGCACGTACCAGATTACGCTCATATGAACATGGAGGCCAG
TGAATTCCACCCAAGCAGTGGTATCAACGCAGATTGGCCATTATCGTGCTCACCAAG
TCTGGCAGGAGTGCTCACCAAGTGGCCAGGTACCGCCCTCGGGCTCCTATCATTGCC
GTGACTCGAAATCCCCAGACTGCTCGCCAGGCCCATCTGTACCGTGGCATCTTCCCT
GTGCTGTGTAAGGATGCCGTGCTGAATGCCTGGGCTGAGGATGTCGACCTTCGTGTA
AACTTGGCCATGGATGTTGGCAAGGCCCGAGGCTTCTTCAAGAAGGGAGATGTGGTC
ATTGTGCTGACCGGGTGGCGCCCTGGCTCTGGATTCACCAACACCATGCGTGTAGTG
CCTGTACCTTGATGGCCCTCTGGAGCCCCTCTTCTAGCCCCTGTCCCTTCCCCTCCC
CTATCCTTTCCATTAGGCCAGCAACGCTTGTAGTGCTCACTCTGGGCCATAGTGTGG
CGCTGGTGGGCTGGGACACCAGGGAAAATTAATGCCTCTAAAACATGCAATAGAGAC
CAGCTATTATTCAGGGCCCTACCTGAGCCAGGGGTGGAGGAGGAATGCAGGACTGGA
AACCCTGACTTTATCACAGAAGGGCGGCAGTATCTCTGGGCTTTGCTTCTGTAGAAA
GTTGTCAGAATTCCAGCCCTACCTGGAGTCAGGAGACAGCAAAAGATAGGGGCTGAA
GGTGTGGGGCCCAAGGTCCAGTGTANATGACGACTTCTGGCCTGGCCTGACTGCTTT
CCAACACTTTGGCCTCCCACTCTGTNACTCCACTTCTGTCCTGCAACATCCATCTCA
CTTGTATCTGCAANTCTCCAGCCGTTGTAAGTGCCACTGAATGTCATAAACACTGAC
CCCGAAAAAAAAAAAAAAAA

Fig. S9. Yeast one hybrid library screening.

(A) The image presents the co-transformation of competent yeast cells with a
high-complexity cDNA library expressing fusions of nuclear proteins from
Raw264.7 upon LPS stimulation, with the Gal4 AD, together with the pHIS-GA
repeat plasmid. Colonies with the ability to express the His3 reporter were
selected for PCR and sequence confirmation.

(B) Mus musculus pyruvate kinase muscle isoform 2 (PKM2) mRNA sequence
as indicated by BLAST nucleotide alignment of the yeast one hybrid clone.
Genbank clone: BC094663.1 (1-2185). Cloned mRNA sequence: polyA

transcript (1312-2185, bold letters).
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Fig. S10. PKM2 protein is detected both in the cytoplasm and the nucleus
of LPS-stimulated mouse macrophages.

(A) Detection of PKM2 protein mainly in the cytoplasm [cells w/o cytoskeletal
buffer (CSK) treatment] and the nucleus (CSK-treated cells) of untreated and
LPS-stimulated macrophages. From left to right, ToPro3 lodide 642/661 (blue),
a-PKM2 (green), merged image.

(B) PKM2 protein detection prior and upon siRNA-mediated knock down. Scale

bar 2um.
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Supplemental Experimental Procedures

Cell culture and treatments

The murine monocyte-derived macrophage cell line RAW 264.7 and the
embryonic stem cell line, CGR8 were cultured under 5% CO, at 37°C, in
Dulbecco's Modified Eagle's Medium (ATCC, Cat No0.30-2002 or GIBCO,
Cat.N0.41966) supplemented with 10% fetal bovine serum (Biosera,
FB1001/500), penicillin and streptomycin (Sigma, P4333 or Biosera LM, A4118)
at Sug/mL each. Macrophages were stimulated with  50ng/ml
Lipopolysaccharide (LPS) (EB Ultrapure, Invivogen, O111:B4), or 10ng/ml
TNFo (recombinant murine TNFoa, R&D Systems, Cat No0.410-MT). Actin
polymerization was blocked with the pretreatment of cells with 10uM Latrunculin
A (LTA, Sigma, L5163) for 1 hour prior to LPS stimulation.

PKM2 and ThPOK mRNAs were knocked-down with the use of 5nM siRNAs
(Silencer® Select siRNAs, Ambion, Applied Biosystems), incubated with
siPORT NeoFX Transfection Agent (Ambion, Applied Biosystems, AM4510) in
OPTI-MEM media (GIBCO Cat N0.31985-062) and then introduced to the cells
(3x104 cells/24-well) for 48 hours (for mRNA) or 72 hours (for protein) at 37°C.
The siRNAs used were: PKM2 — s71680, ThPOK — s76338, Scrambled —
Silencer® Select Negative control #1 Cat. No. 4390843.

Knock-down of the LT/TNF locus long transcripts was achieved with the use of
two Locked Nucleic Acid (LNA) oligonucleotides (HPLC, Exiqon, Product No.
500150):

LNA oligonucleotide SeT: 5-GTCTTTATGCTTCCTGTTG-3’

LNA oligonucleotide AseT: 5-ATGTATTGAGGTGGGTGGA-3’
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Negative control: 5’-GTGTAACACGTCTATACGCCCA-3' (5-FAM/ miRCURY

LNA Inhibitor Control, Exigon, Product No. 199004-04).

Antibodies
Rabbit anti-mouse ThPOK: Abcam, ab20985
Rabbit anti-mouse PKM2 (D78A4) XP: Cell Signaling, Cat.No.4053

Goat anti-rabbit IgG, 488: Alexa Fluor, Molecular probes, A11008

cDNA synthesis

For quantitative mRNA expression analysis, 10% of the synthesized cDNA was
used (2ug total RNA), using the SYBR Green PCR Master mix (Applied
Biosystems, Cat.N0.4309155) according to the manufacturer’s instructions.
QPCR was performed in an Opticon 2 DNA Engine (MJ Research) and the
results were normalized over Hprt1 mRNA levels. The primers used for mRNA
quantitation were:

Tnfa.F: 5-GAAGAGCGTGGTGGCCC-3

Tnfa.R: 5-CTCCAGGCGGTGCCTATGT-3

Hprt1.F: 5-GTCCCAGCGTCGTGATTAGC-3’

Hprt1.R: 5-TTCCAAATCCTCGGCATAATG-3’

DNA Fluorescence in situ hybridization (DNA-FISH)

Probe preparation: DNA FISH probes were constructed with the use of the Nick
Translation kit (Roche, Applied Science, Cat.No.11 745 808 910) supplemented

with Spectrum Orange/Green dUTP (Abbott Molecular, 02N33-050/02N32-050).

The reaction was prepared with 2ug BAC according to the kit's manual. The

31



probe was purified through a QIAquick PCR purification column (QIAGEN,
Cat.No.28104 or Invitrogen, Purelink PCR purification kit, K31001) and stored at
-20°C until use. The murine BAC clones (BACPAC Resources Centre, CHORI)
that were used for the preparation of DNA-FISH probes were the following: LT
locus (chr.17): RP23-446-C22, E4f1 (chr.17): RP24-162018, P2rx4 (chr.5):
RP24-228I1, Arrb1 (chr.7): RP23-10216.

Cell preparation: Cells were seeded on sterile glass coverslips, and stimulated
with LPS or TNFa for the desired time. Cells were then fixed with 4% PFA
(paraformaldehyde 16% aqueous solution, EM Grade, Electron Microscopy
Sciences, Cat.N0.30525-89-4) in 1xPBS, permeabilized with 0.5% Triton X-100
in 1xPBS and incubated in 20% glycerol in 1xPBS. After three freeze-thaw
cycles in liquid nitrogen, the cells were incubated in 0,1N HCI for 5 minutes. The
cells were finally rinsed in 2xSSC (for 20xSSC: 3M NaCl, 0.3M Sodium citrate)
and stored in 70% ethanol at 4°C.

Hybridization: 100ng from each DNA probe and 1ug mouse COT-1 DNA
(Invitrogen, Cat.No.18440-016) were lyophilized. The pellet was resuspended in
5ul de-ionized formamide (Ambion, AM9342). DNA was then denatured and 5Sul
2x hybridization buffer (4xSSC, 20% Dextran sulfate, 50mM Sodium
Phosphate) were added. The cells were dehydrated with 4 washes of
increasing ethanol concentrations (70%, 80%, 95%, 100%). The coverslips
were air-dried and then incubated with denaturation buffer (70% de-ionized
formamide, 2xSSC, pH7, pre-warmed at 73°C) at 73°C for 5 minutes. The cells
were then dehydrated in increasing concentrations of ice-cold ethanol. The
probe was then placed on a glass microscope slide and the coverslip with the

cells was flipped on top, sealed and incubated at 37°C for 16 hours in a
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humidified hybridization chamber. The coverslips were washed three times with
2xSSC and nuclear DNA was counterstained with ToPro3 in 1:8000 dilution in
2xSSC (ToPro3 lodide 642/661, Molecular Probes, T3605) for 1 minute at room
temperature. The coverslips were then mounted in ProLong Gold anti-fade

reagent supplemented with DAPI (Invitrogen, Molecular Probes, P-36931).

RNA-DNA FISH

Probe preparation: RNA FISH probes were constructed as for DNA FISH
probes with the use of Tnfa cDNA cloned in a pCR® 2.1 plasmid vector.

Cell preparation: For RNA-DNA FISH, after the cells were washed with ice-cold
1xPBS, they were incubated in Cytoskeletal buffer (CSK buffer: 100mM NaCl,
300mM Sucrose, 3mM MgCl,, 10mM PIPES, 0.5% Triton X-100, 1mM EGTA,
2mM Vanadyl Ribonucleoside Complex) for 5 minutes on ice. Then, they were
fixed with 4% PFA in 1xPBS, washed three times with 70% ethanol and stored
at -20°C until use. For RNase A treatment, the cells were incubated with
100ug/ml RNase A for 30 minutes.

Hybridization: 100ng from each probe and 1ug mouse COT-1 DNA along with
20ug yeast tRNA (Ribonucleic acid, transfer from baker's yeast, SIGMA,

R5636) were used as above.

Riboprobes — RNA FISH with indirectly labeled probes

RNA probes were used for the allele-specific hybridization experiments of the
LT/TNF locus long RNA transcripts. Probes were prepared with in vitro

transcription of PCR products spanning the T7 promoter on the 5’end. The PCR
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products specific for each long RNA transcript were amplified with the following
primers:

INcRNA#1.F: 5-GAGAGCCACCAACAAAGTTTAC-3’

INcRNA#1.R: 5-TCTCCATCATCCCCTTATGCACC’3’

INcRNA#9.F: 5-TATTGGTGTTGGGATCAAATC-3

INcRNA#9.R: 5-GCTCTGCCTTTCGGTCAC-3’

The IncRNA#1 and #9 riboprobes (920 and 340bp respectively) were prepared
with the Biotin RNA labeling mix (Roche, Cat. No. 11685597910) and were then
precipitated with LiCl. The cells were prepared as for the direct RNA-DNA FISH
experiments and hybridized with the riboprobes. The Tyramide Signal
Amplification System (TSA Biotin System, Perkin Elmer, NEL700A001KT) was
used to amplify the signals. Briefly, after hybridization, the coverslips were
washed with 2xSSC in 50% formamide, 2xSSC, 1xSSC, 0.5xSSC, 0.2xSSC
and 0.1xSSC, the blocked with TNB buffer for 30min and incubated with
Streptavidin-HRP (1/200 in TNB) for 30min at RT. After 3 washes with TNT
buffer, the coverslips were incubated with biotinyl-tyramide (1/50 in amplification
buffer) for 8min, washed with TNT and stained with Streptavidin-488 (1/400 in
TNB) for 30min. The cells were then counter-stained with ToPro3 diluted in TNT

and mounted in ProLong Gold antifade reagent with DAPI.

Confocal microscopy

Fluorescently-labeled probes and proteins were visualized with the use of a
Zeiss-Biorad confocal microscope (Axioskop2 Plus) equipped with a Laser
Scanning System (Radiance 2100, BioRad) with 3 lasers (Argon, He-Ne, Red

lode) through the Lasersharp-2000 software.
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Nuclear protein extracts

Nuclear extracts were prepared from macrophage cells washed twice in ice-cold
1xPBS. The pellet was resuspended in 5 cell pellet volumes of Buffer A (10mM
Hepes pH7.9, 1.5mM MgCl;, 10mM KCI, 5mM NaF, 1mM DTT, 1mM PMSF)
and incubated on ice for 10 minutes. 0.1% NP-40 was added and the cells were
vortexed and centrifuged at 4000rpm, for 1.5 minutes at 4°C. The pellet (nuclei)
was washed with Buffer A and upon resuspension, Buffer C (20mM Hepes
pH7.9, 25% Glycerol, 420mM NaCl, 1.5mM MgCl,, 0.2mM EDTA, 1mM DTT,
1mM PMSF and 5mM NaF) was added. The extracted nuclei were left on ice for
30 minutes and then centrifuged at 14000rpm for 15 minutes at 4°C. For DNA
affinity chromatography, the extracts were also dialyzed twice against 50

volumes of the DNA binding buffer.

Electrophoretic Mobility Shift Assay (EMSA)

The oligonucleotide sequences that were used to create double stranded
oligonucleotides were as follows:

GA repeat: 5- GAGAGAGAGAGAGAGAGAGAGAGAG -3

GA single: 5- GGTGGTGCATGAGAGGCCCACAGTC -3’

GA mutant: 5- GGTGGTGCATACACAGCCCACAGTC -3

200ng of double-stranded oligonucleotides (Microchemistry laboratory, IMBB,
FORTH) were end-labeled with T4 polynucleotide kinase (New England
Biolabs) and [y-32P] ATP and then purified with a G-50 column. The binding
reactions were carried out in a binding buffer (80mM KCI, 10mM Hepes pH7.9,

5mM MgCl,, 10% Glycerol, 0.1% NP-40, 50uM ZnCl;, 1mM DTT, 1mM PMSF)
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containing 3ug macrophage nuclear protein extracts and end-labeled
oligonucleotide (60-100x10°cpm). After a 20 minute incubation on ice the
reactions were analyzed in a 6% (39:1) polyacrylamide:bis-acrylamide gel at

120-150V. The gel was dried and exposed on a film.

SouthWestern blotting

Protein samples were separated on a 10% SDS-polyacrylamide gel and
transferred on a nitrocellulose membrane (Protran, Whatman) for 16 hours at
50mA (21-25V) at 4°C. The membrane was incubated with 25ml
Blocking/Renaturation buffer (25mM Hepes pH7.5, 50mM KCI, 6.25mM MgCly,
10% Gilycerol, 0.1% NP-40, 1mM DTT and 1mM PMSF) for 10 minutes and
then another 25ml Blocking/Renaturation buffer were added, this time with 3%
non-fat milk for 8 hours. The membrane was then washed with 25ml
Binding/Washing buffer (12.5mM Hepes pH7.5, 50mM KCI, 6.25mM MgCly,
10% Glycerol, 0.05% NP-40, 1mM DTT and 1mM PMSF) for 5 minutes. The
membrane was sealed in a plastic bag with hybridization buffer containing
~20x10° cpm end-labeled oligonucleotide and 60ug Salmon Sperm DNA in 3ml
Binding/Washing buffer for 16 hours at room temperature. Subsequently the
membrane was washed 3 times with Binding/Washing buffer for 15 minutes

each and exposed on a film.

DNA affinity Chromatography

Binding of biotinylated oligonucleotide on beads: Oligonucleotides were bound
on washed beads (200ng biotinylated oligonucleotide with 20ul beads in 5mM

Tris-HCI pH7.5, 0.5mM EDTA, 1M NaCl) for >10 minutes according to the
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manufacturer’'s  protocol (Dynabeads M-280 Streptavidin, Invitrogen,
Cat.No0.112.05D).

Pre-clearing of Nuclear Extracts (NEs) with beads: Per 100ug of nuclear
extracts 100ng/ul poly(dl:dC) was used in 1xBiotin-Binding buffer (80mM KCI,
10mM Hepes pH7.9, 5mM MgCl,, 10% Glycerol, 50uM ZnClz, 0.05% NP-40,
1mM DTT, 1mM PMSF, 5mM NaF). 20ul beads per sample were added and left
rotating for 1 hour at 4°C.

Binding of NEs to biotinylated-oligonucleotides: Either beads bound to
oligonucleotide or beads alone were incubated with the protein extracts for 20
minutes at room temperature. The beads were washed (Washing buffer: 80mM
KCI, 20mM Hepes pH7.9, 5mM MgCl,, 50uM ZnCl,, 0.05% NP-40, 1mM DTT,
1mM PMSF, 5mM NaF) three times, with the first wash containing 100ng/ul
poly(dl:dC).

Untreated and stimulated (50ng/ml LPS for 30min) RAW 264.7 murine
macrophages (2x10° cells/condition) were lysed in 10mM Tris-HCI pH8.0,
10mM NaCl, 8mM MgCl,, homogenized with a Dounce pestle B in hypotonic
buffer (20mM Tris-HCI pH7.5, 20mM KCI, 1.5mM MgCl,, 0.2mM EDTA, 25%
glycerol), nuclear extracts were prepared in a high salt buffer (20mM Tris-HCI
pH7.5, 1.2M KCI, 1.5mM MgCl,, 0.2mM EDTA, 25% glycerol) and dialyzed
against 20mM HEPES-KOH pH7.9, 0.2mM EDTA, 0.5mM DTT, 0.01% NP-40,
10% glycerol and 0.75-1M NaCl. The extracts were fractionated in a P11
phosphocellulose column with 0.1M, 0.3M, 0.5M and 0.85M NaCl stepwise
elution and the presence of the desired DNA binding activity was analyzed by

EMSA as described.
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Concatamers of DNA binding sites were generated by a self-priming PCR
method using two direct repeats of complementary single-stranded
oligonucleotides. The oligonucleotides used were the biotinylated 30nt GA-
repeat and its complementary 30nt CT-repeat. 460ng of each oligonucleotide
were used in a PCR reaction, which produced double-stranded GA/CT repeat
concatamers of 5-10kb in length. The nuclear extracts were then incubated with
1mg concatamerized DNA bound to magnetic M280 streptavidin beads, in the
presence of the competitor DNA oligo(dl:dC) and poly(dl:dC) at 0.1 mg/mL

each.

Protein detection and Mass Spectrometry

Protein samples were separated on 8-10% polyacrylamide gels and either
stained by Coomassie G250 Colloidal blue (Fluka, Cat No0.27815), or silver
stained. For protein identification and characterization, Coomassie-stained gel
bands were destained, reduced, alkylated and digested with trypsin (Proteomics

grade, Sigma, T6567).

nanoLC- MS/MS analysis

Briefly, the analysis performed on an EASY-nLC system (Proxeon, software
version 2.7.6 #1) coupled on-line with an LTQ-Orbitrap XL ETD (Thermo
Scientific, Bremen Germany) through a nanoES ion source (Proxeon). Data
were acquired with the Xcalibur software (LTQ Tune 2.5.5 sp1, Thermo
Scientific). The mass spectrometer was calibrated with a standard ESI positive
ion calibration solution of caffeine (Sigma), L-methionyl-arginyol-

phenylalanylalanine acetate H,O (MRFA, Research Plus) and perfluoroalkyl
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triazine (Ultramark 1621, Alfa Aesar). Samples were reconstituted in 0.5%
formic acid (FA) and the tryptic peptide mixture was separated on a reversed
phase column [Reprosil Pur C18 AQ, particle size 3um, pore size 120A (Dr.
Maisch), fused silica emitters, 100mm long, 75um internal diameter, (Proxeon)]
packed in-house using a pressurized (35-40bars of Helium) packing bomb
(Loader kit SP035, Proxeon). The nanoLC flow rate was 300nl min™. The LC
mobile phase consisted of 0.5% FA in water (A) and 0.5% FA in acetonitrile (B).
A multi-step gradient was employed, from 5% to 16% B in 7 minutes, to 35% B
in 33 minutes, and to 85% B in 10 minutes. After holding the gradient at 85% B
for 5 minutes, the mobile phase was re-equilibrated at initial gradient conditions.
The MS was operated with a spray voltage of 2300V, a capillary voltage of 35V,
a tube lens voltage of 140V and a capillary temperature of 180°C. A survey
scan was acquired in the range of m/z 400-2000 with an AGC MS target value
of 10° (resolving power 60,000 at m/z 400). The ten most intense precursor ions
from each MS scan were subjected to collision-induced dissociation (CID,
isolation width 3Da, normalized collision energy 35%, activation q 0.25, and
activation time 30ms) in the ion trap. Each scan included one microscan with a

maximum injection time of 200 ms and an AGC MSn target value of 2x10%,

Data analysis of MS/MS derived data

The MS raw data were loaded in Proteome Discoverer 1.3.0.339 (Thermo
Scientific) and run using Mascot 2.3.01 (Matrix Science) and Sequest (Thermo
Scientific) search algorithms against the Mouse theoretical proteome [UniProt
Knowledge Database, June 2013] containing 73,921 entries (1). A list of

common contaminants was included in the database (2). For protein
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identification, the following search parameters were used: precursor error
tolerance 10 ppm, fragment ion tolerance 0.8 Da, trypsin full specificity,
maximum number of missed cleavages 3, methionine oxidation, aspartic and
glutamic acid methylation, asparagine’s deamidation as variable modifications,
and cysteine alkylation as a fixed modification. Peptides were assigned correct
if they matched the following criteria: Mascot ion score >25, Sequest XCorr

>2.5.

Yeast One Hybrid Screening

The Matchmaker One-Hybrid System (Clontech laboratories, Inc,
Cat.N0.630304) was used according to the manufacturer’s protocol. Briefly, a
GA-repeat DNA sequence was cloned upstream of the His3 reporter in pHIS2.1
and a high-complexity cDNA library, which expressed fusions of nuclear
proteins from RAW 264.7 upon LPS-induction, with the Gal4 AD, was
generated. After co-transformation of competent yeast cells with the cDNA
library, as well as the pHIS-GA plasmid, expression from the His3 reporter was
detected only in colonies that were able to grow on minimal medium that lacked
histidine and contained 3-AT. PCR and sequence analysis were used to identify
and confirm the positive clones. The library was constructed twice and the

results were repeated and verified by PCR and DNA sequencing.

DNase | Hypersensitivity mapping

Murine macrophages (100x10° cells) stimulated with 50ng/ml LPS for 30min,
were incubated in Lysis buffer (60mM Tris pH7.9, 50% glycerol, 100mM KCL,

5mM MgClz, 0.05% saponin, 200mM B-mercaptoethanol) for 10 minutes on ice.
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After a 15 minute-centrifugation at 1300g at 4°C, the resulting nuclei were
washed once with 1.5ml buffer A and finally resuspended in 4ml Buffer A
(50mM Tris pH7.9, 100mM NaCl, 3mM MgCl;, 1mM DTT and 0.2mM PMSF).
Aliquots of 180ul nuclei were dispensed in a series of DNase | two-fold dilutions
(initial concentration 1 kunitz unit/ul, SIGMA D5052), incubated for 20 minutes
at 37°C and the reactions were terminated by adding 16.6ul 0,5M EDTA and
vortexing for three cycles. Samples were then treated with 12ul RNase A
(QIAGEN Cat.N0.1007885, 10mg/ml in TE) for 30 minutes at 37°C and 40ul
Proteinase K (MERCK Cat.No.1.24568.0100, 0.2mg/ml in 50mM Tris/100mM
NaCl) were added, as well as 100ul SDS buffer (20mM Tris pH7.9, 70mM
EDTA pH8, 100mM NaCl, 2% SDS) and incubated for 16 hours at 50°C.

DNA was extracted and precipitated. Samples were then resuspended in 200ul
TE at 55°C for 16 hours, were digested with Pst/ and then separated on a 0.8%
agarose gel in 0.5xTBE. DNase | hypersensitive sites were distinguished on
Southern blots (Amersham Hybond N nylon membrane, GE Healthcare, Life
Sciences) by radio-labeled DNA probes, prepared using random priming-PCR
amplification of the template with [a-*?P] dCTP (Stratagene, Prime-it I| Random
Primer Labeling kit, Agilent Technologies, Cat.N0.300385). Probe design is

indicated in Figure 5.

Luciferase assays

RAW 264.7 cells were co-transfected with the pCMV-LacZ vector as well as
with either the pGL3-basic vector, pGL3-basic/HSS-1 or pGL3-basic/HSS-9
constructs, using Lipofectamine 2000 (Invitrogen, Cat.No.11668-019),

according to the manufacturer’s instructions. The cells were stimulated with LPS
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24 hours upon transfection and resuspended in 200ul 0.25M Tris pH7.8. After 3
sonication pulses, 20ul of the cell suspension was supplemented with 20ul
luciferin (PROMEGA, E1601) and luciferase activity was measured in a
Luminometer (TD-20/20, Turner Designs). The transfection efficiency was
calculated by using the g-galactosidase gene activity as an internal control. The
cell suspension was supplemented with o-nitrophenyl-p-D-galactopyranoside
(ONPG, SIGMA, N1127) in lacZ buffer and p-galactosidase activity was
measured at 420nm in a Photometer (DigiScan 400, ASYS HITECH GMBH).
The cloned promoter sequences were generated using the following primers:
HSS1.F: 5-CAGACGAAGGAAGGGTAAGC-3’

HSS1.R: 5-GACTACTGTCAGTTCAGCCTGG-3

HSS9.F: 5-GATTGTGTCCGAGGAGGAGG-3’

HSS9.R: 5-CAGTGGGCTCTTTGTTGGTTG-3’

Rapid Amplification of cDNA Ends (RACE)

The FirstChoice RLM-RACE kit (Invitrogen, AM1700M) was used to identify the
5- and 3-ends of specific capped mRNA molecules from RAW 264.7
macrophages treated with 50ng/ml LPS for 1 hour. Briefly, total RNA was
treated with Calf Intestine Alkaline Phosphatase to remove the free 5'-
phosphates from non-capped molecules. The sample was then treated with
Tobacco Acid Pyrophosphatase to uncap the mRNA molecules, which were
then ligated to a 45nt RNA adapter with the use of T4 RNA ligase. A random-
primed reverse transcription reaction followed and nested PCR amplified the 5'-
end of the specific transcript, using an adapter-specific and a gene-specific

nested primer. For the 3’-RACE, an oligo(dT)-adapter was used to synthesize
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the first cDNA strand from total RNA and then the gene of interest was amplified
by PCR using an adapter-specific and a gene-specific primer.
5-RACE was performed using the following primers:
INcRNA SeT: #1.F: 5-GAGAGCCACCAACAAAGTTTAC-3’
#1Nested.F: 5-AAAGACCCACTTACACGTTAATG-3’
INcRNA AseT: #9.R: 5-TCACCCTCTCACCCCACTG-3’

#9Nested.R: 5-GTCCAAAGCACATAAGGAGTG

3’-RACE was performed using the following primers:

INcRNA SeT: #9.R: 5-TCACCCTCTCACCCCACTG-3’
#9Nested.R: 5-GTCCAAAGCACATAAGGAGTG-3’

INcRNA AseT: #1.F: 5-GAGAGCCACCAACAAAGTTTAC-3’

#1Nested.F: 5-AAAGACCCACTTACACGTTAATG-3’

The sequences of the primers used for PCR amplification of regions 1 to 11 (as
indicated in Figure 4A) are the following:

1.F: 5-GAGAGCCACCAACAAAGTTTAC - 3’

1.R: 5-TTCCTCTGATTCTTCATCTTGC - 3’

2.F: 5-GGGAAGGGCAATACTATTAGGT -3’

2.R: 5- AAGGCAAGCCATCGAAACTG - 3’

3.F: 5-TGAGTCCATCCCCACATTCC -3’

3.R: 5-TAAATGTTCTGCTGTGTGTATAGG - ¥

4.F. 5-ACTGTGTCCCCTTACTCTCTG-3

4.R: 5-CAGAGCATTGGAAGCCTGG-3%

5.F: 5-GGGCTTAGACTACTGCGTTC -3’
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5.R: 5-ACCCTCTCCACGAATTGCTC -3’

6.F: 5- GAAGCGGACACCAGAGAGTC -3

6.R: 5-GCCGTCTCCACCTCTTGAG -3

7.F. 5-GCTTGAGAGTTGGGAAGTGTG -3

7.R:  5- AGGAGAAGGCTTGTGAGGTC - 3’

8.F: 5-GAAGAGCGTGGTGGCCC -3’

8.R: 5-CTCCAGGCGGTGCCTATGT -3

9.F: 5-CCTACCTCCGAAGTGTTGG -3

9.R: 5-TCACCCTCTCACCCCACTG -3

10.F: 5- CCAGATCCAGGGGTTCAAC - 3

10.R: 5- CGCTCCTCAGAAACGCTTC -3

11.F: 5- AGAAGAGGGAGTCAGATCTCG - 3

11.R: 5- CTGCAACGCTTTAATAGAGTCC - 3
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