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Abstract

RNA interference (RNAI) is implicated in maintaining tandem DNA arrays as constitutive
heterochromatin. We used chromatin immunoprecipitation with antibodies to RNA polymerase Il
(RNAPol-ChIP) to test for transcription of the following repeat arrays in human cells: subtelomeric
D4z4, pericentromeric satellite 2, and centromeric satellite a. D4Z4 has a promoter-like sequence
upstream of an ORF in its 3.3-kb repeat unit. A short D4Z4 array at 4935 is linked to
facioscapulohumeral muscular dystrophy (FSHD). By RNAPol-ChIP and RT-PCR, little or no
transcription of D4Z4 was detected in FSHD and normal myoblasts; lymphoblasts from an FSHD
patient, a control, and a patient with D4Z4 hypomethylation due to mutation of DNMT3B (ICF
syndrome); and normal or cancer tissues. However, RNAPol-ChlIP assays indicated transcription of
D424 in a chromosome 4-containing human-mouse somatic cell hybrid. ChIP and RT-PCR showed
satellite DNA transcription in some cancers and lymphoblastoid cell lines, although only at a low
level. Given the evidence for the involvement of RNA. in satellite DNA heterochromatinization, it
is surprising that, at most, a very small fraction of satellite DNA was associated with RNA Pol 1l. In
addition, our results do not support the previously hypothesized disease-linked differential
transcription of D424 sequences in short, FSHD-linked arrays.
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1. Introduction

Constitutive heterochromatin containing long tandem arrays of DNA repeats, such as
pericentromeric chromatin, has generally been considered transcriptionally inert. However,
there are some exceptions, such as certain Drosophila pericentromeric genes [1]. Moreover,
transcription of arrays of tandem DNA repeats has recently been implicated in maintaining
constitutive heterochromatin in fission yeast, nematodes, plants, and vertebrates through the
production of small interfering RNAs (siRNAs) from larger precursor RNAs by the RNA
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interference (RNAI) pathway [2]. For example, in a human-chick somatic cell hybrid (SCH),
the importance of the RNAi machinery for normal structure and function of centromeres was
demonstrated by conditionally knocking down the function of Dicer, the RNAI nuclease [3].
In normal murine tissues and embryonic stem cell cultures, low levels of transcripts from major
and minor satellite DNAs adjacent to or within centromeres were detected [4—6]. The
pericentromeric satellite 111 DNA at 9gh undergoes induction of RNA polymerase Il-associated
transcription in heat-shocked HeLa cells [7,8]. Accumulation of centromeric satellite DNA-
derived transcripts was seen in murine cells induced to differentiate in vitro or treated with the
DNA methylation inhibitor 5-azacytidine or the apoptosis-inducer staurosporine [9].

In this study, we addressed the question of whether we could detect and quantitate transcription
of two satellite DNAs and a subtelomeric array of tandem DNA repeats by chromatin
immunoprecipitation using antibodies to RNA polymerase Il (RNAPol-ChlIP) [10-12;
www.genpathway.com]. For each DNA region investigated, we monitored the amount of
immunoprecipitation by real-time quantitative PCR (qPCR). Recently, RNAPol-ChlIP has been
used to quantitate occupancy of promoters [e.g., 13—-15] and to quantify transcription itself
[10,12]. We analyzed the following repeat arrays: human satellite Il DNA (Sat2), most of which
is in the very long pericentromeric heterochromatin of chromosome 1 (1gh); centromeric
satellite o DNA (Sata); and the subtelomeric D4Z4, which is associated with
facioscapulohumeral muscular dystrophy (FSHD) [16,17]. D4Z4 arrays were included in this
study because they contain a putative gene within their 3.3-kb repeat unit [18,19]. Furthermore,
they might be subject to RNAI because it was proposed that all large arrays of tandem DNA
repeats are templates for production of siRNA [6]. RNAPol-ChIP was chosen for the
transcription analysis because it can directly measure transcription and is independent of
posttranscriptional processing, differential RNA stability in vivo, and the size of the RNA
product.

The analysis of transcription from D4Z4 arrays was of particular interest because of their
involvement, by an unknown mechanism [20], in FSHD. These arrays are present at 4935 and
10926 and are highly polymorphic in size [21,22]. FSHD, a dominant disorder, is tightly linked
to the number of repeat units in the D4Z4 array. Patients almost always have <11 repeat units
at one of their two allelic 4935 arrays while unaffected individuals have 11-100 repeat units
at both 4935 alleles [23] (Fig. 1A). By RT-PCR, Northern blotting, or cDNA cloning, Ding et
al. [24] found D4Z4-like transcripts related to DUX4, an open reading frame (ORF) in the
D4Zz4 repeat unit, in several normal human tissues and a rhabdomyosarcoma cell line.
However, sequencing revealed that they did not arise from D424, but rather from partially
homologous sequences elsewhere. Because DUX4 could encode a double-homeodomain
protein [18,19] and a decreased size of murine transgene arrays can be associated with increased
expression [25], it was hypothesized that a decrease in the number of D4Z4 repeat units at one
allelic 4935 position causes FSHD by upregulation of DUX4. We compared transcription at
D4Z4 in disease and control cell populations, including myoblasts from FSHD patients,
lymphoblasts from patients with the ICF syndrome (immunodeficiency, centromeric region
instability, facial anomalies) that results in strong hypomethylation of D424 [26] due to
mutations in DNMT3B [27], and cancers with D4Z4 hypomethylation. The effect of
hypomethylation of D4Z4 on its transcription is of special interest because FSHD cells exhibit
moderate hypomethylation of their abnormally short, disease-linked D4Z4 array at 4935 [28].
We also report the first analyses of transcription of Sat2 and Sata in control or transformed
human cell populations displaying either the high levels of methylation that are normal for
these sequences or hypomethylation [29,30].
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2. Materials and methods

2.1. Cell culture and tissue samples

Myablast cell strains (GM17899 from Coriell Institute and F1010 from our lab) were from
biopsies of moderately affected deltoid skeletal muscle of FSHD patients with a confirmed
short D4Z4 array at 4935. A non-FSHD myoblast cell strain (GM17901, Coriell Institute) was
established from a deltoid muscle biopsy of a patient with generalized muscle weakness and a
diagnosis of dematomyaositis. At the passage used for analysis, most of the cells in the myoblast
cultures stained desmin-positive, indicating that they were myoblasts, and not contaminating
fibroblast-like cells. Lymphoblastoid cell lines (LCLs) were B-cell lines from FSHD patients,
GM17939 and GM17868 (Coriell Institute); normal controls, AG14836 and AG15022 (Coriell
Institute) and three previously described controls [31]; and ICF patients, ICF C (GM08714,
Coriell Institute), ICF B, ICF K, ICF G, ICF S [31] and ICF 1 and 3 [32]. The cancer samples
were previously described [29,30]. All human tissue samples were obtained with IRB approval
for these studies from Tulane Medical Center and the University of Mississippi Medical Center
at Jackson. Somatic cell hybrids were from the Coriell Institute and harbor only one human
chromosome each, Chr4 (GM11687), Chrl4 (GM10479), or Chrl5 (GM11715).

2.2. Chromatin Immunoprecipitation

Genpathway’s TranscriptionPath method was carried out as described [12]. Cultured cells were
fixed in 1% formaldehyde for 15 min according to standard procedures
(http://www.genpathway.com/order.html). Fixation was stopped with 0.125 M glycine, and
cells were washed with PBS containing 0.5% Igepal (Sigma) and collected. Frozen tissues for
ChIP were minced in formaldehyde, fixed for 15 min, and processed similarly to the cells.
Cells and tissues were homogenized (Dounce homogenizer and Tissue Tearor, BioSpec
Products, respectively), and the lysates were sonicated (Misonix sonicator). The majority of
DNA fragments were about 300-500 bp long. The RNA Pol 11 antibodies were directed against
the carboxyterminal domain of the largest subunit of RNA Pol 1l (ab5095, Abcam) or the N-
terminal 224 residues (H224, sc-9001, Santa Cruz Biotechnology). In several assays, we used
antibodies against RNA Pol | and TBP (c-17913 and sc-273, respectively, Santa Cruz
Biotechnology). Generally, 5-30 pug of DNA in the form of sonicated chromatin was
immunoprecipitated. Then, protein A-agarose (Invitrogen) was used to isolate the immune
complexes, followed by DNA purification. About 2-5% of the final immunoprecipitated
fraction and 25 ng of the non-immunoprecipitated sonicated chromatin (input DNA) were
subjected to gPCR (MyIQ Cycler, Bio-Rad) catalyzed by Taq polymerase (iQ SYBR Green
Supermix, Bio-Rad) using an annealing temperature of 58°C and detecting the amplified DNA
by SYBR Green fluorescence. For a given sample, the same amount of template was amplified
with each of the primer-pairs (Table 1) except that, in the case of Sat2 primers, the input DNA
was diluted 1:100 before PCR, with corresponding normalization. For each set of primers, the
dissociation curve was checked to make sure that it was unimodal. To determine the level of
transcription for each DNA region tested from the threshold cycle number, a standard curve
of three to four 10-fold serial dilutions of input DNA from one of the chromatin samples
(assigned values of 100-100,000) was included in each multiwell plate and amplified in parallel
with a primer-pair for one of the reference genes. The slope of the standard curves were —3.3
+ 0.4 and the correlation coefficients were 0.95-s0.99. The average Ct values of triplicate
amplifications from immunoprecipitated DNA or input DNA were compared to those from the
above-mentioned standard curve and converted to the appropriate values. To normalize for
differences in amplification efficiency for various primer-pairs using the same DNA input,
values obtained from amplification of immunoprecipitated DNA were divided by the values
obtained from amplification with input DNA. The resulting numbers were multiplied by 100
and called “normalized transcription units.” Positive and negative controls, using well-
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characterized primer-pairs for constitutively expressed genes and untranscribed genomic
regions (Untr) were included in every ChIP experiment.

2.3. RT-PCR

For real-time RT-PCR, total RNA was extracted with Trizol (Invitrogen) and digested with
DNasel (either RQ1, Promega, 1 unit for 10 pg of RNA, 1 h at 37°C, or Amplification Grade,
Invitrogen, 3 units for 3 ng of RNA, 45 min at room temperature). After inactivation of the
enzyme, the RNA was used for reverse transcription primed with random hexanucleotides
(Superscript 111, Invitrogen). The amount of the different transcripts from a given sample is
expressed as arbitrary units of RNA and was determined from a standard curve, as described
for ChlIP.

For semi-quantitative (sq) RT-PCR (28 cycles), random hexanucleotides were used to generate
the cDNA unless oligo(dT) priming is specified. The quality of each cDNA preparation was
tested by PCR with primers for GAPD. For the test PCR primers, the corresponding minus-RT
template was always shown to be negative upon concurrent amplification followed by gel
electrophoresis and visualization of bands with ethidium bromide.

3. Results

3.1. Strategy for assaying transcription

We tested tandem arrays of DNA repeats present in subtelomeric, pericentromeric, or
centromeric regions for the level of associated RNA Pol Il by ChIP assays as an indicator of
transcription. ChlP-deduced levels of transcription are expressed as “normalized
transcription” (normalized for primer-pair efficiency of amplification as described in Section
2.2 above). Real-time RT-PCR assays were also done on random-primed cDNA to approximate
steady-state levels of transcripts from the repeat arrays relative to those of constitutively
expressed genes.

Because the 3.3-kb repeat unit of the D4Z4 array contains an ORF called DUX4 (Fig. 1B) and
an upstream sequence that can function as a promoter in reporter assays [19], we chose four
primer-pairs within or upstream of DUX4 (Fig. 1B, Table 1) for RNAPol-ChIP PCR and RT-
PCR. These primers amplify part of DUX4 that could encode two homeodomain regions
(Homeo); the 3’ end of DUX4 (3’ ORF); the proposed promoter upstream of the DUX4 ORF
(upstream region 1, UR1); or a further upstream sequence (UR2; Fig. 1B). These sequences
are shared between the D4Z4 arrays at 4935 and 10g26 (Fig. 1A). They are also related to many
closely homologous sequences elsewhere in the genome [18] as evidenced by testing a panel
of human-rodent SCH DNAs for amplification with some of the primer-pairs used here [33].
This complication was addressed by the use of human-rodent SCHs, as described below. In
addition, there is a solitary, highly homologous ORF proximal to the D4Z4 array, DUXAC,
which is present on 4935 (Fig. 1A). Homeo primers are completely homologous to sequences
in DUX4C at 4935 and DUX4 at 4935 and 1026 and so should amplify all three corresponding
sequences. The other D424 primer-pairs do not have sufficient homology to the DUX4C region
to amplify it. We also used a primer-pair that amplifies the upstream region of DUX4C
(DUX4C UR), but not that of DUX4 within the array.

For Sat2 and Sata, which are composed of variants of oligonucleotide repeats [34,35], we used
a primer-pair that was derived from chromosome 1 (Chrl) or chromosome 4 (Chr4),
respectively (Table 1). The Sat2 primers amplified DNA from several human chromosomes
in addition to Chr1, as determined by PCR testing of a panel of human-rodent SCH DNAs.
However, most of the Sat2 sequences are at 1gh [34]. The Sata primer-pair amplified sequences
only from Chr4 (data not shown). Specific primer-pairs were used for positive transcription
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standards and for negative controls of untranscribed regions in the human genome (Untr; Table
1). In addition, we examined transcription of FRG1, the 4g35-specific gene that is closest to
the D4Z4 array (Fig. 1A).

3.2. Testing for transcription of D4Z4 arrays in disease and control human cell cultures

The size of the D4Z4 array at 4935 is tightly linked to FSHD, a disease that seems to involve
the in vivo-counterpart of myoblasts, i.e. satellite cells [36,37]. Therefore, we first assayed for
D424 transcription in myoblast cell strains (two FSHD and one control). The normalized
transcription signals for the D4Z4 sequences were no higher than the background level for the
untranscribed control sequence in these cells (Fig. 2A and C, and data not shown). For the
DUX4C upstream region (DUX4C UR, Fig. 1B), which is located proximal to the D4Z4 array
in 4935 (Fig. 1A), there was a slight increase in signal over that of the non-transcribed sequence
(~30%; Fig. 2A and C). However, there was no signal above background with the Homeo
primers, which amplify a nearby sequence in the DUX4C ORF and the DUX4 ORF (Fig. 1).
Real-time RT-PCR on RNA from three myoblast cell strains indicated no reverse transcriptase-
dependent signal for any of five tested D424 or D4Z4-like sequences (Fig. 2B and D and data
not shown).

In contrast, transcription of the 4935 FRG1 gene was evident by RNAPol-ChIP in all myoblast
cell strains (Fig. 2A and C), although at a low level (signals of 1.4-1.7 times the untranscribed
control and 3-5% the level of the PPIB positive control). Transcription was confirmed by RT-
PCR (Fig. 2B and D). It has been reported that a shortened D4Z4 array at 4935 results in massive
overexpression of FRG1 in myoblasts and muscle as determined by semi-quantitative RT-PCR
[38, 39], although this is controversial [33, 37]. By real-time RT-PCR, we observed a difference
of only about two-fold in FRG1 RNA levels relative to the reference HPRT or PPIB RNA
levels in a comparison of FSHD and control myoblasts (Fig. 2B and D) using FRG1 exon 1
primers [40]. Furthermore, by ChlP assay using FRG1 intron 2 primers (Table 1), only a modest
difference between the FSHD and control samples was seen (Fig. 2A and C).

We also looked for transcription of D4Z4 in B-cell LCLs, which are fast-growing cell lines
established by transformation with Epstein-Barr virus. The LCLs were from controls, FSHD
patients, or patients with ICF, a rare recessive DNA methyltransferase 3B-deficiency disease
involving strong hypomethylation of certain tandem DNA repeats, including D424 [26,41].
Because DNA hypomethylation is often associated with increased transcription, ICF cells were
especially good candidates for D4Z4 transcription. By real-time RT-PCR, only one D4Z4
sequence showed consistent, albeit very low levels, of transcripts, namely DUX4 UR2 (Fig.
3B, D, and F) with the following ratios of RNA-dependent qRT-PCR product from DUX4
UR?2 relative to those from the HPRT standard: 0.03, 0.08, and 0.01, for the ICF, FSHD, and
control LCLs, respectively. However, the lack of signal from nearby DUX4 ORF and UR1
sequences casts doubt on whether the very low DUX4 UR2 signal is indicative of transcription
from D4Z4. By RNAPol-ChIP, neither transcription at DUX4 UR2 nor at the other D424
sequences was evident in the ICF, FSHD, or control LCLs (Fig. 3A, C, and E).

We also used all three LCLs for ChIP with an antibody against the 135-kDa subunit of RNA
Pol | to determine if this enzyme was transcribing D4Z4. As expected, a strong signal was
obtained with primers corresponding to genomic sequences for 18S rRNA, but the primer-pairs
for D424 and related sequences gave no more signal than obtained for the untranscribed control
sequence (data not shown). In summary, there was no consistent evidence for appreciable
transcription of D4Z4 in disease or control myoblasts and LCLSs.
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1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 6

3.3 Testing for transcription of satellite DNA in human cell cultures

Because it has been postulated that D4Z4 repeat units reside in heterochromatin [21,39,42,
43], we tested transcription of Sat2, located in pericentromeric heterochromatin, and Sata,
which is found in chromatin with a partially heterochromatic nature [44], in the above-
described cell cultures. From the RNAPol-ChlIP analyses of these cultures, only one of the
myoblast cell strains exhibited a considerable transcription signal for Sat2 over background.
The respective ratios of normalized transcription of Sat2 and Sata relative to the background
from the untranscribed control sequence were 1.6 and 0.9 for this FSHD myaoblast cell strain
(Fig. 2A), but only 0.7 and 0.6 for the other FSHD myablast cell strain (data not shown), and
1.1 and 1.1 for the normal myoblast cell strain (Fig. 2C). In RT-PCR assays for RNA from
these satellite DNAS, there was slightly more PCR signal after RT than without RT, but only
for the FSHD myoblasts (Fig. 2B and D and data not shown). However, the background signal
in the minus-RT reactions for Sat2 makes interpretation of these results difficult and reflects
the problem of completely removing all highly repeated DNA in RNA preparations without
degrading the RNA during incubation with “RNase-free” DNase. For some preparations, more
of the contaminating DNA was removed (Fig. 3B, D, and F) than others (Fig. 2B and D). The
stronger background with primers for Sat2 than Sata can be ascribed to the Sat2 primers
recognizing pericentromeric DNA in many of the chromosomes, including in the very long
1gh region, while the primers for Sata recognize only centromeric DNA from Chr4.

With the three LCLs, ChIP assays indicated small amounts of RNA Pol Il engagement at Sat2
or Sata relative to the untranscribed control sequence. However, there was no more evidence
of transcription in the patient LCLs than in the control LCL (Fig. 3 A, C, and E). When tested
with the RNA Pol | antibody, no signal over background was seen for the satellite DNAs (data
not shown). When the same LCLs were examined by real-time RT-PCR for Sat2 or Sata
transcripts, the only positive result was from the ICF LCL with the Sat2 primers. However,
the ratio of RNA-dependent qRT-PCR product from Sat2 vs. that from the HPRT standard was
only 0.008 (Fig. 3F; the signal was too low to be visible in this panel). Given the strong
hypomethylation of Sat2 in ICF LCLs, we also tested ICF and control LCLs by sqRT-PCR (28
cycles) with Sat2 primers with or without priming by oligo(dT). Four of the seven ICF LCLs
and one of the control LCLs gave reverse transcription-dependent bands of the expected size
(Fig. 4 and data not shown). Therefore, the low levels of engagement of RNA Pol |1 at Sat2
observed in ChIP assays were confirmed for Sat2 in ICF LCLs by Q or sqRT-PCR for some
of the disease and one of the control LCLSs.

Satellite 111 transcripts from the pericentromeric heterochromatin of Chr9 were reported to be
induced by heat shock [7,8]. Therefore, we tried to stimulate transcription of Sat2 sequences
in a control LCL by incubation at 44°C for 30 min followed by a 2-h recovery at 37°C. We saw
no induction of Sat2 transcription by sqRT-PCR (28 cycles) after this heat-shock treatment.
Similarly, Jolly et al. [8] did not observe Sat2 or Sata transcripts in heat-shocked Hel a cells
although induction of satellite 11 transcripts was evident. We did however see a modest
induction of Sat2 transcripts upon 24-h treatment of the same control LCL with 2 uM
trichostatin A (TCA), a histone deacetylase inhibitor (data not shown).

3.4. Testing for transcription of D4Z4 arrays in human-rodent somatic cell hybrids

We tested for D4Z4 transcription in a human-mouse SCH containing human Chr4 as the only
human chromosome and no detectable murine D4Z4-like sequences [18]. Use of this SCH also
minimized the possible dilution of the ChlP-derived normalized transcription values for D424
by numerous D4Z4-like sequences in the acrocentric chromosomes. Upon ChIP assay, stronger
signals were observed for the D424 sequences (DUX4 UR2, UR1, and 3'ORF) than for the

untranscribed control sequences with two RNA Pol 1l antibodies in three immunoprecipitates
(ab5095 and H224, Fig. 5A-C). High specificity of the assay was confirmed using both murine
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and human untranscribed control sequences, non-immune serum, and a Chrl SCH (Fig. 5A-
C). Upon gRT-PCR, the Chr4 SCH showed only a small increase in the RT-dependent signal
for DUX4 UR2 but not for the other D4Z4 sequences (data not shown).

We also performed ChIP on the Chr4 SCH with an antibody against the general transcription
factor TBP. We observed the expected enrichment of TBP in the promoter regions of ACTB
and PPIB but the normalized binding levels for TBP minus control 1gG binding for the D4Z4
sequences were no greater than for the untranscribed control sequence (Fig.5D). Therefore,
TBP-binding by ChIP was not informative for detecting low-level transcription from D4Z4.

We also tested two human monochromosomal SCHs containing acrocentric human
chromosomes that harbor D4Z4-like sequences amplified by Homeo and DUX4 UR1 primer-
pairs upon PCR testing of monochromosomal human-rodent SCHs (data not shown). Evidence
for transcription was seen for the Chrl5 SCH, but not the Chr14 SCH, in RNAPol-ChlIP assays
with only one of the two RNA Pol Il antibodies (H224). DUX4 UR1, UR2, and 3'ORF showed
normalized transcription levels of 2.2, 1.2, and 1.5 times the average background level of two
untranscribed control sequences, respectively (data not shown). The two negative control
sequences exhibited a similar background of “normalized transcription” signals that differed
from each other by only 8%.

3.5. Testing for transcription of D4Z4 arrays and satellite DNA in human cancers

Because there are major perturbations in the epigenetics of human cancers that can negatively
or positively affect transcription, we tested two diverse types of cancers, ovarian epithelial
carcinomas and Wilms tumors, for transcription of satellite DNA and D424 by RNAPol-ChlP.
Several of these cancers exhibited hypomethylation of D424 relative to various control somatic
tissues (data not shown). Nonetheless, no consistent evidence for transcription of D424 or
related sequences was observed in five ovarian carcinomas, eight Wilms tumors, and a normal
spleen sample (Fig. 6 and Table 2). However, RNAPol-ChlIP did reveal low-level transcription
of Sat2 in many of the cancers (e.g., Fig. 6B—F). Eleven of the thirteen samples gave a
normalized transcription ratio for Sat2 vs. the untranscribed control sequence of 1.4-2.0 (Table
2). Four of the cancers also gave similar ratios for Sata vs. the untranscribed control sequence.

We used sgRT-PCR, with oligo(dT) priming, to look for Sat2 transcripts (Table 2). None of
six control tissues was positive for Sat2 RNA. RT-dependent Sat2 transcripts were seen for
four of the seven tested cancers with ChIP-determined ratios >1.4 for Sat2 normalized
transcription divided by the background for the negative control (Fig. 4 and Table 2). Similar
results were obtained by sqRT-PCR with oligo(dT) priming and by semi-quantitative or real-
time RT-PCR with random priming. We had previously determined that most, but not all, of
these cancer samples were hypomethylated in Sat2 and Sata sequences relative to a variety of
postnatal somatic controls [29,30]. Little correlation between this type of DNA
hypomethylation and transcription of these sequences was observed (Table 2).

4. Discussion

It was hypothesized that the DUX4 ORF in abnormally short D4Z4 arrays in FSHD muscle
cells is upregulated to give an unstable transcript encoding a toxic, homeodomain-containing
protein, thereby resulting in FSHD [19,45]. To measure the levels of transcription from DUX4
and DUX4-like sequences, and not only transcripts, we used a newly developed RNAPol-ChIP
assay [10,12] that measures the association of RNA Pol Il with genomic sequences, preferably
avoiding amplicons in or near the promoter or 5’ region of the gene. By qPCR analysis, a
genomic sequence of interest can be quantified in the ChIP DNA relative to the input chromatin,
as a measure of its level of transcription..A negative control of an untranscribed gene region
establishes the background level. A constitutively expressed gene is included to check the
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quality of the immunoprecipitate but is not necessary for determining the normalized
transcription level of the test genes. Among hundreds of genes assayed by us (Genpathway)
commercially since 2004, those found to be transcribed (or differentially transcribed) by the
RNAPol-ChIP generally displayed similar qualitative results from RNA measurement by gRT-
PCR. However, transcription rates may be high while accumulated levels of RNA are low, and
vice versa. Because the RNAPol-ChIP assay measures the transcriptome at the DNA level, the
results are highly reproducible and not subject to the variability typically observed with RNA.
In one validation assay, levels of transcription induction determined from normalized
transcription values for six genes in six replicate immunoprecipitations of the same chromatin
from treated vs. untreated cells differed by an average of only 21% (unpub. data). Importantly
for the present study, RNAPol-ChlIP assay of transcription circumvents possible problems due
to highly unstable transcripts.

By RNAPol-ChIP with primer-pairs within or upstream of DUX4, we saw no evidence of D424
transcription in FSHD or control myaoblasts; in LCLs, including one from an ICF patient with
strong hypomethylation of D4Z4; and in two types of cancers, several of which were also
strongly hypomethylated in D4Z4 (unpub. data). Similarly, gRT-PCR involving random-
primed cDNA synthesis did not reveal transcription of D4Z4 in these cells, with the exception
of a consistent, low RT-PCR signal above background from the promoter-like region [19]
upstream of DUX4 in the LCLs. Several cDNAs from an unclassified 6-week fetus contained
this particular sequence and part of the DUX4 ORF [18]. However, these cDNAs, like all other
reported D4Z4-related cDNAS, exhibited many mismatches to the very highly conserved D4Z4
sequence and appear to be derived from cross-hybridizing sequences in chromosomes other
than 4 and 10 present as scattered repeats partially homologous to the entire 3.3-kb unit or as
subrepeats [18].

It may be difficult to detect transcripts from DUX4 and related sequences because of inherent
instability of the RNA due to lack of introns and polyadenylation [19]. However, RNAPol-
ChlIP is not subject to this limitation. Our finding of no consistent positive signal for D424 in
human cells by RNAPol-ChIP indicates that the level of transcription from these sequences is,
at best, very low in the tested cell populations, although we did find evidence for transcription
of D424 sequences in three RNAPol-ChIP experiments on a human-mouse SCH containing
Chr4 as the only human chromosome. Our results do not support the hypothesis of increased
D4Z4 transcription in FSHD cells. We also measured transcription of two longer tandem arrays
of DNA repeats, namely, Sat2 and Sata, present in pericentromeric or centromeric, which are
mostly [44] constitutive heterochromatin. . In fission yeast, small non-coding RNAs originating
from larger, short-lived centromeric transcripts are critical for centromere function and
silencing inserted genes [2]. However, RNAI is not necessary for all heterochromatin formation
involving tandem repeats, e.g., transgene arrays in rodent cells [46]. Murine satellite DNA-
derived transcripts were detected in certain, but not all, cell populations [4,47]. Centromeric
and pericentromeric RNA transcripts were observed by RT-PCR from randomly or and oligo
(dT) primed cDNA derived from murine embryonic stem cells [5,6]. Satellite 11l transcription
appears to be more easily triggered than Sata or Sat2 transcription [8, -48].

Half of the eight ovarian carcinomas or Wilms tumors that we tested by RNAPol-ChlIP and
SgRT-PCR displayed evidence for Sat2 transcription by both assays. There was not a strong
correlation between methylation of the satellite DNA and its transcription. Similarly, no
differences were seen in levels of satellite transcripts in DNA methyltransferase 1 or 3a/3b
knockout embryonal stem cells and wild-type cells [6]. We also observed a low level of Sat2
transcription in LCLs by RNAPol-ChlIP, and in some of the LCLs by sqRT-PCR. In addition,
Sato showed evidence of transcription in a few of the cancers and in LCLS. In samples
exhibiting satellite DNA transcription, we do not know where transcription initiates. It is
possible that it begins in nearby gene-like sequences that contain within them short regions of
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satellite DNA [49]. However, dispersed copies of Sat2 and Sata sequences are likely to be a
very small proportion of the total and below the limit of detection of our RNAPol-ChlP assays,
which compare the level of immunoprecipitated Sat2 or Sato DNA to the total Sat2 or Sata
DNA. Moreover, in other studies, Northern blotting and RNA FISH revealed long satellite 111
transcripts derived from the pericentromeric heterochromatin of Chr9 in HeLa cells, although
only in response to heat shock [7,8].

In an RNAI pathway-proficient SCH containing human chromosome 21, transcription of
centromeric human satellite DNA was detectedb by Northern blot analysis of the small RNA
fraction (20-to-30 nt) but not by RNase protection assays [3]. When the RNAi-associated Dicer
nuclease was knocked down, large and small transcripts from pericentromeric and centromeric
satellite DNA and chromosomal abnormalities accumulated. In the present study, from the
normal tissues and myoblast cell strains tested, only one myaoblast cell strain displayed evidence
of transcripts or transcription from satellite DNA (Sat2). In certain cancer and LCL samples,
we confirmed that Sat2 is transcribed but at a much lower level than the ACTB and PPIB
standards. If transcription of long arrays of tandem DNA repeats is necessary to maintain the
heterochromatic structure of centromeric, pericentromeric, and subtelomeric regions in human
cells, only a very small percentage of the corresponding satellite DNA sequence might need
to be transcribed at any given time, even in rapidly dividing cells. Alternatively, a small number
of RNA Pol Il molecules might produce very long transcripts that are processed to give many
siRNA molecules. The RNAI pathway is implicated in heterochromatinization by the
recruitment of H3-K9 and probably H3-K20 [6] trimethylating enzymes indirectly by siRNAs
[50]. Maintenance of the condensed state of constitutive heterochromatin with only limited
transcription of satellite DNA might be facilitated by the long life of the heterochromatin-
associated histone modification marks of H3-K9 and H3-K20 trimethylation [6]. In addition,
even in cycling cells, there may be some conservation of previously established
heterochromatic histone modification patterns, even in the absence of the corresponding
SiRNA.
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Fig. 1.

Schematic illustration of the distal region of 4935 and the repeat unit of D4Z4. (A), positions
of the size-polymorphic D4Z4 array; FRG1 and FRG2, the only known genes in the distal
portion of 4935; and DUXA4C, a putative gene, are illustrated (not to scale). From one to about
100 repeat units can be present in the D424 array. Small numbers of repeat units at 4935 are
linked to FSHD. The region of 4935 that is highly homologous to the subtelomeric region of
10q, including the D4Z4 array, is indicated. DUXAC is highly homologous to, but in the
opposite orientation from, DUX4 in the D4Z4 array; FRG2 is in the same direction as DUX4C.
(B), The DUX4 ORF within the 3.3-kb D4Z4 repeat unit and the primers used to test for
transcription from D4Z4 are shown with positions given relative to the first base of the Kpnl
site in the 3.3-kb D424 repeat unit (from GenBank AF11753). The DUX4 UR1 primers are
partially homologous to a subrepeat called hhspm3 (GenBank X06587).
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Fig. 2.

Transcriptional analysis of D424 and satellite DNA sequences in FSHD and control myaoblasts.
(A) and (C), in FSHD myaoblasts (FM1010) and control myoblasts (GM17901), ChIP was done
with an antibody specific for the largest subunit of RNA Pol Il (ab5095), and the
immunoprecipitated DNA was analyzed by gPCR using the indicated primers (Table 1). Levels
of transcription were determined as described in Materials and methods and normalized to 25
ng of chromatin per immunoprecipitation. Error bars indicate maximal and minimal values
from triplicate amplifications. An untranscribed region on Chr5 was the negative control
(Untr); ACTB and PPIB are the positive controls. Tested subregions of the putative DUX4 gene
in D4Z4 are indicated by a bracket, as is DUX4C, the putative DUX4-related gene 42 kb
proximal to the D4Z4 array (Fig. 1A). FRG1, like DUX4 and DUXA4C, is located on 435 (Fig.
1A). The tested satellite DNA repeats were Sato and Sat2. (B) and (D), total RNA from control
or FSHD myoblasts was reverse transcribed with random priming and analyzed by gPCR using
the indicated primers (Table 1). Samples amplified without reverse transcription (no RT)
served as controls. The gPCR values obtained for PPIB were divided by 10 to bring them into
the range of the other tested genomic regions before plotting. The normalized transcription
levels for Panel A for Untr, FRG1, UR1, UR2, Homeo, 3'ORF, UR, Sato, and Sat2 were as
follows: 0.32, 0.44, 0.22, 0.20, 0.20, 0.26, 0.40, 0.30, and 0.52, respectively. The respective
values for Panel C were 0.26, 0.46, 0.16, 0.22, 0.16, 0.20, 0.34, 0.28 and 0.28. VASSILI, IN
PANEL C, THE BAR FOR UR1 IS LOWER THAN THAT FOR UR2 BUT THE
NUMERICAL VALUE ABOVE FOR UR1 ISHIGHER THAN FOR UR2. PLEASE CHECK
THIS AND THE HOMEO, 3'ORF, AND SAT2 NUMBERS AND BARS, PLEASE.
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Fig. 3.

Transcriptional analysis of D4Z4 and satellite DNA sequences in FSHD, ICF, and control
lymphoblastoid cell lines. (A), (C), and (E), an FSHD LCL (GM17939), a control LCL
(AG14836), and an ICF LCL (GMO08714), respectively, were used for ChIP with an antibody
specific for RNA Pol Il (H-224). Immunoprecipitated DNA was analyzed by gPCR with the
indicated primers, as for Fig. 2. (B), (D), and (F), RNA from the same ICF and control LCLS
and a different FSHD LCL (GM17868) were analyzed by gPCR with or without reverse
transcription. The normalized transcription levels for Panel A for Untr, FRG1, UR1, UR2,
Homeo, 3'ORF, UR, Sata, and Sat2 were as follows: 0.7, 1.97, 0.74, 0.91, 0.62, 0.74, 1.05,
1.27, 1.13. For panel B the respective values were: 1.35, 1.19, 1.12, 0.71, 0.92, 1.03, 0.8, 2.1,
1.94. For panel C the respective values were: 1.41, 2.23, 1.27,1.38, 0.54, 1.19, 0.48, 2.03, 1.53.
VASSILI, THE BAR FOR UR2 LOOKS QUITE A BIT HIGHER THAN FOR UNTR BUT
UR2’SVALUEISONLY ~3%HIGHER THAN UR1’S. ALSO PLEASE CHECK THE REST
OF THE BARS VS. VALUES FOR HIS FIG.
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Fig. 4.

Semi-quantitative RT-PCR analysis for Sat2 RNA transcripts. The indicated cancer samples,
the LCL from ICF patient B, and normal spleen and thyroid were analyzed by RT-PCR for 28
cycles with Sat2 primers either with (+ RT) or without (- RT) reverse transcription. Priming
of cDNA synthesis was done with oligo(dT).
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Fig. 5.

Transcriptional analysis of D4Z4 in human-rodent somatic cell hybrids. ChIP analyses of a
SCH with a single human chromosome (Chr4) in a murine genetic background were done using
the ab5095 RNA Pol |1 antibody (A), the H224 RNA Pol 1l antibody (B and C, indicated by
an asterisk), or the TBP antibody (D). ChIP analysis in (C) included testing a SCH containing
human Chrl. In (B) and (D), a rabbit control 1gG reaction was run in parallel. For TBP binding,
the promoter regions of the murine ActB and Ppib standard genes as well as the intron 3 regions
of both genes present >2 kb downstream from the transcription start sites were analyzed. As
expected with this antibody, the promoter regions gave much stronger signals. Normalized
transcription values are presented as described in Fig. 2. Murine standards (Murine stds.) are
indicated by a bracket; all other genomic regions tested are human sequences from Chr4. In
Panel A, the normalized transcription values for the twoUntr standards, FRG1, UR2, UR1 and
3'ORF were as follows: 0.93, 2.29, 1.2, 1.47, and 1.88. VASSILI, PLEASE ADD THE
MURINE UNTR AND CHECK ALL BAR HEIGHTS VS. THESE NUMBERS.
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Fig. 6.

Untr ACTB PPIB FRG1 UR2 UR1 Homeo 3ORF UR Sata sat2

Transcriptional analysis of D4Z4 and satellite sequences in control spleen, ovarian carcinoma,
and Wilms tumor samples. ChIP analyses were performed using the ab5095 antibody for RNA
Pol I1. Normalized transcription is shown as described in Fig. 2. The methylation status of Sat2
DNA in the samples, which was previously determined by Southern blot analysis with a CpG
methylation-sensitive restriction endonuclease (Table 2), is indicated on the top of each graph.
The normalized transcription levels for Untr, Sata, and Sat2 were as follows (with the panel
letter in the parenthesis): (A), 0.58, 0.34, 0.42; (B), 0.66, 0.69,1.56; (C), 0.58, 0.43,0.81; (D),
1.64,1.85, 3.3; (E), 2.07, 2.81, 3.75; (F), 0.83, 1.13,1.23.
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PCR primers for ChIP and RT-PCR

Table 1
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Gene or
untranscribed
region

DNA accession number

Amplicon

Primer sequence

Product size (bp)

DUX4 UR2

DUX4 UR1

DUX4 Homeo

DUX4 3'ORF

DUX4C UR

Chr4 Sata

Chrl Sat2

FRG1 (ChIP)®
FRG1 (RT-PCR)
ACTB (ChIP)
PPIB (ChIP)
PPIB (RT-PCR)
ADHS5 (ChIP)
HPRT (ChIP)
HPRT (RT-PCR)
rRNA 18S (ChlIP)
Untr 4

Untr 5

Murine ActB
(ChiP)

Murine Ppib
(ChiP)

Murine Ppib (RT-
PCR)

Murine Actb
(prom; ChIP)
Murine Ppib

(prom; ChIP)
Murine Untr 6

AF117653

AF117653

AF117653

AF117653

AY500824

M38467
X72623
AF146191
AF146191
NM_001101
NM_000942
NM_000942
NM_000671
NM_000194
NM_000194

HSU13369

Chr4: 53,081,269-53,081,451

Chrb5: 3,000,608-3,000,815

NM_007393
NM_011149
NM_011149
NM_007393

NM_011149

Chr6: 120,740,575-120,740,790

5'end of DUX4
putative promoter in
D4z4°

putative promoter
region of DUX4 in
D4z4

DUX4 putative double
homeodomain in
D4z4

3'end of putative
DUX4 gene in D4Z4
777-957; putative
promoter of DUX4C
through 5’ end of ORF
162-301

838-997

Intron 2

Exonl

Intron 3

Intron 4

Exon4 &5

Intron 2

Intron 1

Exon3 & 4

18S rRNA
Chromosome 4
Chromosome 5
Intron 3

Intron 3

Exon4 &5
Region -163 to -24
relative to TSS
Region +115 to +328

relative to TSS
Murine chromosome 6

GGGTCTCGCTCTGGTCTTCT
GAGGGGAGTGTGGAACTGAA

GGGCTCACCGCCATTCAT
TGCACCTCAGCCGGACTGT

ACGGAGACTCGTTTGGAC
TGGAAAGCGATCCTTCTC

GCGCAACCTCTCCTAGAAAC
AGCAGAGCCCGGTATTCTTC
AACGCGGTGGAGGTGGTAGGTCTT
CCGCGGGGAGGGTGCTGTC

CTGCACTACCTGAAGAGGAC
GATGGTTCAACACTCTTACA
CATCGAATGGAAATGAAAGGAGTC
ACCATTGGATGATTGCAGTCAA
TGCTACTGATGCCTTTACTTCA
AAGCAGTCTAATGGTGCCTACT
TCTACAGAGACGTAGGCTGTCA
CTTGAGCACGAGCTTGGTAG
CCTCATGGCCTTGTCACAC
GCCCTTTCTCACTGGTTCTCT
TATGGCTCAGGAGGGCTAAG
GCCCAACCTGGGTCTTACTT
GCACAGGAGGAAAGAGCATCTA
ACCACCTCCATGCCCTCTA
GCTCAGCCCAAGATCAAAAC
TCCAGCCTTACAATCACAACA
CGAGCTTACCCTGCCAATAA
TCTATTTCCTGGTGGTCACAAA
GGGAGGCCATCACATTGTAG
CCCTGTTGACTGGTCATTACA
AGTTGGTGGAGCGATTTGTC
CGCTGAGCCAGTCAGTGTAG
CTCCCTCCTGTGCTTCTCAG
AATGAACGTGTCTCCCAGAA
CTGTACCTGGGGTTCATTCATT
CAGTAAGCCGTTCACTCTCACA
TGATAAGTGGCCTTGGAGTG
CTCAGGGCAGGTGAAACTGT
GATGGATGGGAGTTCTGTGA
CATTCTCACCCTCAAGACACAA
CAAAGACACCAATGGCTCAC
CGGAGTCGACAATGATGACA
CATGGTGTCCGTTCTGAGTG
ACAGCTTCTTTGCAGCTCCT
GCGCAATATGAAGGTGCTCT
GACGTCAGGTCGGAACTAC
TCAGGCATGAACCACCATAC
AACATCCACACGTCCAGTGA

162

135

295

101

181

139

160

78

178

200

155

202

89

150

166

205

183

208

150

133

176

140

214

216

The primer-pairs were used for Q PCR in ChIP assays or RT-PCR, as indicated, or if not otherwise specified, they were used for both. The sequences are
human if not specified as murine. TSS, transcription start site; prom, promoter primers used only for TBP ChIP assays. As described in the text, the D424
primers also amplify partially homologous sequences not in tandem D4Z4 arrays. Also, the FRG1 primers from intron 1 are not 4935-specific. Gene-

internal primers for standards were used for RNAPol-ChIP to avoid 5’ gene regions at which RNA Pol Il might accumulate in RNA Pol Il ChlIP assays.

The positions of D4Z4 primers are given in Fig. 1B.
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