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Growth signals employ CGGBP1 to suppress transcription of Alu-SINEs
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ABSTRACT
CGGBP1 (CGG triplet repeat-binding protein 1) regulates cell proliferation, stress response, cytokinesis,
telomeric integrity and transcription. It could affect these processes by modulating target gene expression
under different conditions. Identification of CGGBP1-target genes and their regulation could reveal how a
transcription regulator affects such diverse cellular processes. Here we describe the mechanisms of
differential gene expression regulation by CGGBP1 in quiescent or growing cells. By studying global gene
expression patterns and genome-wide DNA-binding patterns of CGGBP1, we show that a possible
mechanism through which it affects the expression of RNA Pol II-transcribed genes in trans depends on
Alu RNA. We also show that it regulates Alu transcription in cis by binding to Alu promoter. Our results
also indicate that potential phosphorylation of CGGBP1 upon growth stimulation facilitates its nuclear
retention, Alu-binding and dislodging of RNA Pol III therefrom. These findings provide insights into how
Alu transcription is regulated in response to growth signals.
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Introduction

Repetitive elements comprise more than 50% of the human
genome, with the interspersed repeats alone accounting for
more than its one third.1,2 About 20% of the genome is occu-
pied by long interspersed nuclear elements (LINEs) and
another 13% by short interspersed nuclear elements (SINEs).
The L1-LINEs (full-length ones upto 6–8Kb long) and <300
bps long Alu-SINEs constitute the majority of LINEs and
SINEs respectively.3-5 The Alu-SINEs originated from head-to-
tail fusion of 7SL RNA5 and are the most numerous known
transcription-units of a kind.6 Although they were previously
thought to be junk DNA, they are now known to exert impor-
tant functions. Alu-SINEs play vital roles in shaping the human
genome (by affecting the genetic content and participating in
DNA damage and repair),7,8 epigenome (through functions as
boundary elements, nucleosome-positioning sites, CpG methyl-
ation and histone modification sites)9-13 and transcriptome (by
influencing splicing, mRNA stability and RNA Pol II activity
under stress and by acting as RNA Pol II transcription-regula-
tory regions).14-18 Thus they exert profound influence on
human evolution as well as on development and differentiation
at the cellular level. Transcription of Alu elements ultimately
determines their prevalence in the transcriptome, and through
associated retrotransposition, in the genome as well. Under-
standing the mechanisms of Alu transcription/silencing is thus
of primary importance for comprehending the regulation and
function of our genome and transcriptome.

Structurally, the Alu promoters belong to the RNA Pol III
type 2 category, same as those of the 7SL genes/pseudogenes

and cytoplasmic tRNA genes.19 A defining feature of these pro-
moters is the presence of consensus A-box and B-box sequen-
ces downstream of the transcription start site (TSS).19 These
sequence elements serve as binding sites for various RNA Pol
III subunit proteins such as BRF1, TFIIIC (GTF3C1) and
POLR3F and regulate the positioning of RNA Pol III at an
upstream start site.19,20

Expression of the tRNA genes, as well as other RNA Pol III
target genes such as 7SL and 5S rRNA are important for protein
synthesis and are particularly important in growth-stimulated
cells. Although endowed with similar promoter structures and
RNA polymerase requirements, the much larger population of
Alu-SINEs (an estimated 1.5 million) give rise to very low levels
of Alu RNA,11,12,15,21-23 whereas the much fewer tRNA genes
(<1000 genome-wide) give rise to between 15–30% of total
RNA,24,25 indicating discriminate recruitment of RNA Pol III
at non-Alu promoters.

Although both genetic and epigenetic mechanisms poten-
tially affect Alu RNA production,11-13,15,23,26-31 the precise
mechanisms regulating Alu RNA levels remain elusive. Appar-
ently, there are mechanisms, which preferentially direct RNA
Pol III to tRNA genes and not at Alu-SINEs. For instance, in
growth-stimulated cells, RNA Pol III is catalytically active and
used to generate tRNAs whereas Alus are prevented from get-
ting transcribed. Such target-specifying mechanisms likely
reflect sequence differences at critical transcription-regulatory
regions of Alu-SINE or tRNA promoters. The dissimilarities
between the Alu transcription enhancer (ATE) sequence (con-
taining the A-box) of Alu-SINEs and the corresponding region
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of tRNA genes are more pronounced than those between their
transcription-directing elements (containing the B-box)32

(Singh and Westermark, unpublished observation). Although
the ATE sequence is known to be an RNA Pol III-enhancing
sequence with positive effects on transcription,32 its potential
role in Alu-silencing is not reported. Any possible mechanism
of Alu-silencing through recruitment of repressor proteins on
the A-box, however, should exhibit heat shock-sensitivity as
the epigenetically silenced Alu-SINEs are promptly transcribed
in response to heat shock stress.18,33 We show here that the
ATE sequence serves as a target site for CGGBP1, a repeat-
binding transcription regulatory protein, which antagonizes
sequestering of RNA Pol III at Alu-SINEs specifically in
growth-stimulated cells.

CGGBP1 (CGG triplet repeat-binding protein 1)34 has been
implicated in a variety of functions, including rRNA transcrip-
tion, transcription regulation of FMR1, HSF1, GAS1 and
CDKN1A in-cis, and telomere protection.35-40 Depletion of
CGGBP1 impacts cell cycle progression and causes G1 or G2
arrest with abscission failure.39,40 Notably, one of the functions
of CGGBP1 is immediate transcription regulation in response
to heat-shock and its depletion mimics heat-shock in terms of
gene expression changes, viz. up-regulation of HSF1 transcrip-
tion.38 The pan-nuclear staining of CGGBP1, however, suggests
that the rarely occurring (CGG)xn sequences could not be the
only sites to which CGGBP1 is recruited. Either CGGBP1 binds
to a variety of diverse sequences, or has a sequence-indepen-
dent chromatin binding property, or binds to highly prevalent
sequence motifs.

We show here that CGGBP1 is a serum-dependent mediator
of serum-induced changes in global gene expression, through
enhanced nuclear presence with no detectable preference for
CGG repeat-associated genes. By sequencing genomic DNA
bound to CGGBP1, we identify that CGGBP1 is bound to the
Alu-SINEs preferentially at the ATE region and suppresses Alu
transcription in cis. The global effect of CGGBP1 on expression
of RNA Pol II-transcribed genes seems to be partially in trans
through Alu RNA-dependent inhibition of RNA Pol II. Addi-
tionally, our results indicate that in response to growth factor
stimulation, potential Y20 phosphorylation of CGGBP1 and
subsequent dislodging of RNA Pol III from Alu promoters
could be the underlying mechanism.

We thus propose a novel mechanism of growth-associated
silencing of Alu-SINEs in which CGGBP1 translates growth
factor signals into transcriptional regulation of growth associ-
ated gene expression.

Results

Global gene expression changes caused by CGGBP1
depletion are diminished by serum-starvation

CGGBP1 regulates transcription as well as cellular proliferation
and growth. Here we explored the possibility that CGGBP1 tar-
gets genes differently in growing (serum-stimulated) and quies-
cent (serum-deprived) cells. Normal human foreskin
fibroblasts 1064Sk, stably transduced with lentivirally-
expressed CGGBP1 shmiR or control shmiR (efficiency of
CGGBP1 knockdown shown in Fig. S1), were mock-stimulated

(serum-free medium) or serum-stimulated (10% fetal calf
serum) for 12 h after 72 h of serum-deprivation. Global tran-
scriptome profiling in triplicates using Affymetrix arrays
showed that the differences in gene expression caused by
CGGBP1-depletion are diminished in quiescent cells (Two-way
ANOVA; p value cutoff 0.01) (Fig. 1A and B and Table S1).
The expression levels of 802 serum-and-CGGBP1-co-regulated
genes (Two-way ANOVA P < 0.01) showed extremely high
correlation between control and CGGBP1-depleted quiescent
samples (r2 D 0.995, Fisher test F D 3.405, Fig. 1B; blue dots).
This correlation was lost in serum-stimulated samples due to
differential induction/repression of genes between control- or
CGGBP1-depleted cells (r2 D 0.444, Fisher test F D 0.804,
Fig. 1B; red dots). Supporting this, the hierarchical clustering of
samples based on differentially expressed genes showed that
the quiescent samples (both control or CGGBP1 shmiR-trans-
duced) closely clustered together, whereas the serum-stimu-
lated samples clustered together but with larger distance
between them. (Two-way ANOVA P < .01) (Fig. S2, A to E).
This suggested that serum-induced gene expression changes
involve serum-dependent transcription-regulatory functions of
CGGBP1. Interestingly, among the serum-and-CGGBP1-co-
regulated genes, no specific functional category was enriched.

Using MEME Suite (Multiple Em for Motif Elicitation)
tool,41 a discriminative motif-search on promoter sequences
(¡1kb from TSS) of the serum-and-CGGBP1 co-regulated
genes (using the promoters of 1000 genes which exhibited the
least change in expression as background) did not reveal any
motifs associated with the deregulated genes.

We next asked how CGGBP1 regulates gene expression in
response to serum stimulation. To objectively identify potential
growth-associated CGGBP1-binding sites, we performed chro-
matin immunoprecipitation-sequencing (ChIP-seq) for
CGGBP1 under serum-stimulated and quiescent conditions.

CGGBP1 ChIP sequencing reveals a DNA motif switch upon
serum stimulation

ChIP was performed to identify DNA bound to CGGBP1 in
quiescent or stimulated 1064Sk human foreskin fibroblasts.
ChIP was performed in 5 replicates, pooled and sequenced in
triplicates. Peaks of CGGBP1 binding were identified, using
input controls for each group. The 4 combinations of 2 ChIP
and 2 input samples were as follows: Quiescent ChIP/Stimu-
lated input, Stimulated ChIP/Stimulated input, Stimulated
ChIP/Quiescent input, and Quiescent ChIP/Quiescent input.
The quality control parameters of ChIP-seq, read mapping and
peak calling are provided in Table S2. All peaks satisfied a max-
imum p value of 1.0E-05. The genomic locations and statistical
properties of the peaks are shown in the Table S3.

The mean distance between the peaks and nearest genes
ranged between 280 Kb in Stimulated ChIP/Quiescent input to
670 Kb in Stimulated ChIP/Stimulated input (Fig. 1C). There
was no proximity between the CGGBP1-target genes identified
in the microarray-based analysis and the ChIP peaks. These
findings indicated a trans regulation of gene expression by
CGGBP1.

To identify signature sequences that define CGGBP1-bind-
ing sites, we performed a motif search41 on the peak sequences
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using MEME motif identification tool. We observed that a long
sequence motif ([GA]CCTGTA[AG]TCCCAGC[TA][AC]-
[CT]T[TC][GA]GGAGGC[TC]GAGGC[AG]G) was highly
enriched in Stimulated peaks compared to the Quiescent peaks
(referred to as Stimulation-enriched or SE motif). By qPCR on
ChIP DNA we confirmed that CGGBP1 was indeed bound to
the identified peaks (one SE motif-containing peak randomly
selected from each chromosome) and that this binding was
strongly and highly significantly enhanced upon serum stimu-
lation (T-test, p D 3.785E-60; Fig. 1D). When performing the
same motif search on repeat-masked peak sequences (by using
RepeatMasker42), the SE motif was not detected.

These results showed (i) that CGGBP1 preferentially binds
to the SE motif in Stimulated cells, and (ii) that the SE motif is
associated with a repetitive sequence.

CGGBP1 binding switches from predominantly on L1-LINEs
to Alu-SINEs upon serum stimulation

RepeatMasker analysis of peak sequences obtained by using
only 100% uniquely mapped reads revealed the presence of
interspersed repeats (Table 1 and Table S4). Alu-SINEs and L1-
LINEs, the most abundant repeat elements identified in the
peaks, showed an increase and decrease, respectively, in

Figure 1. Serum stimulation affects gene expression regulation by and DNA-binding pattern of CGGBP1. (A) A matrix describing the sample treatments and nomencla-
ture. The alphabets “a," “b” and “c” denote technical replicates for each sample derived from a pool of 5 biological and experimental replicates. (B) Correlation plot show-
ing lack of co-variability in expression values of CGGBP1-and-serum co-regulated genes between samples 2 and 4 (red spots, r2 D 0.444, Fisher test F D 0.804) and very
high co-variability in expression values of CGGBP1-serum affected genes between samples 1 and 3 (blue spots, r2 D 0.995, Fisher test F D 3.405). Data are from mean
expression values from 3 technical replicates of 5 pooled biological and experimental samples. (C) Frequency distribution of CGGBP1-ChIP-seq peaks in relation to the TSS
of nearest protein-coding/non-coding genes. Percent of total number of peaks is shown on Y-axis and distance from TSS on X-axis. The summit shows an enrichment of
genes around the TSS, although the long units on X-axis means that these distance are still very large. (D) ChIP qPCR showing the specificity of (by using shRNA-knock-
down) and changes in the binding (upon serum-stimulation) of CGGBP1 to ChIP-seq peaks. Increase in binding in Stimulated over Quiescent is highly significant (T-test, p
D 3.785E-60). Different data points represent one peak randomly chosen from each chromosome (n D 23 £ 4 replicates).
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Stimulated peaks compared to Quiescent peaks (Table 2). Thus,
CGGBP1 emerged as an interspersed repeat-binding protein
exhibiting a shift from L1 to Alus upon serum stimulation.

To establish that the identification of Alu elements was not
confounded by their sequence homology with the 7SL genes we
applied 2 conditions: (i) using only 100% uniquely-mapped
reads for peak-calling, and (ii) using >35 bp long reads only
(minimum read length required to differentiate 7SL from Alus;
Fig. S3A). The mean read length was 52 bps for Stimulated
sample and 46 bps for Quiescent sample. We then verified the
authenticity of CGGBP1-Alu binding by rigorous computa-
tional and experimental analyses.

Any carry-over of reads between 7SL and Alus would affect
the normal distribution of reads in the peaks. Mapping of reads
from ¡400 to C400 bps from the start sites of Alus showed
that (i) the reads were normally distributed in the peaks, (ii)
the peaks’ summit was just downstream of the Alu start site,
and (iii) the tails of the peaks extended similarly into the Alus
as well as out of the Alus into non-repetitive genomic sequen-
ces (Fig. 2A). For the 7SL sequences, there was neither any
read-buildup within the genes or outside them (Fig. 2A). Since
the post-sonication fragment size subjected to ChIP was 150
bps, we plotted the signals43 in units of 150 bps (by collecting
the reads mapping to 150 bp segments) from ¡1kb to C1kb at
the Alu-matching regions of Stimulated peaks. Indeed, we
observed clustering of signals just downstream of Alu start sites
with a 2-tailed presence of signal both into Alus and upstream
of Alus into non-repeat regions (Fig. 2B). In contrast, the sig-
nals on the 7SL genes were scattered with no clear peak-like
buildup and no binomial distribution (Fig. 2C). Further, qPCR
on Stimulated CGGBP1-ChIP DNA showed that the relative
enrichment for Alus was approximately 2 orders of magnitude
higher than that of 7SL genes (Fig. S3B, P < .0001). It was thus

confirmed that the Alus are bona-fide CGGBP1-binding sites
without any interference from their repetitious nature and
sequence similarity with the 7SL genes.

The above analysis, however, indicated an intra-Alu hetero-
geneity in CGGBP1 binding with maximal binding near the
Alu start sites. To identify this further, the Alu-matching Stim-
ulated peak sequences were subjected to a search for most-com-
monly occurring Alu sub-sequence using a motif size of 20 bps
(Fig. 2D). The A-box and adjacent downstream region C[CG]
[AC]GA[GC][TC]AGC[TC][GT]GG-[AC][CT][TA]ACA
(matching with the SE motif and ATE sequence) was found to
be the most commonly occurring Alu-sub-sequence with 314
hits in the Stimulated dataset (MEME p D 2.7E-1242) (Fig. 2D,
topmost motif). The maximum enrichment of this subset of
Alu sequence in Stimulated peaks was recapitulated by measur-
ing the frequency of occurrence of the canonical Alu consensus
sequence (using a window size of 20 bases and sliding the win-
dow by 1 base per iteration) in Stimulated peaks. Thus the
occurrence of ATE sequence at location C10 to C46 bps from
Alu start site was significantly higher than the other sequences
of the Alus: locations C79 to C115, C99 to C155, C139 to
C195 and C216 to C272 (ANOVA P < .0001, Fig. 2E). A rep-
resentative peak, with different landmarks highlighted, is
shown in Figure 2F.

We then wanted to know how CGGBP1-ATE binding was
relevant for global gene expression regulation by CGGBP1 as
observed in the microarray experiments.

CGGBP1 regulates Alu RNA levels

First we asked if CGGBP1-ATE binding had consequences
on Alu RNA levels. To quantify Alu RNA, we avoided any
hybridization-based approach because the probes described

Table 1. The table shows repeat contents in Quiescent ChIP/Stimulated input, Stimulated ChIP/Stimulated input, Stimulated ChIP/Quiescent input, and Quiescent ChIP/
Quiescent input peaks identified by RepeatMasker. The values are percentages of the combined peak lengths for each of the 4 samples separately. It is noticeable that
the percentage share of Alus in the Stimulated ChIP samples (second and fourth columns, top row) are between 2 to 4 folds higher than the expected 10% (approxi-
mately) content in the genomic sequence. A converse pattern of enrichment of prevalence of LINEs in Quiescent ChIP samples is seen (first and third columns, second
row). The percentages of other types of sequences do not show such marked variability. The Alu and LINE values in the dagger-marked rows were subjected to statistical
testing as shown in Table 2.

Quiescent ChIP/Stimulated input Stimulated ChIP/Stimulated input Quiescent ChIP/Quiescent input Stimulated ChIP/Quiescent input

y SINEs 7.27% 38.64% 11.52% 26.3%
y LINEs 39.04% 22.87% 34.1% 28.69%
Satellites 23.89% 16.74% 18.05% 17.61%
Simple repeats 8.75% 6.99% 13.88% 10.32%
LTR elements 0.91% 1.07% 0.71% 0.98%
Not Masked 19.82% 12.54% 21.53% 15.67%
Low Complexity repeats 0.05% 0.09% 0.04% 0.03%
DNA elements 0.23% 0.14% 0.05% 0.03%
Unclassified 0.04% 0.76% 0.12% 0.32%
Small RNA 0% 0.16% 0% 0.05%

Table 2. A 2-tailed Fisher’s exact test (99% confidence interval) shows that the increase of Alu content and the decrease of L1 content in Stimulated peaks as compared to
Quiescent peaks is highly significant. The “–” marked entries indicate that no tests were performed for comparison between same samples. p values of Fisher’s exact test
are mentioned for each set of comparison between the 2 ChIP samples using the 2 inputs as denominators.

Quiescent ChIP/
Stimulated input

Stimulated ChIP/
Stimulated input

Quiescent ChIP/
Quiescent input

Stimulated ChIP/
Quiescent input

Quiescent ChIP/Stimulated input – <0.0001 ���� 0.303 0.0005 ���

Stimulated ChIP/Stimulated input <0.0001 ���� – <0.0001 ���� 0.1864
Quiescent ChIP/Quiescent input 0.303 <0.0001 ���� – 0.0135 �

Stimulated ChIP/Quiescent input 0.0005 ��� 0.1864 0.0135 � –
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Figure 2. CGGBP1 shows enhanced binding to a specific subsequence of Alu-SINEs upon serum stimulation. (A) Distribution of reads in Alu-matching Stimulated peaks
shows a binomial distribution with the reads piling up to create a consensus summit just downstream of Alu TSS (red curve). The tails of the reads-distribution curve
extend into Alus and non-Alu regions showing the robustness of peak calling and general peak structure of Alu-matching Stimulated peaks. Similar analysis for 7SL (blue
curve) showed much weaker read density compared to Alus and no normal distribution of the reads thereby supporting the absence of 7SL genes in Stimulated peaks. X-
axis shows distance from TSS and Y axis shows number of reads per 6196 Alu-matching peaks and 845 7SL genes/pseudogenes. Broken lines connect exact values and
the solid lines are the best Gaussian fit curves. (B) Distribution of signals (yellow) derived by mapping reads in unit sequences of 150 bps (mean length of sonicated DNA
subjected to ChIP) in the regions ¡1kb to C1kb from Stimulated peak-matching Alu start sites shows clustering of signals both upstream and downstream of Alu TSS
with summit just downstream of TSS. (C) Same analysis (as shown in (B) for Alu-matching peaks) for 7SL genes show scattered reads with no clear clustering pattern. The
differences in the Y-axis values of graphs in (B) and (C) show the high enrichment around Alu TSS but no enrichment around 7SL TSS. Eleven Alu-peaks and 4 7SL values
were removed as outliers from the analysis. Similar binding pattern of CGGBP1 on Alu and absence of specific binding on 7SL genes was observed in Quiescent sample
also (not shown). (D) Counts and p values of 20 bp Alu sub-sequences in Stimulated peaks (performed on Alu-matching peaks only using MEME suite); the maximum
occurrence and highest probability were both associated with the topmost sequence that matches to the most proximal A-box-containing region of Alus corresponding
to SE motif and ATE region. (E) Intra-Alu distribution of CGGBP1-binding sequences as occurring in Stimulated peaks derived by counting exact matches between Alu con-
sensus sequence and Stimulated peaks (iterative 100% match of a 20 bp window with one base shift per iteration, using MS Excel). Number of counts on Y-axis and loca-
tion on Alu on X-axis is shown. The solid orange curve in (E)corresponds to the ATE region/SE motif and has significantly higher occurrence than other regions plotted in
broken lines (chi square test, P < .01). (F) A representative Alu-matching Stimulated-specific peak shown with different features highlighted (Region D Chr16:
25,178,839-25,179,005; Alu repeat detected by RepeatMasker D black bar below; Region of reads mapping to non Alu region of the Alu-genome junction D highlighted
in green; Region of reads corresponding to peak summit, ATE region/SE motif D shaded in gray; most commonly occurring 8bp motif GGAYTACA D purple box; A-box
and B-boxesD underlined with pink; chromosomal coordinates and scale D mentioned on top).
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so far do not discriminate between Alu RNA and 7SL tran-
scripts. Instead we employed a recently described qRT-
PCR-based approach with minor modifications.44 The
Alu-reverse primer (Alu-rev-RA) sequence was extended by
3 bases into a region of sequence dissimilarity between 7SL
and Alu sequences (Fig. 3A) and PCR conditions were opti-
mized to ensure that the Alu-specific primers amplified spe-
cifically from the Alu template and not from the 7SL
template (Fig. 3B).

qRT-PCR showed that upon CGGBP1-depletion, there
was indeed an increase in Alu RNA levels (Fig. 3C) sug-
gesting that CGGBP1-ATE binding suppresses Alu tran-
scription. In line with our findings that CGGBP1 attains

increased Alu binding upon serum deprivation, we also
found that Alu RNA levels were increased in Quiescent
cells as compared to Stimulated cells (Fig. S4). Together
these findings indicated a serum-dependent Alu inhibition
by CGGBP1. It should, however, be noted that the Alu
RNA detected by this method is derived from RNA Pol III
as well as RNA Pol II. As will be discussed below, the
increase in Alu RNA in CGGBP1-depleted cells is proba-
bly caused by an increase in Pol III regulated transcripts
because Pol II is inhibited under the conditions of Alu
RNA increase.

Increase in Alu RNA causes a decrease in RNA Pol II activ-
ity and thereby affects transcription of genes of all functional

Figure 3. Alu and 7SL PCR primers, test of specificity and quantitation of Alu RNA. (A) Location of primers: Alu_rev_RA (yellow shade) will amplify a 90 bp fragment with
Alu_for_RA (Alu forward primer annealing in right arm, green shade) and a 230 bp fragment with Alu_for_LA (Alu forward primer annealing in left arm, blue shade). The
2 7SL primers (7SL_for and 7SL_rev; pink shade) will amplify a 160 bp fragment. Poor sequence complementarity between 7SL primers and Alu consensus sequence
ensures no Alu amplification by 7SL primers. Alu_rev_RA primer has been extended by 3 bases at the 30 end (rest of the sequence the same as described by Marullo
et al., 2010) to generate terminal mismatch between Alu_rev_RA primer and 7SL template. This prevent cross amplification of 7SL by Alu primers. (B) By using cDNA as a
general template, purified 90 and 160 bps Alu fragments as Alu template and annealed oligos of 7SL1 sequence as 7SL-specific template (see methods for sequence), the
specificity of the primers was confirmed. (C) qPCRs show that CGGBP1 depletion by CGGBP1 shmiR induced Alu RNA levels as compared to control shmiR (P < .0001; n D
3). Y-axis values are obtained from subtraction of Ct values of an all-sample-mix as an internal standard from the Ct values of each sample and the difference subjected
to negative power of base 2. The values were then normalized to set control (Stimulated) to a mean of 1.
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categories except those required for heat shock response.18 This
mechanism could explain the generalized gene expression
changes upon CGGBP1-depletion without enrichment of any
specific functional category.

Alu RNA induction by CGGBP1 depletion inhibits RNA Pol II
activity

To ascertain that the increase in Alu RNA levels upon
CGGBP1-depletion plays a role in RNA Pol II regulation, we
employed a previously described experimental strategy.18 For
HSP70 and U2 RNA genes, CGGBP1 depletion or antisense oli-
gonucleotides against Alus in combination with serum stimula-
tion or starvation did not bring any consistent differences in
RNA Pol II occupancy at the TSS or at the downstream (DS)
regions (Fig. S5). These genes were chosen as Alu-independent
RNA Pol II-transcribed genes since Alu RNA impedes RNA
Pol II function only at protein-coding genes not required for
heat shock response.18 At the TSS of the protein-coding genes
(not involved in heat shock response) HIST1A, HKII, ACSII
and GLUD1, RNA Pol II showed a consistent occupancy, with
small increases seen upon serum-stimulation, which was not
affected by antisense oligonucleotides against Alus (Fig. 4A). At
the DS region of these genes however, CGGBP1-depletion neg-
atively affected RNA Pol II recruitment, which could be rescued
by Alu-antisense oligonucleotides (Fig. 4A). The relative
increase in RNA Pol II recruitment after 12 h serum stimula-
tion in Alu antisense-treated sample as compared to Alu scram-
bled-treated sample is significant for all genes tested (Fig. 4A,
T-test P < .05).

With these indications that CGGBP1 depletion caused RNA
Pol II inhibition, we quantified the amount of polyA-RNA
(mRNA), and normalized it to genomic DNA produced from a
particular amount of cells, in control-shmiR or CGGBP1-
shmiR transduced cells under quiescent or serum-stimulated
conditions. Indeed, the amount of mRNA obtained per unit
amount of genomic DNA was reduced to approximately half
the levels in CGGBP1-depleted cells as compared to control
cells, showing that CGGBP1-depletion negatively impacts the
amount of mRNA available for protein production (Fisher test
F < 0.0001, Fig. 4B and C). A likely interpretation of this result
is that the lack of suppression of Alu-SINEs in CGGBP1-
depleted serum-stimulated cells results in Alu-mediated inhibi-
tion of RNA Pol II activity and reduced mRNA production.
Through Alu RNA, CGGBP1 thus appeared to regulate global
gene expression in trans although there could be other mecha-
nisms involved too. As RNA Pol II was inhibited by CGGBP1
depletion in an Alu RNA-dependent manner and since RNA
Pol III is required for Alu RNA production, we next wanted to
find out the mechanisms of CGGBP1-ATE binding and their
consequences on RNA Pol III activity.

Possible mechanisms of Alu regulation by CGGBP1: phos-
phorylation associated with Y20 CGGBP1 antagonizes RNA
Pol III at ATE

We explored various mechanisms through which CGGBP1
might regulate Alu expression in a serum-dependent manner.
A Eukaryotic Linear Motif prediction for functional sites in
proteins45 showed that the post-translational modification site
predicted with maximum probability on CGGBP1 was Y20

(ELM prediction p D 2.454e-04) as a phosphorylable residue.
The 2 other tyrosine residues Y155 and Y150 were predicted as
potential modification sites at relatively lower ELM prediction
probabilities with p values of 4.787e-04 and 3.296e-03 respec-
tively. The Y20 flanking region on CGGBP1 also showed struc-
ture-based sequence similarity46 with the Y364 region of
Ewing’s Sarcoma protein (EWS), which exhibits Y364 phos-
phorylation-dependent nuclear localization47 (Fig. S6). The
expression of endogenous CGGBP1 in the nuclei decreased and
became diffusely pan-cellular upon serum starvation for 48 h
(Fig. S7). With the premise that growth factors in serum can
induce tyrosine phosphorylation, we wanted to measured phos-
pho-tyrosine levels on CGGBP1 using lentiviral overexpression
system for V5-tagged WT, or tyrosine residue mutant forms of
CGGBP1. For this, we first generated tyrosine to phenylalanine
mutations of 2 tyrosine residues with highest modification
probabilities, Y20 and Y155. Tyrosine phosphorylation levels
were studied in 1064Sk cells overexpressing WT, Y20F or
Y155F CGGBP1 and subjected to stimulation with various
growth factors (Fig. 5A). The pY signal on WT CGGBP1 seen
upon IP:V5-Blot:pY was the lowest in Quiescent cells, unaf-
fected by stimulation with SCF and insulin (not shown) or
FGF, increased by EGF strongly and PDGFB mildly (Fig. 5A).
While the EGF-induced phosphorylation was reduced by
Y155F and Y20F mutations both, PDGFB-induced phosphory-
lation was sensitive only to Y20F mutation (Fig. 5A).

Immunodetection of V5-CGGBP1 showed that WT-V5 and
Y155F-V5 CGGBP1 were present strongly in the nuclei with
weaker but specific staining also detected in the cytoplasm (Fig.
S8). Y20F CGGBP1 showed a clear exclusion from the nuclei,
with approximately 5% of cells having a widely cytoplasmic
staining whereas the majority of cells displayed accumulation
of CGGBP1 in a perinuclear ring with very weak presence in
nuclei (Fig. S8). Tagging Y20F CGGBP1 with a constitutive
nuclear localization signal from SV40 T-antigen failed to gener-
ate a clear nuclear localization (Fig. S8), whereas V5-Y20ex
CGGBP1 (CGGBP1 with Y20 as the only tyrosine residue;
Y150 and 155 mutated to F) yielded a WT CGGBP1-like
nuclear localization (Fig. S8). To verify these findings, we stud-
ied EGF-induced tyrosine phosphorylation and its effect on
CGGBP1 nuclear localization in transiently transfected
HEK293T cells also. In these experiments we included all tyro-
sine-to-phenylalanine mutations of CGGBP1 (Y20F, Y150F
and Y155F). EGF-induced phosphorylation was ablated by
Y20F mutation (Fig. 5B and C). Nuclear-cytoplasmic fraction-
ation assays showed that the nuclear to cytoplasmic ratio of
CGGBP1 levels was drastically reduced upon Y20F mutation in
serum-stimulated HEK293T cells (Fig. 5D and E) showing that
the Y20 phosphorylation of CGGBP1 affects its nuclear pres-
ence. DNA-protein immunoprecipitations (DNA-IPs) per-
formed using ds-oligonucleotides representing the ATE region
of Alu-SINEs and using lysates from WT, Y20F or Y155F
CGGBP1-transduced 1064Sk cells, showed that CGGBP1-ATE
binding was diminished by Y20F mutation (Fig. 5F). This find-
ing suggests that the potential Y20 phosphorylation of
CGGBP1 aids in its binding to ATE and nuclear retention.
DNA-IPs using the known RNA Pol III constituents BRF1,
POLR3F and GTF3C1, showed that their association with the
ATE DNA was inversely correlated with potential Y20

1564 P. AGARWAL ET AL.



Figure 4. Effect of Alu induction (upon CGGBP1-depletion) on RNA Pol II activity. (A) Measurement of RNA Pol II occupancy on TSS or DS regions of HIST1A, HKII, ACSII and
GLUD1 showed that serum stimulation had a consistent enhancing effect on RNA Pol II occupancy at the DS regions. Unlike at the TSS (left panel), at the DS regions (right
panel), CGGBP1 depletion reduced the RNA Pol II occupancy. At the DS regions, the RNA Pol II occupancy was not affected by Alu antisense treatment without CGGBP1
depletion, whereas in CGGBP1 depleted samples, a concomitant RNA interference against Alu rescued the RNA Pol II occupancy. Serum treatment also enhanced the RNA
Pol II occupancy at the DS regions and at 2 (HIST1A and ACSII) of the 4 housekeeping genes tested, this effect of serum was vanished by depleting CGGBP1 but could be
rescued by combining CGGBP1 depletion with Alu antisense. Input-normalized ddCt values are plotted on Y-axis (n D 4 for each bar; for serum 12h data-points all com-
parisons between Alu scrambled and Alu antisense satisfy T-test with P < .05). (B) Measurement of correlation between mRNA productions per unit amounts of genomic
DNA (different amounts derived from different densities of cells harvested). The slopes of correlation curves show lower mRNA production per unit amount of DNA in
CGGBP1-depleted cells (Fishers exact test P < .0001). These curves are for cells cultured in 10% serum. (C) Histograms of mRNA/DNA ratios from control or CGGBP1-
depleted cells serum-deprived or stimulated with serum for 48h. Interpolations to derive expected mRNA amounts in CGGBP1-depleted cells based on the mRNA/DNA
ratios of control cells show no significant reduction under serum deprivation (left panel; Wilcoxon’s test pD>0.999, labeled NS), whereas in presence of serum, the actual
value of the mRNA production is significantly lower than the expected value of mRNA production (right panel; Wilcoxon’s test, p D 0.0313, labeled �).
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Figure 5. Growth stimulation induces tyrosine phosphorylation and nuclear localization of CGGBP1 that antagonizes RNA Pol III recruitment at ATE DNA. (A) 1064Sk cells
transduced witAh V5-tagged WT, Y20F or Y155F CGGBP1 lentiviruses subjected to IP: V5-blot: pY after stimulation with indicated growth factors. Y20 seems to be a com-
mon phosphorylation site upon EGF and PDGFB stimulation. In all panels the upper band correspond to the light IgG chain (25 KDa approximately) and the lower band
correspond to CGGBP1 (20 KDa approximately). The specificity of the IPs have been determined (not shown). (B) Measurement of the effect of EGF stimulation on tyrosine
phosphorylation levels in HEK293T cells showed that Y20F mutant CGGBP1 does not respond to EGF-induced tyrosine phosphorylation. HA-tagged CGGBP1 was immuno-
precipitated and blotted for pY, stripped and rebottled for HA. The HA and pY bands correspond to 20 KDa. pY signal at other molecular weights, which was stronger in
EGF-treated samples, occurring due to pY-containing proteins co-immunoprecipitated with HA-CGGBP1, was ignored. (C) The net change in phosphorylation was calcu-
lated as a ratio of pY signal to total HA signal from 4 observations (WT versus Y20F; T-test p D 0.0181). (D) Consistent with immunofluorescence findings in 1064Sk cells,
nuclear-cytoplasmic fractionation experiments in HEK293T cells showed that the ratio of nuclear to cytoplasmic distribution of WT CGGBP1 was increased whereas Y20F
CGGBP1 was decreased upon serum stimulation; Y150F and Y155F mutations had no effect on the nuclear-cytoplasmic distribution upon serum stimulation. (E) The
change in nuclear/cytoplasmic distribution upon serum stimulation was quantified using NIH ImageJ. The values are calculated using the formula ((Signal 10%FCS / Signal
Quiescent) Nuclear) / ((Signal 10%FCS / Signal Quiescent) Cytoplasmic). (F) Y20 CGGBP1 exhibits strongly reduced binding to ATE DNA in in vitro DNA IPs. Equal expression
of CGGBP1 and specificity of IPs have been confirmed (not shown). (G) Binding of BRF1, POLR3F and GTF3C1 were increased strongly by Y20F CGGBP1 as compared to WT
CGGBP1 in in vitro DNA IPs using ATE dsDNA. For assays shown in (F) and (G), the only DNA incubated with lysates is the ATE DNA oligo pair. The smeary migration pattern
on non-denaturing gel shows the mobility shift associated with interactions. (H) ChIP qPCR shows that in vivo also the binding of CGGBP1 is decreased (T-test, P< .01) but
binding of BRF1, POLR3F and GTF3C1 is increased by Y20F CGGBP1 as compared to WT CGGBP1 (T-test, P < .01). (I) qPCRs show that overexpression of Y20F CGGBP1-
induced Alu RNA levels compared to WT or Y155F CGGBP1-overexpression (T-test P < .0001). CGGBP1 depletion by CGGBP1 shmiR also induced Alu RNA levels compared
to control shmiR (P < .0001).
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phosphorylation of CGGBP1 (Fig. 5G). ChIP assays showed
that in vivo also WT CGGBP1 was bound to ATE-flanking
region significantly more than Y20F CGGBP1 (T-test P < .01,
Fig. 5H). Conversely, the binding of BRF1, POLR3F and
GTF3C1 to ATE-flanking region was increased by Y20F muta-
tion (Fig. 5H). POLR3F ChIP and qPCRs on candidate tRNA
genes showed that Y20F CGGBP1 overexpression either did
not affect or decreased POLR3F recruitment on tRNA genes
(Fig. S9, P < .02).

In agreement with these observations, we found that Alu
RNA levels were increased upon Y20F CGGBP1-overexpres-
sion (Fig. 5I, P < .0001). These results collectively indicate that
a potential Y20 phosphorylation upon growth stimulation facil-
itates CGGBP1-ATE binding and counteracts recruitment of
RNA Pol III components specifically at Alu promoters.

Discussion

We have found that CGGBP1 affects global gene expression
through regulation in cis of Alu RNA levels, which in turn
affects RNA Pol II. We also provide some mechanistic insight
into possible mechanisms of Alu regulation by CGGBP1.
Mutually exclusive binding patterns of RNA Pol III compo-
nents and CGGBP1 (that is potentially phosphorylated at Y20)
indicate that CGGBP1 is an Alu-specific RNA Pol III regulator.
These results advance our knowledge about how Alu transcrip-
tion is regulated and pave the way for investigations into the
possible functions of CGGBP1 as a regulator of RNA Pol III,
like MAF1, the only previously known RNA Pol III regulator.26

The absence of enrichment of specific functional categories
and no conserved DNA sequence motifs in the promoters of
the genes deregulated by CGGBP1 depletion, is in accordance
with the finding that the global mRNA production was lowered
as a consequence of RNA Pol II inhibition by Alu RNA. Tran-
scriptome-wide techniques such as microarrays inherently fail
to report such large-scale alterations in mRNA levels as they
rely on equality of RNA from different samples and statistical
normalization of signals. To this end, the calculation of mRNA
per unit amount of DNA is a useful means to get a relative mea-
sure of global mRNA production. Because we have measured
the mRNA/DNA ratio from multiple samples with different
cell densities, the slopes of the curves are statistically reliable
for a relative quantitation. However, for objective measure-
ments of rate of mRNA productions in real-time, innovative
new methods need to be devised. Nevertheless, these results
highlight the need of discriminating between global gene
expression retardation and target-specific gene expression
change as most conventional assays are based on the assump-
tion that the amount of total mRNA produced per cell (refec-
tion of a unit amount of DNA) remains unchanged and the
changes are only for some specific target genes.

We performed ChIP-seq to identify DNA-binding sites of
CGGBP1 that might reveal its direct transcription-targets. The
large distances between ChIP-seq peaks and nearest promoters
suggest no cis-regulation of gene expression by CGGBP1 bind-
ing to Alus. However, any cis-regulatory CGGBP1-binding sites
could evade detection in ChIP-seq due to their repetitive nature
or low enrichment as compared to interspersed repeats. The
inhibition of RNA Pol II upon CGGBP1-depletion would result

in altered levels of various transcription-regulatory factors
thereby secondarily affecting gene expression. Together, these
will bring about a complex and broad change in the transcrip-
tome as seen in our microarray results. Despite the evidence we
provide for RNA Pol II inhibition by Alu RNA increase due to
loss of CGGBP1 function, it is likely that this is only one of
many known and possible mechanisms. For example, we do
not provide any evidence that CGGBP1 does not affect RNA
Pol II directly by bypassing Alus. Such a mechanism would be
possible if RNA Pol II components interact with CGGBP1; a
possibility not ruled out based on the presented results. Also,
the cell cycle arrest seen upon loss of CGGBP1 function could
affect RNA Pol II indirectly, without involving Alu RNA. It is
important to note that basal RNA Pol II activity is indeed regu-
lated in a cell cycle dependent manner and Alus RNA has not
been implicated in this process yet.48

It is interesting that the increase in DNA binding of
CGGBP1 upon growth-stimulation is not universal and unspe-
cific but restricted mainly to Alu-SINEs. Conversely, under
conditions of starvation, CGGBP1-bound mostly to L1-LINEs.
It thus seems that the affinity of CGGBP1 for LINEs is indepen-
dent of growth signals, although it could have a general effect
on CGGBP1-DNA binding. It is likely that some additional tar-
get sequence-specifying mechanisms cooperate with growth-
stimulation to determine CGGBP1-DNA binding pattern at
LINEs and other target sequences. It is interesting that the
LINEs and SINEs have overtly mutually exclusive location pat-
terns: LINEs in the G/C-poor G-bands and SINEs in the G/C-
rich R-bands.49 The differential CGGBP1-binding patterns on
on Alus and L1 could depend on the differences in G/C and A/
T richness of the genomic regions in which they are located.
The sequences of the exact target sites will also determine the
local chromatin context that could affect CGGBP1-binding.

The ability of CGGBP1 to achieve a proper nuclear presence
and bind to Alu-SINEs was strongly dependent on intactness of
Y20, which potentially gets phosphorylated in response to
serum and growth factors. Some other transcription regulatory
proteins have also been shown to undergo nuclear translocation
upon tyrosine phosphorylation, such as HNF4A, STAT5,
EWS.47,50-55 Our results also show that, although there is an
enhanced nuclear presence of CGGBP1 upon serum stimula-
tion, starvation and a potential loss of Y20 phosphorylation do
not abrogate nuclear presence of CGGBP1 completely. These
results together suggest that the enhanced nuclear levels of
CGGBP1 in serum-stimulated cells could be due to a stronger
association with target DNA and possibly increased nuclear
retention, caused by Y20 phosphorylation. The levels of Y20F
CGGBP1 that remain in the nucleus argue that Y20 is not a
master regulator of CGGBP1 nuclear localization. There is a
dynamic state of CGGBP1 distribution in the cells, which in
presence of Y20 CGGBP1 and growth signals favors nuclear
presence more than cytoplasmic whereas upon Y20F mutation
or lack of growth signals favors the extra-nuclear or peri-
nuclear accumulation. What mechanism senses and restricts
Y20F CGGBP1 to the peri-nuclear ring remains unknown.

Many important functions of Alu-SINEs, such as Alu-retro-
transposition and the inhibition of RNA Pol II upon heat shock
by Alu RNA rely on Alu RNA production. Although the func-
tions of Alu-SINEs have been investigated in details, the
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regulation of Alu-expression has not been clarified.11-
13,15,21,23,29-31 The type 2 promoters of Alus are binding sites for
the ubiquitously available RNA Pol III subunits involved in the
housekeeping transcription of tRNA and 7SL genes. Some
mechanisms must discriminatively keep Alu transcription off
while tRNA and 7SL genes are transcribed. Our results suggest
that CGGBP1 in response to growth factors suppresses Alu
promoters specifically, while sparing the tRNA and 7SL genes.
The measurement of Alu RNA by us utilizes a well-controlled
PCR-based approach that can be used widely to distinguish Alu
and 7SL RNA. By using any approach reported so far, the Alu
transcripts originating from RNA Pol III-transcribed Alu units
as well as from Alu units embedded within RNA Pol II-tran-
scribed mRNA-coding genes cannot be differentiated. How-
ever, the conclusion that the increase in Alu RNA upon
CGGBP1-depletion is due to enhanced RNA Pol III activity at
Alu promoters is logical because upon CGGBP1 depletion
RNA Pol II becomes inhibited whereas RNA Pol III exhibits
enhanced binding at ATE DNA. Although additional mecha-
nisms may affect CGGBP1-Alu axis, but in the context of the
results reported here, a potentiation of RNA Pol III at Alu pro-
moters seems to be the strongest reason. Interestingly, the
mutually exclusive binding of CGGBP1 or RNA Pol III compo-
nents to Alu promoters suggests that binding of CGGBP1 could
cause steric hindrance to BRF1, POLR3F and GTF3C1 access to
Alu promoter by either physically occupying the ATE region or
changing the chromatin configuration there. For conclusive
mechanisms, targeted studies on RNA Pol III regulation by
CGGBP1 and partner proteins need to be carried out. The dif-
ferential effects of CGGBP1 on tRNA and Alu promoters could
be due to minor sequence differences or major differences in
their epigenetic states. Interestingly, silencing of Alu elements
by CGGBP1 occurs through regulatory elements, including the
ATE region, which are so far only known as positive regulators
of transcription.32 The ATE region thus emerges as a bimodal
regulator of Alu transcription: repressor when bound by
CGGBP1, and activator when not bound by CGGBP1.

CGGBP1 is an amniote-specific protein (NCBI Homolo-
Gene) and seem to have acquired specialized retrotransposon-
regulatory functions. It is an interesting coincidence then that
CGGBP1 appears to have originated from the DNA-binding
domain of a DNA transposase belonging to the Charlie group
of hAT transposases (Arian Smit, unpublished results), which
has acquired the function of silencing the SINEs in our genome.

These results for the first time describe a mechanism
through which Alu-SINEs transcription is regulated and
describe a sequence and context-specific regulator of RNA Pol
III activity. These results enhance our understanding about
how our cells deal with the widespread Alu elements selectively
with a positive outcome for cellular growth.

Methods

Cell culture, expression constructs and lentiviral
transduction

1064Sk normal human foreskin fibroblasts, passage 8–25, were
cultured in MEM (Sigma) supplemented with 10% fetal bovine
serum and 1% Glutamine (Sigma). HEK293T cells were

cultured in DMEM supplemented the same way. WT HA-
tagged CGGBP1 expression plasmids were used as described
earlier.40 Point mutations Y20F, Y150F and Y155F were cre-
ated by using QuickChangeII site directed mutagenesis kit
(Agilent, Stratagene). N-terminal V5 epitope tagged WT,
Y20F or Y155F CGGBP1 synthetic or PCR-generated inserts
were cloned into pLenti-V5-dest into attL1 and attL2 cloning
sites (GeneArt). The clones were transformed into and
expanded using STBL3 competent E. coli (Invitrogen). Pooled
midipreps (Qiagen) from single clones were used for transfec-
tion/transduction. The multiplicity of infection was approxi-
mately 3–4. Cells were freshly transduced for 96h before
harvesting them for RNA extraction, nuclear fraction prepara-
tion, growth factor simulation experiments, or lysis for west-
erns or immunoprecipitations. Control or CGGBP1-shmiR
lentiviruses (targeting 3 different regions in CGGBP1 ORF)
were obtained from ThermoScientific, mixed in equal propor-
tions and used for transductions. For stable transductions,
cells were selected in 5 ug/ml Puromycin. Transfections were
performed using standard Fugene (Promega) protocol. 1:5000
diluted 10 mg/ml Polybrene was used for transducing
fibroblasts.

RNA extraction, affymetrix microarray assays and qRT-
PCRs

RNAs were extracted using Trizol (Invitrogen) protocol.
Either total cells or purified nuclear fractions were used for
RNA extraction. Total RNA were subjected to GeneTitan
1.0 ST Affymetrix microarray hybridizations using standard
protocols at Stockholm BEA Affymetrix facility. Data were
analyzed by GeneSpring V12.6.1 using specified ANOVA
settings. For qPCRs, cDNA was made out of total RNA
using Vilo reverse transcription kit (Invitrogen) as recom-
mended. qRT-PCRs were performed using cDNA template
using 2£ SYBR-Green PCR mix from Fermentas or BioRad
on Stratagene MX3005 machines. Separate thresholds were
applied to each primer pair for Ct value calculation. ddCt
calculations were performed on quadruplicate Ct values
from different runs for relative quantitation. For Alu
expression analysis, a standard curve was prepared from
known amounts of Alu PCR products as template (1 fg to
10000 fg) and Ct values obtained from samples were inter-
polated. The differences in Ct values of treatment versus
controls were calculated and subjected to negative power of
base 2. The values obtained were used to calculate fold
changes. For Alu vs. 7SL enrichment, differences in 7SL
and Alu Ct values relative to the common input were calcu-
lated and subjected to same analysis as described for relative
quantitation using standard curve.

The primers for Alu-specific PCR were used from a previous
work44 with slight modification. The reverse primer was
extended by 3 bases at 30 end to generate mismatch with 7SL
sequences and ensure Alu specificity. The correctness of frag-
ment sized obtained through this PCR, location and sequences
of primers and verification of PCR specificity to ensure no cross
amplification of 7SL and Alu template from primer cross
matches is shown in Figure 3A and B. The Alu-specific tem-
plate was obtained by purifying the 2 bands from gel together.

1568 P. AGARWAL ET AL.



The 7SL-specific template was obtained by a mixture of
10fmoles of both of the following oligos in the PCR as template:
50-GGAGTTCTGGGCTGTAGTGCGCTATGCCGA TCGGG-
TGTCCGCACTAAGTTCGGCATCAATATGGTGACCTC-
CCGGGAGCGGGGGACCACCAGGTTGCCTAAGGAGG-
GGTGAACCGG-3 0 and 50-TGCCCA GGCTGGAGTGC
A-GTGGCTATTCACAGGCGCGATCCCACTACTGATCAG-
CACGGGAGTTTTGACCTGCTCCGTTTCCGACCTGG-G
CCGGTTCACCCCTCCTTAGGCAACCTGG-30.

ChIP: sequencing and qPCRs

ChIP was performed using Upstate protocol with certain
modifications, as described before.38 The sonication was
done at maximum setting, of 30 sec sonication with inter-
vening icing of 30 sec, for 45 min to achieve a mean frag-
ment size of 150 bp (<200 bps). For ChIP sequencing, the
diluted lysates were preincubated for 2 h in a cocktail of
non-specific antibodies/IgG (described in antibody list)
followed by clearing using protein-G-sepharose beads (GE
Life Sciences). The cleared diluted lysates were then sub-
jected to specific immunoprecipitation using CGGBP1
antibody cocktail (described in antibody list). ChIP DNA
obtained from approximately 100 million cells were
pooled, phenol-chloroform purified, precipitated and
resuspended to final concentration of 2–4 ng/ml concentra-
tion. ChIP DNA QC was performed using BioAnalyzer
and using standard protocols sequenced using SOLiD and
IonProton platforms, keeping the minimum read size >35
bases (mean read lengths 46–52 bases). ChIP were per-
formed in 5 replicates, pooled and sequenced in triplicates.
Raw sequence data was mapped to human genome (hg19)
using LifeScope 2.5 software (Life Technologies) following
manufacturer’s best practice guidelines and maximum
stringency for unique mapping. Only uniquely mapped
reads were retained in the resulting BAM file. Peak calling
was done using MACS software at default settings for sta-
tistical significance (p value � 1E-05) using UPPMAX at
Uppsala University Next Generation Sequencing Analysis
and Data Storage facility. The peaks thus obtained were
analyzed using various bioinformatics tools as necessary.
For discriminative motif searches, where one set of
sequences was used as a negative data set, a background
Markov Model file was generated for the negative file.

The distribution of reads in peaks was calculated in bins of
200 bps (¡500 to ¡300 till C300 to C500) and the results were
plotted with center of bins as locations from Alu start site.
Intersections of different genomic coordinates for the purpose
was done using BEDTools.56 For signal mapping, footprints of
the CGGBP1 binding around the peaks were created using the
SICTIN software and custom R-scripts in 150 bp segments
ranging from ¡1kb to C1kb from Alu start and K-means clus-
tering was performed to find out the major patterns of read
pileup in and around peaks using a previously reported
method.43

The ChIP seq data is uploaded at NCBI GEO (ID: GSE53571,
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?accDGSE53571).
The quiescent sample has been referred to as starved sample.

Nuclear-cytoplasmic fractionation

Nuclear-cytoplasmic fractions were prepared using the REAP
method described elsewhere.57

Immunofluorescence and western blots

Immunofluorescence and protein gel blots were performed as
described previously.38

DNA-immunoprecipitations

DNA immunoprecipitations were performed as described ear-
lier.35,58 10 pmoles of double stranded ATE DNA (complemen-
tary strands synthesized, annealed, digested using ExoI and
purified again using Qiagen columns) was incubated with indi-
cated cell lysates prepared using lysis buffer (20 mM Tris-HCl,
pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 1% aprotinin, and 1 mM phenylmethylsulfonyl fluo-
ride) on ice for 2 h in presence of 1 ug/ml Poly (dI.dC).
Immunoprecipitations were performed using indicated anti-
bodies. The ATE DNA attached to the precipitated proteins
was eluted by heating (95�C, 5 min). Eluates were run on
Novex native DR TBE gels and detected using streptavidin-
HRP Nucleic Acid detection system (Pierce). Aliquots of lysates
used for DNA immunoprecipitations were also subjected to
western blot for the immunoprecipitated protein to serve as
controls as the amount of protein in input. The sequence of the
forward strand of the ds ATE DNA was BIO-CTG CCT CAG
CCT CCC GAG TAG CTG GGA CTA CAG GC.

Primers and DNA Oligos

The DNA oligos used in this study are described in supplemen-
tary file (Table S5). For specificity and PCR feasibility, primers
had to be chosen in <100 bp vicinity of the peak sequences.
One peak from each chromosome was chosen randomly for
confirmation. For RNA Pol II ChIP-qPCRs, primers were used
as described earlier.18

Genomic DNA extraction, mRNA purification and mRNA/
DNA ratio calculation

Cells were seeded in different densities of 0.1, 0.2, 0.5, 1.0, 2.0
and 5.0 (in millions), control or CGGBP1 shmiR transduced
after 24 h and after another 24 h either subjected to either 72 h
serum deprivation or growth in presence of 10% serum. Cells
were washed 2 times with 10 ml ice cold DEPC-treated PBS
and resuspended in 1 ml of the same. 100 microliters were used
for genomic DNA extraction using Qiagen Genomic DNA
extraction kit and the remaining used for mRNA extraction
using Qiagen PolyA RNA extraction kit. The DNA and mRNA
thus extracted were quantified using NanoDrop. Paired values
of mRNA and corresponding DNA concentrations were used
to derive a correlation plot of mRNA quantities to DNA quan-
tities obtained. Significance of difference between them was cal-
culated using Fisher’s test in GraphPad Prism. The control
shmiR slope was used to interpolate the mean expected value of
mRNA for CGGBP1 shmiR sample. The observed and expected
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values of CGGBP1 shmiR were analyzed by Wilcoxon’s test in
GraphPad Prism.

Statistics and graphs

Graphs were generated using MS Excel or GraphPad Prism 6.
All statistical tests were performed using inbuilt tools in Graph-
Pad Prism. Statistics from RepeatMasker, DREME/MEME
suites, GeneSpring, SICTIN and R-scripts were reported as in
the output.

Antibodies

Following antibodies were used in this study: CGGBP1 western
(Proteintech), CGGBP1 ChIP (cocktail of Proteintech 10716-1-
AP, Abcam ab126095 and ab56412, Santacruz sc-102434 and
sc-102433), IgG ChIP preincubation (goat serum (Gibco), HA
(Abcam), FLAG (M2 Sigma), mouse IgG (DAKO), HA tag
(Santacruz), V5 tag (Santacruz), Histone H3 (Abcam), GAPDH
(Sigma), pY (Santacruz), BRF1 (Santacruz sc-17465), POLR3F
(Santacruz sc-32125), GTF3C1 (Santacruz sc-22571), POL2
(Abcam ab817).
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