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Abstract

The phenomenon, where transcription of an induced gene propagates to its
neighbouring genes is known as transcriptional ripple. A study by Ebisuya et al.
demonstrated that addition of fibroblast growth factor in quiescent mouse NIH3T3
cells; rapidly induce immediate-early genes (IEGs) and this induction of target genes
is accompanied by up -regulation of their neighboring genes. This suggests that
transcriptional activation has a ripple-like effect. However, epigenetic basis and the
functional significance of transcriptional ripple effect are not yet understood. Here, we
have investigated the transcriptional ripple effect in Estrogen induced transcription in
MCEF-7 breast cancer cell line. We identified 151 estrogen-receptor(ER) target and
their neighbouring genes; out of which 89 neighbouring genes showed significant
transcriptional up/down regulation upon estrogen induction. Further, we
comprehensively analyzed different genomic, epigenomic and functional attributes of
estrogen-receptor target and their nearest neighboring genes. We had following key
observations: 1) Affected neighbouring genes were more distant from the target genes
as compared to unaffected genes, significance of which is not entirely clear. 2)
Regions having affected and unaffected neighbouring gene did not differ in their gene
density. 3) Chromatin state analyses through ChromHMM platform, suggested that
the affected neighboring genes more likely to have ‘active promoter’ as compared to
unaffected genes. 4) Most affected neighboring genes had ‘High CpG’ promoters as
compared to ER-target genes and the unaffected neighboring genes. 5) Analyses of
RNAPII ChIA-PET data revealed no significant association with the long range
chromatin interaction between target and neighboring genes.

Overall, our observations suggest that the induction of a gene can interfere with the
process of active transcription in the neighborhood and that the chromatin state and
the CpG content of the neighboring gene-promoter seemingly determines whether or
not the gene would be perturbed. Further exploration of other genome-wide datasets

would, hopefully, unravel the underlying functional significance of such observations.

Keywords Transcriptional ripple effect, chromatin states, Normalized CpG content,

chromatin interaction.
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Chapter 1

Introduction, Objective, Materials and methods

1 Introduction
1.1 Transcription and its regulation

Transcription is the process by which a template DNA strand is transcribed
into RNA. This process is regulated at multiple levels by the different
mechanisms ranging from differential binding of transcription factors,
Enhancer promoter interactions and promoter-promoter interactions. In
particular, regulation of transcription in eukaryotes is a result of the combined
effects of structural properties such as packaging of DNA and the interaction
with proteins called transcription factors and chromatin remodeling
complexes.

This control allows the cell or organism to respond a variety of intra- and extra
cellular environment. Any perturbation in the normal physiology of the cell
starts a cascade of signals which can ultimately modify the gene expression.
One example of this kind of transcriptional induction or repression is Estrogen
signaling [1]. This signaling results in the activation and translocation of
estrogen receptor inside the nucleus, where it binds its target genes and
modulates their expression profiles. It has been thought that such kind of
transcriptional regulation affects only target genes of effector molecule
(Transcription Factor). But recently, it has been demonstrated that this kind of
transcriptional induction spills beyond the boundaries of target genes [2],
which may lead to activation/suppression of neighboring genes, the

phenomena which has been termed Transcription Ripple.

1.2 The Transcription Ripple Effect

As described above, Induced transcription at one locus frequently spills over
into its physical neighboring loci (2). This phenomenon is described in figure
1. Considering the phenomena of transcriptional ripples and given the fact that
genome is pervasively transcribed, where most of the DNA gives rise to RNA,

it is possible that co-regulation of neighbouring genes is achieved by ripple



effect, where the transcriptional activation at one loci reaches the other nearby

genes via intergenic regions.

Transcriptional
At Timet activity

At Time t+1

At Time t+2

Second
Neighbour

Figl: Transcription Ripple- Transcription propagates outside the boundaries of
the initial target gene. Transcription of a target gene spills over into its

neighboring genes over the time.

In bacteria also, it is well known that functionally similar genes are present in close
neighborhood and regulated as a single unit known as operon systems, so in
Eukaryotes also, it is possible the neighbouring genes are co-regulated by the

phenomena of transcription ripples.

However not much is known about the molecular basis or functional significance of
transcription ripple effect. It is possible that genes which are associated with ripple
effect have unique epigenetic signatures. Further, it is also possible that ripple effect is
not limited to linear neighbors, but is also exhibited by the physically close neighbors

in the 3-D space of the nucleus.
1.3 Epigenetics and Chromatin modification

The DNA of all eukaryotic cells is tightly bound to histones, forming chromatin. The
basic structural unit of chromatin is the nucleosome, which consists of 146 base pairs
of DNA wrapped around two molecules each of histones H2A, H2B, H3 and H4, with

one molecule of histone H1 bound to the DNA as it enters the nucleosome core



particle. The chromatin is then further condensed by being coiled into higher-order
structures organized into loops of DNA. This packaging of eukaryotic DNA in
chromatin clearly has important consequences in terms of its availability as a template
for transcription, so chromatin structure is a critical aspect of gene expression in

eukaryotic cells.

This condensed chromatin structure is dynamical nature, with various covalent
modifications (acetylation, methylation) being involved to change the extent of

condensation of chromatin fiber.

The combination of different kinds of histone modifications that are present at various
loci define the epigenetic state of a given chromatin loci. Epigenetics is heritable
changes in gene activity and expression that occur without alteration in DNA
sequence. These non-genetic alterations are tightly regulated by two major epigenetic

modifications:

e Chemical modifications to the cytosine residues of DNA (DNA
methylation)

e Histone modifications

The patterns of epigenetic modifications can serve as epigenetic markers to represent

gene expression and chromatin state.
1.4 Long range chromatin interactions

Nucleus of higher eukaryotes contains large molecules of DNA and those molecules
are not linear. The packaging of DNA of huge length inside the nucleus brings various
distant elements in close proximity to each other. This give rise to chromatin
interactions, which has been proved to be crucial in affecting various aspects of gene
expression, DNA replication and DNA repair. With the advent of 3C based (3C, 4C,
Hi-C) technologies, it has become possible to measure such chromatin interactions at
genome wide scale. This enables us to check the ripple effect in context of long range

interactions.
2. Objective:

Our investigation to understand the transcription ripple effect is using Estrogen
regulated MCF-7 cell line.



Firstly, we decided to see if estrogen regulated genes are showing transcriptional
ripple effect (domain wide transcriptional response) using time-course microarray
data of the same cell line. As the rapid induction of immediate-early genes (IEGS) in
response to growth factor stimulation is accompanied by co-upregulation of their
neighboring genes [10] thus we examined the expression status of estrogen regulated

genes and their neighboring genes after estrogen induction in mammalian cells.

Secondly, we decided to see if chromatin states and long-range interactions play an
important role in the domain wide transcriptional response. Further, we
comprehensively analyzed different genomic, epigenomic and functional attributes of

estrogen-receptor target and their nearest neighboring genes.
2.1 Our System: Estrogen regulated MCF-7 cell line

Estrogen hormones are key regulators of diverse cellular processes in a wide array of
target tissues. Effect of estrogen is mediated through its interaction with its nuclear
receptors, estrogen receptors. Estrogen binds with its receptor and the dimerization of
the estrogen receptor results into the interaction with chromatin. This interaction led
to the regulation of transcriptional activity of estrogen responsive genes. Figure 2 is a

cartoon representation of the system we have used for our investigation.

MCF-7, breast cancer cell line undergoes a robust proliferative response to estrogens.

Estrog@

t+1 t t+1

Neighbouring ER2 regulated Neighbouring

gene gene gene

Fig 2: Our System- Estrogen regulated transcriptional activity. Estrogen enters the cell
and dimerizes with estrogen receptor. This complex binds to the DNA and regulates

the transcriptional activity of genes.
3. Materials and methods

Perl was used as a programming language for file handling. R and Microsoft Excel

were used for the statistical analysis. Datasets that were used in this study were



obtained from publically available sources. Wherever necessary we have generated

the data using different softwares for detailed analysis.
3.1 ER-a binding data:

Chromatin Immunoprecipitation sequencing (ChIP — seq) have identified the

chromosomal locations of ER-a binding sites [13].

We have taken the mid-point of those genomic region and calculated 10 KB region
around the point. Further, we have found out the genes present in that region. These

genes are the ER-a bound genes or target genes.

Next, using the genomic coordinates we have found out the neighbors of all the target

genes.
3.2 Genome Information:

Genomic coordinates in this study are based on UCSC Genome Browser [14] hg18.

We have considered the TSS of all the genes.
3.3 Gene Expression Data:

We have used Time-course microarray data for estrogen treated human breast
adenocarcinoma cells [15] (MCF-7 cell line). Gene expression data was already

normalized.
3.4 Clustering of Genes:

Cluster 3.0'® was used to cluster the genes. We have clustered the 212 estrogen bound
by k-means clustering where k=10.

In Short, given a set of observations (X; X2, ..., X,), Where each observation is a d-
dimensional real vector. The k-means algorithm is used to cluster n objects based on

attributes into k partitions where k < n.

Cluster 3.0 gave 2 output files CDT and kgg. The kgg file gave the 10 clustered genes,
CDT file was used to visualize the clustered data in R. we have used heatmaps to

visualize the clustered data.



X, = Vector representing nth data point
K; = Geometric mean of data points in a

subset S;

3.5 Detection of transcriptionly affected neighboring genes

We have used Wilcoxon test in R to get the transcriptionly affected neighbouring
genes. Out of 6 times course columns (3hr, 6hr, 9hr, 12hr, 24hr, and 48hr), each time
we have kept a column fixed and checked whether the value of the column is
significantly different from the mean of all other columns. At least one column should
have p value <= 0.05, then we have considered the gene as transcriptionly perturbed
gene.

3.6 Histone modification Data

We have used H3K4me2, H3K9ac, H3K4me3, CTCF, H3K27ac, and H3K27me3,
H3K9me3, and H3K36me3 histone modification data to get the chromatin

modification state data of the MCF-7 cell line.

We did not get bed files for H3K9me3, H3K4me2, H3K9ac and H3K4mel however

sequence read archive (SRA) files were available in NCBI sequence read archive.

As aligned data was not present in the sra files, we have aligned the fastq files to the
reference genome using Bowtie 2 and the bed files were used as input for the
ChromHMM.

3.7 Generation of chromatin states

We have used ChromHMM [17] to integrate histone modification datasets into 8
different chromatin states. ChromHMM works based on a multivariate Hidden
Markov Model that models the observed combination of chromatin marks using a
product of independent Bernoulli random variables, which enables robust learning of
complex patterns of many chromatin modifications. Chromatin states were analyzed

at 200-base pair intervals.



TSS of target and neighboring genes were mapped to this data and chromatin state for

each gene was determined.
3.8 Chromatin Interaction Data

Using genome-wide Chromatin Interaction Analysis with Paired-End-Tag sequencing
(ChlA-PET), long-range chromatin interactions associated with RNA polymerase Il in
MCF-7 cell line were discovered [13].

We have used this spatial proximity data to get the interacting gene pairs of target and
its neighbor.

3.9 Gene Density Data

The gene density of an organism’s genome is the ratio of the number of genes per

number of base pairs.

We were having gene density data for hgl9 genome assembly; by using ‘liftover’ tool

of UCSC we have converted it to hgl8 genome assembly.

Target and neighboring gene TSS were mapped to this data and their gene density was

obtained.
3.10 Promoter Type

The CpG sites are regions of DNA where a cytosine nucleotide occurs next to guanine
nucleotide in the linear sequence of bases. CpG islands (CG islands or CGI) are
regions with a high frequency of CpG sites. CGls are generally associated with
promoters. Genes with High CpG Promoter tend to be expressed in most tissues

whereas genes with Low CpG Promoter tend to be tissue-specific. [18, 19]
Normalized CpG content can be calculated by the ratio of observed to expected CpG.
Observed CpG = (number of CpGs * length of sequence)

Expected CpG = ((number of Cs + number of Gs)/2)?

We have taken 3kb region around the TSS of all target and their neighboring genes
from UCSC’s Galaxy genome browser and calculated Normalized CpG content for

them. As a reference, we have taken Normalized CpG content for whole human



genome. The distribution of promoters’ normalized CpG content is bimodal and
shows three different regions 0 to 0.45 is Low CpG promoters (LCP), 0.45to 0.75 is
Intermediate CpG promoters (ICP) and 0.75 to 1 is High CpG promoters (HCP).
Figure 3 shows the bimodal distribution of normalized CpG content of whole human

genome.
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Fig 3: Bimodal Distribution of normalized CpG content at the promoters of whole
human genome. It shows three different regions 0 to 0.45 is Low CpG promoters
(LCP), 0.45t0 0.75 is Intermediate CpG promoters (ICP) and 0.75 to 1 is High CpG
promoters (HCP).

We have compared the normalized CpG content of target and their neighboring genes.
In addition, we have checked the same for transcriptionly affected and unaffected

genes.
3.11 Functional similarity

As the co-regulated neighbouring genes show functional similarity in operon systems
we wanted to check whether co-regulated neighbours of estrogen target genes show
functional similarity with their target genes. We thought, Functional similarity help us
to understand the biological role and function of the transcriptional ripple effect.

We have used GOSemSim?®, an R?! package to get functional similarity of the genes.

It uses Gene Ontology terms as the basis for measuring gene functional similarity.



3.12 Approach

e We have used estrogen binding data to get the target genes and using genomic
coordinates we were able to find out neighboring genes.

e Once we got the chromosomal locations of ER-a binding sites, we have
mapped those chromosomal locations to genes. We have taken 5kb genomic
region on both the sides of ER-a binding site and we got 263 target genes.

e Using genomic coordinate information, neighbouring genes of those target
genes were found out.

e We have mapped time-course microarray data of estrogen induced MCF-7 cell
line to target genes and its neighboring gene (151). We were able to map 212
genes to their expression data. Further, we have used heatmaps to visualize the
clustering these genes.

e Using Wilcoxon test, we have differentiated neighbouring genes into two
types: transcriptionly affected (89) and transcriptionly unaffected (62).

e Then, we did genomic attributes analysis, chromatin states analysis, promoter

type analysis, chromatin interaction analysis, and gene functionality analysis.



Chapter 2

Results, Discussion and Conclusion

To test the hypothesis, first we did expression analysis of target and neighboring
genes. We have clustered target and neighboring genes into 10 clusters and visualized
those results using heatmap. Figure 4 shows the heatmap of clustered target and

neighbouring genes.

ER2 Bound Gene (K=10) Neighbouring Gene (K=10)
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Fig 4: Heatmaps visualizing clustered target and neighboring genes. Cluster 3.0 was
used to cluster target and neighbouring genes. To find out the transcriptionly affected
neighboring genes Wilcocxon one-tailed test was used.

Out of 151 neighbouring genes, 89 genes showed significant transcriptional activity in

which 58 were upregulated and 31 were downregulated.
4.1 Genomic Attributes

We have analyzed two genomic attributes: 1) Distance between the target and its
neighboring gene. 2) Gene density of the genomic region in which target and its

neighboring genes are present.
Distance

We wanted to check whether the distance between target and its neighbouring gene

10



show any effect on the transcriptional activity of the neighbouring gene. Bar plot in
figure 5 shows that distance weakly affect the transcriptional activity of the
neighbouring gene. Transcriptionly affected neighbouring genes are more distant from

the estrogen target gene.

pvalue = 0.057
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Fig 5: Boxplot for Distance between target and neighbouring genes of transcriptionly

affected and unaffected. P-value was calculated using one tailed t test.
Gene Density

Gene density of the genomic region in which it is present influences its transcriptional
activity [26, 26]. We have checked the effect of gene density on the transcriptional
activity of neighbors of target genes. We did not did not find any significant effect of
gene density on the transcriptional activity of the neighbouring gene. Also, there was
no significant difference in gene densities of target and neighbouring genes. Boxplot
in the figure 6 shows non-significant effect of gene density of the target and

neighbouring genes on their transcriptional activity.
4.3 Chromatin Modification states

ChromHMM outputs the chromatin state modification data for each genomic position.

The Figure 7 shows the heatmap of chromatin states generated as an output of

11
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Fig 6. Boxplot for gene density between target and neighbouring genes of
transcriptionly affected and unaffected. P-value was calculated using one tailed t test.

ChromHMM. Using the genomic coordinates of the target and neighbouring genes,
we have found out the chromatin states of these genes. Then we checked the

chromatins states of target and its neighboring genes.
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Fig 7. ChromHMM output: Eight different chromatin states were generated.
Heatmap3 of chromatin state shows the enrichment for histone modifications. State 1
— Active promoter, State 2- Repeat region, State 3- Heterochromatin, State 4-
Polycomb repressed, State 5- Heterochromatin, State 6- Enhancer, State 7-
Transcribed, State 8- Heterochromatin. Same chromatin states were merged thus, six

chromatin states were analyzed.
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Fig 8: Relative percentage of Chromatin states of target and neighbouring genes.
Where target is the estrogen bound gene and NN is nearest neighbor of the target

gene. Active promoter state is dominant in both target and neighbouring gene.

Fig 9: Relative percentage of Chromatin states of transcriptionly affected and
unaffected genes neighboring genes. Affected genes are transcriptionly affected and
unaffected ones are transcriptionly unaffected. Active promoter state is dominant in

transcriptionly affected neighbouring gene.

Chromatin sate data showed that Active promoter state is predominantly present in
target and neighboring genes. Also, heterochromatin state was relatively dominant in
the neighbouring genes. Bar plot in Figure 8 gives the relative proportion of all the
chromatin states. Further, we have checked the distribution of active promoter state in
transcriptionly affected and unaffected neighbouring genes. Active promoter state was
more dominant in affected genes than unaffected genes. Bar plot in figure 9 shows the
relative proportion of chromatin states in transcriptionly affected and unaffected

neighbouring genes.

Next, we did a chi square test to check is the association between chromatin state
modifications of neighbouring genes and their transcriptional activity. In particular,
we have checked the association of active promoter state of neighbouring genes with

their transcriptional activity. Figure 10 shows the proportional bar of the association.

We got weak association between chromatin state (Active promoter) and the

transcriptional activity of the neighboring genes with the marginal significant p-value.

13
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Fig 10: Relative percentage Active promoter chromatin state and rest of the chromatin
modifications in transcriptionly affected and unaffected genes. P-value was calculated

using Chi-square test.

4.4 Promoter Type (LCP and HCP)

After the chromatin state analysis, we wanted to check the promoter type of target and

transcriptionly affected and unaffected neighboring genes.

Normalized CpG content at the promoter of a gene tells about the methylation pattern
at the promoter and thus gives information about the transcriptional activity of the
gene. So, we have checked the normalized CpG content of all target and neighboring
genes. Firstly, we have checked the normalized CpG content of whole human genome
as a reference. Figure 11 shows the density plot of normalized CpG content of all the
promoters of the human genome. Density plot in Figure 12 shows that all the estrogen
target genes are having low normalized CpG content at their promoters and tends to

be tissue-specific.

Futher, we have checked the association of transcriptional activity of the neighboring

genes with their promoter type. Significant numbers of transcriptionly affected genes

14
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Fig 11: Normalized CpG content of all the promoters of human genome. Vertical line
is at 0.45 CpG content. 0 to 0.45 is Low CpG promoters (LCP) and 0.46 to 1 is High
CpG promoters (HCP).

Fig 12: Normalized CpG content of target gene promoters. Vertical line is at 0.45
CpG content. 0 to 0.45 is Low CpG promoters (LCP) and 0.46 to 1 is High CpG
promoters (HCP)

are having high CpG promoters and thus tends to be housekeeping. Figure 13 shows

the density plot comparison between transcriptionaly affected and unaffeced genes.

4.5 Chromatin interaction

To check whether the target and neighboring genes are in spatial proximity in the
nucleus, we did chromatin interaction analysis. Out of 151 gene pairs, 20 show
interaction however there is no significant association between chromatin interaction
and the transcriptional activity of the neighbouring gene. Proportional bar plot in the
figure 14 shows that there is no significant enrichment of the chromatin interaction in

transcriptinaly affected neighboring genes.
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Fig 13: Normalized CpG content of transcriptionaly affected and unaffected

neighboring genes. Number of high CpG promoters are significantly more in

transcriptionly affected genes
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Fig 14: Spatial proximity data was used to get interacting target and neighboring gene

pairs. Proportional bar plot between interacting and non-interacting gene pairs in

transcriptionly affected and unaffected genes. P-value was calculated using chi-square

test.

4.6 Functional Similarity

Further, we wanted to check functional similarity between the target and its

neighbouring genes. We did not get any significant functional similarity between

target and its neighbouring gene.
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Chapter 3 Discussion

A previous study by Ebisuya et.al has demonstrated that transcriptional induction of a
gene is not an independent process and is accompanied by simultaneous modulation
of the expression profiles of neighboring genes. Here in our study, we confirm the
ripple effect using a different induction system and found that out of 151 estrogen
targets, 89 neighbouring genes showed significant alteration in their expression
profiles.

Although under given set of conditions, the transcription profile of a cell is optimized
to maximize the survival of a cell, yet it is prone to random fluctuations in its
expression profile, which is termed as transcriptional noise. Although such random
fluctuations may have an underlying biological significance, it is a homeostatic
challenge for a cell to maintain its steady state transcription and a cell has to come up
with strategies to minimize expression noise. Given all this, it is highly unlikely that
modulation of gene expression that we observed in case of transcriptional ripples is a
random effect associated with transcriptional induction and there must be epigenetic,
molecular and functional basis of the transcriptional ripples. Since affected genes
were associated with active chromatin state and were not associated with repressed
chromatin states, one obvious fact that we have established is that ripples can affect
the genes which show marks for active promoters, but cannot activate any nearby
inactive gene. But this needs to be cross-validated using other systems as our P-value
was only marginally significant (0.058). Further we found that affected genes are
associated with High CpG promoters which means they should be housekeeping
genes. Thus in case of Estrogen induced systems; transcriptional ripples can be a
mechanism to modulate the expression of housekeeping genes to maintain the optimal

relative gene expression levels.

Quite unexpectedly, we didn’t get any significant functional assocation between target
and neighboring genes, which indicates that ripples are not mediated via direct
relationship between target and neighbors (as observed in Operons of bacteria, where

linear neighbors are functionally related and are regulated as a single unit).
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Interestingly, the transcriptional ripples are associated only with its linear neighbours,
and do not affect physical neighbors, which are brought there by long-range
chromatin interactions. But as the genome of MCF-7 is multiploid, so the interaction
data for the MCF-7 may not capture the actual chromatin interactions hence it would
be useful to revisit the effect of spatial proximity on transcription ripples using cell

lines other than MCF-7.

18



Chapter 4 Conclusion

Affected gene is more distant from ER2 target gene than the unaffected and its

significance is not yet known.

No significant difference in the gene density of affected and unaffected gene

regions was observed.

Affected genes are more often actively transcribing and have high CpG
promoters as compared to unaffected ones, suggesting that induction of a
target gene can interfere with the promoter of actively transcribing gene in the

neighbour for which the mechanism is not known.

No significant enrichment of long range chromatin interactions between

target-neighbouring was observed in affected and unaffected genes.
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Chapter 5 Future Perspectives

e It will be insightful to look into other hormone induced or Transcription
factor induced systems to check whether our observations are a generic

feature of transcriptional regulation.

e Further, we would like to revisit the effect of spatial proximity on
transcription ripples using some cell lines other than MCF-7 as its genome
is multiploid. Recently the interaction data in ES cell lines have become
available at unprecedented resolution, which can be a good system to study

ripples in context of spatial proximity.

Functional associations between target - neighbouring genes.

Whether the alteration of neighbouring is not within the range of stochastic

fluctuations in gene expression.
Long term objective:

By understanding the transcriptional ripple effect, we can explain the
unexplained disease phenotype problem, where dysregulated or mutated gene

has no direct link with the observed phenotype.
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