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Abstract

Background: Metastatic progress is the primary cause of death in most cancers, yet
the regulatory dynamics driving the cellular changes necessary for metastasis remain
poorly understood. Multi-omics approaches hold great promise for addressing this
challenge; however, current analysis tools have limited capabilities to systematically
integrate transcriptomic, epigenomic, and cistromic information to accurately define
the regulatory networks critical for metastasis.

Results: To address this limitation, we use a purposefully generated cellular
model of colon cancer invasiveness to generate multi-omics data, including
expression, accessibility, and selected histone modification profiles, for increasing
levels of invasiveness. We then adopt a rigorous probabilistic framework for joint
inference from the resulting heterogeneous data, along with transcription factor
binding profiles. Our approach uses probabilistic graphical models to leverage
the functional information provided by specific epigenomic changes, models the
influence of multiple transcription factors simultaneously, and automatically
learns the activating or repressive roles of cis-regulatory events. Global analysis of
these relationships reveals key transcription factors driving invasiveness, as well
as their likely target genes. Disrupting the expression of one of the highly
ranked transcription factors JunD, an AP-1 complex protein, confirms functional
relevance to colon cancer cell migration and invasion. Transcriptomic profiling
confirms key regulatory targets of JunD, and a gene signature derived from the
model demonstrates strong prognostic potential in TCGA colorectal cancer data.

Conclusions: Our work sheds new light into the complex molecular processes
driving colon cancer metastasis and presents a statistically sound integrative
approach to analyze multi-omics profiles of a dynamic biological process.

Keywords: Colon cancer, Metastasis, Transcriptional regulation, Multi-omics,
Probabilistic model
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Background

Globally, colorectal cancer (CRC) has the third highest incidence and second highest
rate of cancer-related deaths [1]. Progression from primary cancer to metastatic disease
is the most common cause of mortality in solid malignancies such as CRC, and ap-
proximately half of CRC cases will either present as metastatic disease or develop me-
tastases regardless of cancer treatment [2]. While specific driver mutations are well-
defined in CRC oncogenesis, the mechanisms that facilitate metastatic progression are
poorly understood. Changes in gene expression have been shown to accompany CRC
progression and to predict metastasis [3—5]. Epigenetic changes have also been associ-
ated with CRC pathogenesis [6—8]; however, current analysis tools offer limited ability
to integrate transcriptome and epigenome data to precisely define the regulatory frame-
works of metastasis.

Here, we approached this problem using a purposefully generated cellular model of
CRC invasiveness (a hallmark of metastasis). Using multi-omics profiling of cells at in-
creasing levels of invasiveness and a novel integrative analysis framework yielded sev-
eral novel insights about transcriptional regulatory mechanisms underlying the
transcriptomic dynamics of CRC progression.

We profiled gene expression, as well as genome-wide profiles of DNA accessibility and
four select histone modifications known to be associated with cis-regulatory information,
in four different stages of progression. These data allowed us to identify large numbers of
genes that change the expression in either direction as the cell populations acquire more
invasive characteristics, and the genome-wide epigenomic profiles yielded many potential
cis-regulatory regions associated with those changes. However, this in itself does not re-
veal details of the transcriptional regulatory network (TRN), i.e., the specific transcription
factors (TFs) and TF-gene relationships that drive the transcriptomic changes and are
reflected in the cis-regulatory regions. We therefore combined the above data with
genome-wide colon cancer cell line TF-DNA binding profiles from the ENCODE Project.
By combining TF-binding site (TFBS) information with epigenomics-based markers of
cis-regulatory segments and differential expression of nearby genes, we were able to iden-
tify the TFs most likely to regulate CRC progression, as well as their putative target genes.
The strategy of finding statistical enrichments of a TF’s binding sites in the regulatory re-
gions associated with differentially expressed genes is a time-tested one [9-11]; here, we
hoped to significantly improve its efficacy by additionally using epigenomic data from the
cellular contexts being contrasted.

A key aspect of our strategy was the use of changes in histone modifications between
stages. Specific histone modifications have been associated with activating or repressive in-
fluences [12—-14] on the gene expression, so one expects improved regulatory analysis by fo-
cusing on TFBS that are flagged by such marks. Moreover, some previous studies have
argued that changes in epigenomic state provide valuable information about regulatory
mechanisms underlying cellular state transitions, perhaps more so than merely the presence
or absence of epigenomic marks. For instance, Bozek et al. reported accessibility of cis-regu-
latory elements to vary along the antero-posterior axis in Drosophila blastoderm, in a man-
ner correlated with their regulatory activity [15]. Thus, we focused on TFBS that coincide
with dynamic histone marks rather than simply the presence of marks.

Another challenge we were faced with pertains to the use of regulatory direction, i.e.,
activating or repressive influence, associated with specific histone modifications. For
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instance, it seems natural to focus on TFBS flagged by an activating mark such as
H3K27ac when located near an upregulated gene. However, one might argue that such
a TEBS if located near a downregulated gene presents inconsistent information about
the TF’s regulatory influence, especially if the TF is known to be an activator. This
point is even more germane if our analysis is based on dynamic histone marks: for ex-
ample, when seeking evidence of an activator TF regulating a gene that is upregulated
in later (more invasive) stages, one should consider TFBS flagged by an increase in an
activating histone mark or decrease in a repressive histone mark, with either epige-
nomic change pointing to a more activating chromatin context in the later stages. As
this illustrative scenario suggests, our analysis needs to account for regulatory direc-
tions associated with TFs, epigenomic marks, and differential expression, in order to
narrow down the large numbers of putative cis-regulatory elements to those most likely
to be functional. Furthermore, the regulatory directions of TFs are seldom known, and
even those of specific histone marks are not always well understood; hence, we sought
these biological characteristics to be automatically learnt from data.

It is well known that genome-wide binding sites of different TFs often exhibit high
degrees of co-localization [16], e.g., due to frequent TF binding at accessible regions of
DNA, and large numbers of TFBS do not have the obvious regulatory function ex-
pected of them [17]. One strategy to mitigate the resulting problems in the statistical
approach noted above is to analyze the associations of differentially expressed genes
with many or all TFs concurrently rather than test enrichments for each TF separately.
In a related but different context, previous studies have utilized multi-TF modeling of
genes to discover TRNs from the expression data [18—20]. Inspired by these studies, we
developed here an analogous multi-TF model of gene expression to discover TF-gene
regulatory relationships based on TF-DNA binding and epigenomic evidences.

Our analytical framework uses a rigorous probabilistic model to integrate gene ex-
pression and epigenomic data from different cellular states (maternal and invasive cell
lines) with TE-DNA binding data from a related cell line, to identify TFs that regulate
the observed transcriptomic dynamics. The model automatically learns dominant regu-
latory directions associated with each TF and histone mark for which data are available
and also predicts the likely target genes of each TF. Using rigorous statistical evalua-
tions, we showed that the use of dynamic histone marks has significant advantages over
simpler strategies that do not fully exploit this rich source of cis-regulatory information.
The model predicted several important regulatory pathways that are commonly associ-
ated with oncogenic and metastatic phenotypes, including the AP-1 complex members
JunD and Fosl. We experimentally tested the role of JunD by shRNA-mediated knock-
down and found the resulting cell line to exhibit significantly reduced migration and in-
vasion characteristics. RNA-seq profiling of the JunD knockdown condition revealed a
large set of potential targets of this TF. We found this set to be significantly enriched
for model-based predictions of JunD targets, thereby confirming our ability to infer TF-
gene relationships. Finally, we constructed a gene signature of CRC invasiveness based
on predicted targets of the most significant TFs and showed that this signature has
stronger prognostic value for predicting the overall survival in CRC than gene expres-
sion alone. In summary, we present here a multi-omics, statistically rigorous strategy to
investigate the cis-regulatory mechanisms underlying a complex biological process and
use it to glean new insights into colorectal cancer progression.
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Results

Multi-omics profiling of a CRC cell line

Acquiring the ability to migrate and invade through host tissues is a hallmark of
metastatic cancer cells. To identify differentially regulated pathways in this process,
matched SW480 cell models with varying degrees of invasiveness were derived by re-
peated selection of cells capable of chemotaxis through a microporous membrane
coated with Matrigel extracellular matrix (Fig. 1a). In the subsequent sections of the
text, the number of times cells were selected using Matrigel-coated membranes is
denoted as the “M” number for the cell line, where MO is the parental SW480 cul-
ture that has not undergone selection, M1 is a culture that has been selected one
time, and so on. Two completely independent biological replicate series of cultures
were derived using the same methodology by two independent researchers.

Cells that had undergone repeated rounds of selection displayed increased invasive-
ness (Additional file 1: Figure S1). To identify gene expression changes in invasive cells,
mRNA sequencing (RNA-seq) was performed on RNA harvested from cultures MO,
M2, M4, and M6. Principal component analysis (PCA) indicated that profiles for M4
and M6 are distinct from those for MO and M2 (Additional file 1: Figure S2), but pro-
files for M4 and M6 were more similar within replicates than by stage (Additional file 1:
Figure S2). Because of the clear expression and phenotypic separation between MO and
M6, further analyses focused on those cell lines, beginning with characterization of dif-
ferentially expressed (DE) genes (Additional file 1: Figure S3). Gene set characterization
of the DE genes (adjusted p-value < 0.05) using the KnowEnG system [21] revealed sev-
eral physiologically relevant properties of these genes (see Additional file 2). The down-
regulated genes (adjusted p-value <0.05) showed a strong enrichment for cancer-
related gene signatures from mSigDB [22], most notably E-cadherin (CDHI) targets
(hypergeometric test p-value 3.7E-41), the loss of which is a generalized hallmark of
metastatic cells that have undergone epithelial-mesenchymal transition (EMT).
Additional dysregulated pathways include those associated with invasion/migration in
varied cancer types, including metastasis in melanoma (p-value 6.2E—15) and migration
in bladder cancer cell lines (p-value 9.7E-14). Upregulated mSigDB modules include
pathways typically associated with breast cancer invasiveness, including SMARCEL tar-
gets (p-value 2.6E-16), ESR1 targets (p-value 5.3E-16), and a comparison of luminal and
mesenchymal breast cancers (p-value 2.1E-12). While these pathways are often associated
with breast cancer, there is also precedence for general cancer relevance. For example,
SMARCEL is a core subunit of the SWI/SNF chromatin remodeling complex that has
been linked to invasiveness in a hormone-independent manner in additional cancers [23].

To determine if the changes observed between MO and M6 could be attributed to the
selection of a specific genetic sub-population of cells, we performed variant calling on
RNAseq data from MO and M6 cells. A subset of variant loci with high depth across
MO and M6 lines was selected to assess shifts in population allele frequencies between
MO and M6 as a measure of enrichment (Additional file 1: Figure S4). Notably, allele
frequencies are largely similar between stages, with a relatively small number of excep-
tions (points along the axes in Additional file 1: Figure S4), indicating that genetic cell
identity remains consistent from MO to M6. Additionally, no obvious driver mutations
associated with colorectal cancer progression were noted (Additional file 3).
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Fig. 1 Schematics of study design and analysis framework. a An invasive sub-culture of SW480 cells was established
by repeated selection of cells that could invade through porous membrane coated with synthetic extra-cellular matrix
toward a chemoattractant (serum). b The pGENMi probabilistic model was adapted to aggregate cis-regulatory
evidence associated with each differentially expressed (DE) gene. P, represents the differential expression p-value of
gene g, Z, is a binary hidden variable that represents if g mediates the regulatory influence of one or more known
TFs on CRC invasiveness, and 1, ;, , represents a (binary) cis-regulatory evidence in the form of a binding site for TF ¢,
flagged by dynamic histone mark m, in the regulatory region of gene g. The weighted sum of cis-regulatory evidence
(with leamable weights w; ,,) determines Pr(Z, = 1). P, follows a beta distribution if Z,= 1 and is uniform if Z,=0. ¢
Overview of the analysis. Left panel depicts the matrix of cis-regulatory evidence for multiple TFs and all genes. A TFBS
overlapping with a change of histone mark between stages is encoded with two bits, one for either direction of
change. Each TF is thus represented by eight bits, representing four histone marks. The evidence matrix and the DE p-
values of genes (between the early and late stages) are inputs to the model. The output of the model contains a
score assigned to each TF representing its contribution to the model and a score associated with each (TF, gene) pair
representing the extent to which the gene mediates the effect of the TF on CRC invasiveness

To understand the regulatory mechanisms underlying the differential expression of
genes between stages, we performed genome-wide ChIP-seq profiling of four different
histone modifications—H3K27ac, H3K4mel, H3K4me3, and H3K27me3—as well as
genome-wide ATAC-seq to profile DNA accessibility, in the early as well as late stages.
We first examined the global changes in histone marks and chromatin accessibility by
summarizing how counts of histone mark ChIP peaks and DNA accessibility peaks

Page 5 of 28
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change across stages. Specifically, we counted the peaks within 10 kbp upstream of the
genes for each stage of progression, limiting ourselves to genes that are differentially
expressed (p-value < 0.05) between early (MO) and late (M6) stages. This was done for
up- and downregulated genes separately. The results (Additional file 1: Figure S5) show
clear trends of genome-wide epigenomic changes. For instance, H3K27ac peaks near
downregulated genes are fewer in later stages, and those near upregulated genes are
more numerous in later stages, as might be expected of an activating histone mark.
The reverse pattern exists for H3K27me3 peaks, consistent with a repressive role for
this mark. Similar trends were observed in the changes of signal strength between
stages (Additional file 1: Figure S6).

Integrative analysis of expression, TF binding, and epigenomic data: outline of model

A common and simple approach to regulatory analysis is to ask if a TF’s binding sites
enrich near DE genes [10]. We obtained ChIP-seq profiles of genome-wide DNA bind-
ing for 20 TFs in the colon cancer cell line HCT116 (Additional file 4: Table S1). ChIP
peaks from these data provide us with putative TFBS associated with each gene, allow-
ing enrichment tests to be performed. However, TFBS from ChIP-seq experiments are
known to be promiscuous and a poor predictor of functional TF-gene relationship [17,
24]. As a result, the baseline strategy of testing TFBS enrichments in the gene regula-
tory regions is typically confounded by a high rate of false-positive sites. This issue is
exacerbated by searching over longer intergenic regions with the intent to identify more
sensitive TFBS-gene associations. Our epigenomic profiles can mitigate this problem by
increasing the functional specificity of the TFBS information. For instance, we may only
consider those TFBS that are located within active enhancers as indicated by specific
histone marks, thus increasing the specificity of cis-regulatory evidence of a TF regulat-
ing a gene. We sought to further increase the specificity of cis-regulatory evidence by
considering the changes in the epigenomic state [25] by using changes in histone marks
between stages as a filter for TFBS and subsequent testing for enrichment of a TF’s
binding sites near DE genes.

As noted above, data were generated for four different histone marks, one or more of which
may contribute to the inter-stage changes in the gene expression and furnish, perhaps with
different specificities, cis-regulatory evidence for TF-gene relationships. Therefore, our ap-
proach was to utilize all four studied histone marks simultaneously in our integrative model.
We interpreted the changes in multiple histone marks at a putative TFBS as a stronger evi-
dence of the TF’s influence than that provided by a single type of epigenomic evidence. In
considering changes in histone marks, we assumed that the direction of change is informative,
e.g., a histone mark that appears near a gene only in the late stage should have either an acti-
vating or repressing role, and this role should remain consistent across genes. However, we
did not assume knowledge of such roles a priori; the data furnished this information. We also
allowed different types of dynamic histone marks to have different evidentiary values. For ex-
ample, a TFBS that overlaps a change in H3K27ac might be more reliable evidence of the
TF’s regulatory influence compared to an overlap with a change in H3K4mel. Also, as noted
in the introduction, we recognize that the differential expression of genes between stages is
likely under the regulatory control of multiple TFs. Hence, we analyzed associations between
DE genes and all TFs in a multi-TF model rather than one TF at a time.
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We built upon our previously published pGENMi model [26] to analyze the
multi-omics data (Fig. 1c; detailed in the “Methods” section). To set up the model,
each gene was associated with a differential expression p-value and a set of binary
evidences for TF regulatory influence. Each binary evidence corresponds to a pair
(T, M) of TF (T) and change in a specific histone mark (M; e.g., an H3K27ac peak
exclusive to the late stage). The binary evidence is true if a ChIP peak for a TF T
overlaps the dynamic histone mark M, within a pre-determined distance d from
the gene’s start site, and false otherwise (Fig. 1c). Since there are four histone
marks in our data, and each mark may change in one of two directions, there are
eight binary evidences for each TF, for a total of 160 evidences representing 20
TFs. The model uses a hidden binary variable Z, for each gene g, representing
whether or not the gene’s differential expression is associated with one or more of
the TFs (Fig. 1b). The probability of Z,=1 is a logistic function of the weighted
sum of all binary evidences available for it, i.e., one or more TF-binding sites near
the gene, each supported by a dynamic histone mark, makes the gene more likely
to be a target of those TFs (Fig. 1c). Moreover, the observed DE p-value of the
gene is modeled by two different probability distributions depending on whether
Zg=1 or Z;=0, with the former case (Z,=1) creating a bias toward small p-values
(Fig. 1b). As a result, the likelihood of the data is higher if there are many genes
for which the DE p-value is small (significant), and such genes have one or more
regulatory evidences associated with them. The weights of binary evidences deter-
mining Pr(Z,=1) are free parameters (wr);) (Fig. 1b) learned from the data by
maximum likelihood, and regularization is used to avoid overfitting. To achieve
consistency between direction of differential expression and the regulatory direction
of TFs and histone mark changes, we performed the entire analysis (model train-
ing) twice, with DE p-values representing the significance of upregulation and
downregulation respectively. These two analyses are henceforth referred to as up-
and down-analysis.

Identification of transcription factors underlying CRC invasiveness

We learned the optimal values of the model’s hyperparameters—distance threshold
(d= 10 kbp, 50 kbp, 200 kbp, or 1 Mbp) and regularization coefficient—by cross-
validation on the entire dataset (Fig. 2a, Additional file 1: Figure S7). Here, all
genes were randomly partitioned into training (80%) and test sets (20%), and model
accuracy was evaluated by log likelihood ratio (LLR) on the test genes. The cross-
validation was performed for up- and down-analyses separately, and the overall test
accuracy for each setting of the two hyperparameters was measured by the sum of
test LLRs in these two analyses, averaged over 100 repeats of random cross-
validation. This identified 50 kbp as the optimal distance threshold for cis-regula-
tory evidence, though similar accuracy values were noted for the shorter range of
10 kbp and the greater range of 200 kbp. The model was found to perform signifi-
cantly worse when using a regulatory region of 1 Mbp upstream or downstream of
the gene, which suggests that considering TFBS at great distances (e.g., over
200 kbp from a gene), even with the support of epigenomic information, poten-

tially includes more noise than signal in our analysis.
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Fig. 2 Regulatory influences learnt by model. a Comparison of goodness-of-fit for each distance threshold
(maximum distance upstream or downstream of gene) used for associating TF ChIP-peaks with genes. The
goodness-of-fit is measured by the sum of test LLRs (derived from cross-validation on the entire dataset)
from up- and down-analyses, averaged over 100 repeats of the procedure. The distance and regularization
coefficient used by the best-fit model were then used to re-train the model on the entire dataset. b, c
Model-based ranking of TFs, in down- and up-analysis, respectively. Each TF's contribution was measured by
zeroing its regulatory evidence and calculating the change in model LLR (A(LLR)). d TF weights learned by
the fw-pGENMI for down-analysis and up-analysis. All of the TFs except three, USF1, MAX, and CBX3, were
assigned a consistent role in both analyses. A positive weight suggests an activating role for a TF while a
negative weight represents a repressive role. @ Weights for histone mark changes learned by fw-pGENMi for
down- and up-analysis. A positive weight for a “mark-up” (respectively, “mark-down”) change for up-analysis
(respectively, down-analysis) suggests an activating histone mark. This is the case for H3K27ac, H3K4me1,

and H3K4me3. The mark H3K27me3 has the opposite pattern, consistent with a repressive role

Using the optimal hyperparameter values obtained above, we re-trained the model on
the entire dataset (all genes) and ranked TFs by their contribution to the model, separ-
ately for the down- and up-analyses (Fig. 2b, c). We did this by zeroing out all binary
evidence related to a TF (one TF at a time), recalculating the model LLR, and using the
difference of LLRs, called ALLR, before and after zeroing the TF’s regulatory evidence,
as the contribution of that TF. Both analyses identified ZFX, JUND, and CTCF in the
top 5 ranked TFs. Additionally, RAD21 (ranks 6 and 2) and FOSL1 (ranks 5, 7) also
consistently ranked highly (we present a more rigorous assessment of the statistical sig-
nificance of these TFs below). A direct look at the binding sites of one of these TFs,
viz., JunD (Additional file 1: Figure S8), shows substantial epigenomic changes in both
directions. However, it does not immediately offer a mechanistic explanation of such
changes or a quantitative assessment of their impact on gene expression and illustrates
the need for a more nuanced analysis cognizant of expression changes, as is provided
by our model.

ZFX is a transcriptional activator of that has been linked to oncogenic processes in
numerous cancer types [27] and has been correlated with aggressive tumor phenotypes
and poor survival in colorectal cancer [28]. JUND and FOSL1 are both potential com-
ponents of the dimeric AP-1 transcription factor complex. AP-1 transcription factor
complexes are generally considered oncogenic; however, the specific contributions to

Page 8 of 28
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cancer development and progression can be dependent upon the dimeric composition
of AP-1 transcription factors, cell type, tumor stage, and genetic background [29].
CTCF is a multi-functional protein that can act as a transcriptional activator, transcrip-
tional repressor, or an insulator element [30]. CTCF-regulated genes are strongly
enriched in cancer-related pathways, including cell differentiation, proliferation, viabil-
ity, migration, and adhesion [31]. While there is considerable literature evidence that
these highly ranked TFs are involved in cancer-related processes, it is also appreciated
that the TFs evaluated by the ENCODE Project were likely enriched for those relevant
to human disease, including cancer.

Model reveals regulatory roles of transcription factors and histone marks

To probe the inner workings of the model, we next trained a modified version of the
PGENMi model, henceforth called “factorized weights pGENMi” (fw-pGENMi). In the
model trained above, every combination of TF and dynamic histone mark was considered
a separate evidence type and had an associated parameter wr ;. Suppose we are analyzing
the upregulation of genes (up-analysis), and this parameter is learnt to be positive. This
means that histone mark change “M” (e.g., appearance of H3K27ac mark in the late stage)
at a binding site for TF “T” (e.g., JunD) is an evidence of upregulation of the gene. Simi-
larly, if the parameter is fit to a negative value, it means that the histone mark change “M”
at a binding site of TF “T” is suggestive of the downregulation of the gene. This could re-
sult in biologically counter-intuitive (though not impossible) situations. For example, the
same dynamic histone mark “M” may indicate increased activation by binding sites of
certain activator TFs and decreased activation by binding sites of other activator TFs.
Similarly, the learnt parameters may be such that the same TF’s binding site when coin-
ciding with an appearance of an activating histone mark indicates upregulation but when
overlapping with appearance of a different activating histone mark indicates downregula-
tion. We therefore modified the model to rule out the above scenarios. In particular, ra-
ther than assign a free parameter wr 1 to each T, M combination, we assigned to each TF
“T” a free parameter wr and to each histone mark change “M” a free parameter wy; and
required that the parameter wr y; in the original model be equal to the product of wr and
wn. This requirement reduces the number of parameters drastically, from ~ 160 to ~ 30,
affording us a far more constrained parameter estimation problem. Furthermore, it im-
poses the requirement that each TF has a fixed role (activator or repressor) and each his-
tone mark change also provides evidence of a fixed regulatory change (activation or
repression). Interpretations of the different combinations of signs of these two parameters
are outlined in Additional file 4: Table S2.

Upon training the fw-pGENMi model on the entire dataset (in the up- and down-
analysis modes separately), we found that the TF weights were largely consistent in dir-
ectionality between the down-analysis and up-analysis (Fig. 2d), even though the model
was trained independently for these two analyses. To us, this provided evidence of sta-
bility of the learnt model and reliability of the roles it learns for TFs and histone marks.
We noted that most TFs, especially those with the greatest contributions to the models
(e.g., top ranked TFs from Fig. 2b, c), had a positive weight (also see Additional file 1:
Figure S9). This means that if a binding site for a TF overlaps with an activating histone
mark such as H3K27ac, then the direction of change (increase or decrease) of the
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histone mark is concordant with the direction of change of gene expression. In other
words, most TFs exert an activating influence and the cellular state that has the activat-
ing mark present at the TFBS exhibits the higher gene expression. Figure 2e shows that
the histone mark changes are consistent with the gene expression changes. For ex-
ample, an H3K27ac mark that disappears in the late stage (“K27ac-down”) has a posi-
tive weight in the down-analysis. This means that a disappearance of such a mark at an
activator TF’s binding site was indicative of downregulation. The same epigenomic
change was assigned a negative weight in the up-analysis (ie., disappearance of
H3K27ac at an activator TF’s site is evidence against upregulation of the associated
gene). Both observations are consistent with our expectation for an activating histone
mark. On the other hand, “K27ac-up” (an H3K27ac mark that appears in the late stage)
was assigned a positive weight in the up-analysis and a negative weight in the down-
analysis, again consistent with the biological expectations of an activating histone mark.
Contrary to “K27ac-down,” the histone mark change “K27me3-down” had a positive
weight in the up-analysis, implying that such a change at an activator TF’s binding site
acts as evidence of upregulation of the associated gene; this is consistent with the re-
pressive role reported in the literature for this mark [12]. The weights learnt for
changes in the other two marks—H3K4mel and H3K4me3—follow the same pattern as
those of H3K27ac, consistent with their previously reported activating roles [12—14]. In
summary, training of the fw-pGENMIi model reveals the roles of TFs and histone marks
involved in the down- as well as upregulation of genes in invasiveness.

Epigenomic information improves model

Our models revealed the identities and roles of TFs underlying CRC progression by
utilizing epigenomic profiles from different stages of invasiveness and combining those
data with ENCODE ChIP-seq profiles of TFs. We next investigated the value of this
strategy by contrasting its results with those from alternative strategies used within the
same modeling framework. In particular, we compared the above strategy, henceforth
called the “DiffMark” (differential histone mark overlapping with TF ChIP peaks), with
(a) the use of TF DNA-binding (ChIP-seq) data alone (“TFBS-only” strategy), (b) the
use of accessibility (ATAC-seq) profiles (“DiffAcc” and “PresAcc”) in place of histone
marks, (c) the use of changes in any histone mark in both directions (“DiffMarkAggr”),
and (d) the use of presence rather than changes in histone marks (“PresMark”). De-
tailed descriptions of these strategies are presented in the “Methods” section.

The baseline strategy of using TF ChIP-seq data alone (TFBS-only) involves training
pGENMIi with one evidence type per TF, as opposed to the eight evidence types per TF
used in the DiffMark strategy. The presence of a TF’s ChIP peak within a certain max-
imum distance from the gene is treated as evidence of its potential regulatory influence
on the gene. The “DiffAcc” (differential accessibility overlapping TFBS) strategy is similar
to the DiffMark strategy but uses ATAC-seq peaks in early and late stages instead of the
four histone marks. Thus, the pGENMIi model for this strategy has two evidence types for
each TF, one for either direction of change in DNA accessibility at the TEBS. For reasons
mentioned below, we also tested a variant of this strategy (“PresAcc”—presence of accessi-
bility at TFBS) where the presence of an ATAC-seq peak in early or late stages (or both),
overlapping a TFBS, was considered as evidence of the TF’s regulatory influence; the
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corresponding pGENMi runs thus had only one evidence type per TF. In the “DiffMar-
kAggr” (differential histone marks aggregated for each direction separately) strategy, each
evidence type for a TF represents whether the TF’s binding site overlaps any histone mark
change (in each direction) rather than a specific mark change; thus, this strategy utilizes
two evidence types per TF in pGENMi modeling. The “PresMark” strategy (presence of
histone marks) is similar to PresAcc, with one evidence type per histone mark indicating
a TEBS that is flagged by that mark in either stage.

We relied on cross-validation to compare the above modeling strategies, all of which
involve training pGENMi models with different definitions of cis-regulatory evidences.
We partitioned all genes into training, validation, and test sets in proportions of 72%,
18%, and 10%, respectively; trained pGENMi parameters on the training set; used the
validation set to pick optimal values for the two hyperparameters (including the dis-
tance threshold that defines gene regulatory regions); and computed the log likelihood
ratio (LLR) of the model and a null model on the test set of genes. The process was re-
peated 100 times, with different random partitions, and the distribution of LLR scores
of the model is shown in Fig. 3a, using the DiffMark strategy. There are two distribu-
tions shown, corresponding to down-analysis and up-analysis. The same evaluations
were performed using each of the alternative strategies noted above, and the
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Fig. 3 Comparison of the alternative strategies for defining cis-regulatory evidence. a Histogram of test LLRs
derived from training-validation-test cross-validation for up- and down-analysis using DiffMark strategy. b, c
Empirical CDFs of test LLR for different strategies (shown in different colors) suggest that DiffMark strategy
performs better than alternatives in down- (b) as well as up-analysis (c). d, e Frequency of training-validation-
test partitions (out of 100) where DiffMark results in a greater (blue) or lower (red) test LLR than an alternative
strategy. f, g Histograms of LLR values on the entire dataset for three schemes designed to test the explanatory
power of cis-regulatory evidences based on TF ChIP-seq data from a CRC (HCT116) cell line. Results are for
down- (f) and up-analysis (g) using the DiffMark strategy. In “shuffled” scheme (blue), the model was trained
using permuted evidence. In “K562" (red), ChIP-seq data from the K562 cell line, representing binding profiles of
20 randomly selected TFs, were used to generate the DiffMark evidence. The “K562-distinct” scheme (green) is
similar to "K562," except that the 20 TF profiles were randomly selected from the 90 ChiP-seq profiles most
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the analysis performed using the 20 available ChiP-seq profiles from the CRC cell line (black dashed line) is
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h, i Statistical assessment of the contribution of each CRC TF in down- (h) and up-analysis (i), respectively. Each
point represents one TF. The y-axis represents the average LLR of 100 models, each trained using the TF and 19
randomly selected K562-distinct TFs. The x-axis represents the frequency with which the TF is ranked as the
most significant contributor among the 20 TFs in these models
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corresponding distributions of test LLRs are shown in Additional file 1: Figure S10. Op-
timal distance thresholds were utilized for each strategy, and the distance dependence
of accuracy for each strategy is shown in Additional file 1: Figure S7. We were sur-
prised to note that the DiffAcc strategy, which relies on the changes in accessibility at a
TEBS as cis-regulatory evidence, yielded test LLRs that were poorer than completely ig-
noring accessibility information (see the “Discussion” section). The PresAcc strategy
yielded improved results, and our subsequent analyses therefore report on this method
of utilizing accessibility data, rather than the DiffAcc method.

The cumulative distributions (CDFs) of all strategies are shown, for down- and
up-analysis separately, in Fig. 3b, ¢, which reveals that the DiffMark strategy yields
the highest test LLRs. The second-best LLRs were noted from the DiffMarkAggr
strategy (for down-analysis) and the PresMark strategy (for up-analysis), both of
which use histone marks (at TFBS) as cis-regulatory evidence but either ignore the
specific identity of that mark (DiffMarkAggr) or ignore changes in marks (Pres-
Mark). All three strategies based on histone marks exhibit greater test LLRs than
the TFBS-only strategy, which does not use any filter on TF ChIP peaks, and the
PresAcc strategy, which uses only one type of epigenomic information (DNA acces-
sibility) rather than four (histone marks). The PresAcc strategy improves upon the
baseline TFBS-only strategy for up-analysis but has no effect for down-analysis. As
a direct comparison of these two strategies, we asked if the DiffMark test LLR is
greater than that of an alternative strategy on the same test set using 100 iterations
of training, validation, and testing. The DiffMark strategy yields better test LLRs,
indicative of an improved ability to “predict” expression based on unseen genes, in
the vast majority of these head-to-head comparisons (Fig. 3d, e; Additional file 1:
Figure S11). These results clearly demonstrate the value of utilizing histone mark
changes as a filter on TFBS. The use of histone mark identities is noted to be
valuable, as is the change in histone marks, especially for the down-analysis. Since
genome-wide DNA accessibility profiles are known to correlate strongly with active
enhancer marks such as H3K27ac, it was worth asking if a single accessibility pro-
file is as informative as the four histone mark profiles; our results clearly indicate
that this is not the case within the parameters of our comparisons.

Additional file 1: Figure S12 shows the ranking of TFs according to each of the alterna-
tive strategies, computed in the same manner as in Fig. 2b, ¢ for the DiffMark strategy.
Substantial agreement was noted among some strategies, in terms of the TFs that were
utilized most for modeling differential expression. For example, the top six TFs in the
down-analysis, as well as those in up-analysis, are identical between DiffMark and Diff-
MarkAggr. There were some major differences as well. For instance, JunD, which was
ranked 3 and 4 respectively for down- and up- analysis by the DiffMark strategy, was not
particularly informative for the TFBS-only strategy, which ranked this TF at 9 and 17 (out
of 20 TFs) for down- and up-analyses, respectively. A possible explanation for this is that
functional JunD sites have a relatively high tendency to be located distally from target
genes, as the TFBS-only strategy relied on a distance threshold of 10 kbp for optimal per-
formance. Conversely, the TF ELF1 was ranked relatively highly by the TFBS-only strategy
(ranks 6 and 7) but was not found informative in the DiffMark strategy (ranks 15 and 12).
Therefore, even though the baseline strategy shows poorer overall predictive ability, it
may reveal complementary findings about important TFs.
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Model findings are specific to CRC cell lines

In the analyses so far, cis-regulatory evidences were based on TF ChIP-seq profiles for
20 TFs in a CRC cell line from the ENCODE Project. We next examined the signifi-
cance of these TF profiles for the analysis. First, we established a random baseline
where all cis-regulatory evidences were permuted (i.e., all evidences of the same type
were randomly reassigned among genes). The model was then trained on the entire
dataset (all genes) and LLR computed. Repeating this 1000 times, each time with a dif-
ferent permutation of evidences, we obtained a null distribution of LLR scores for
down- and up-analysis (Fig. 3f, g; “shuffled”). The LLR scores obtained with the original
(unpermuted) evidences, 216 and 238, respectively (Fig. 3f, g; “CRC”), were clearly far
larger than those in the null distributions (means of 32.2 and 28.8, and standard devia-
tions of 4.6 and 4.2, for down- and up-analysis, respectively). We next asked if the TF
ChIP-seq profiles from a CRC cell line were more useful for the analysis than ChIP-seq
profiles from a different cell line. For this, we repeated the analysis using 20 randomly
selected genome-wide binding profiles for the myelogenous leukemia cell line K562
from the ENCODE Project. Using 1000 random selections of 20 out of 216 TFs, we ob-
tained a distribution representing the accuracy of models that rely on real binding pro-
files from a different cell line (Fig. 3f, g; “K562”). The LLR scores obtained with the
CRC ChlIP-seq profiles were significantly greater than the mean of this distribution for
the up-analysis, but not significantly larger in the down-analysis. This was surprising,
since it suggests that epigenomic data might have similar explanatory power regardless
of the associated cancer type. We noted that many of the K562 ChIP-seq profiles were
highly similar to the CRC ChIP-seq profiles and, therefore, likely represented the same
or related TFs (Additional file 1: Figure S13). The analysis was repeated using 20 TF
ChIP-seq profiles from the K562 cell line that were randomly selected from a pool
comprising 90 profiles that were most dissimilar to CRC profiles. This resulted in a dis-
tribution of LLR scores (Fig. 3f, g; “K562-distinct”) that is closer to the null distribution
and reveals the CRC profile-based LLR score to be highly significant—10.6 and 13.2
standard deviations above mean of the distribution (from K562-distinct profiles) for
down- and up-analyses, respectively.

While the above analyses examined the significance of the entire set of 20 TF
profiles from a CRC cell line, we also sought to quantify the significance of each
of those TF profiles individually. To test the significance of the contribution of a
particular TF’s CRC ChIP-seq profile, we assessed the LLR score of a model based
on 20 profiles consisting of the TF profile of interest and 19 randomly selected
K562-distinct ChIP-seq profiles. We repeated this procedure 100 times and
counted the frequency with which the CRC TF profile was ranked at the top of
the 20 TFs. This was referred to as the “top-rank frequency” of the TF. A top-rank
frequency close to 1 suggests that whenever this TF profile is used along with
other profiles to model gene expression data in the CRC cell line, it tends to con-
tribute the most to model performance. Figures 3h and i show this measure of
each TF’s significance for down- and up-analysis, respectively, and the average LLR
score of models that utilized that TF’s CRC profile. We noted that 6 out of 7 TFs
ranked near the top in Fig. 2b, c also have a top-rank frequency equal to or close
to 1, providing us with an objective way to assess CRC-relevant TFs, beyond the
rankings shown in Fig. 2.
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Experimental validation of JunD as a regulator of CRC invasiveness

Our analyses above revealed the TFs JunD and FOSL1 as being significantly related to
the transcriptional changes seen across different stages of CRC progression. Both TFs
were predicted to be activators, according to down- as well as up-analysis. These TFs
are part of the AP-1 complex, which has been previously reported to regulate multiple
processes related to tumor invasiveness in a variety of cancers, including colorectal
[32-34]. Here, we experimentally tested the role of one of these predicted TFs, JunD,
in CRC migration and invasiveness. Knockdown of JunD (Fig. 4a) impaired both migra-
tion (Fig. 4b) and invasion (Fig. 4c) of SW480 cells. It is noted that SW480 cells display
low levels of invasiveness (Additional file 1: Figure S1). Therefore, to determine the ef-
fects of disrupting JunD expression in a highly invasive cell model, JunD knockdown
was repeated in the two SW480-M6 lines. In both lines, decreased expression of JunD
caused marked reductions in migration and invasion (Additional file 1: Figure S14).
Proliferation was not appreciably affected by disruption of JunD in either MO or M6
cells (Additional file 1: Figure S15). Because the expression of AP-1 components can be
auto-regulated by other AP-1 factors (e.g., [35]), we assessed the expression of various
AP-1 genes following JunD knockdown. Using a g-value cutoff of 0.1, only FOSL1 and
JunD were significantly downregulated (Additional file 4: Table S3). Collectively, these
findings suggest that AP-1-mediated transcriptional activation of target genes may be
integral to the invasion process in colorectal cancer.

Characterization of TF “regulons” underlying CRC progression

In addition to identifying regulators of CRC invasiveness, our model also gives us the
opportunity to characterize the genes that are potentially regulated by each TF and
may thus act as mediators of a TF’s regulatory influence on CRC invasiveness. To iden-
tify candidate target genes, we first examined the posterior probability of the hidden
variable Z, (for each gene g) being equal to one. This event indicates that the model
considers the gene as mediating the influence of one or more TFs on the transcrip-
tomic changes between stages. We thus computed the posterior odds ratio (“POR”)
Pr(Z, = 1| data)/Pr(Z,=0| data) for each gene under the trained model. We then re-
moved all cis-regulatory evidences corresponding to a particular TF (“I”), from the in-
puts to the model and recomputed the POR. We used the ratio of these two PORs (the
full model and without the TF T), called ratio of posterior odds ratios (“RPOR”), as a
measure of the TF’s regulatory influence on that gene. The genes with the highest
RPOR scores for each TF provide us a computational prediction of that TF’s target
genes or “regulon.”

To characterize JunD targets experimentally, SW480-MO cells were transduced with
lentiviral particles expressing shRNA against JunD or a scramble control shRNA. RNA-
seq identified 2133 genes that are differentially expressed (p-value <0.05) upon JunD
knockdown. This set, henceforth called “JunD-KD-DE,” is expected to include both dir-
ect targets of JunD as well as indirect targets. The differentially expressed genes were
significantly enriched (hypergeometric test p-value 0.002) for the genes that were differ-
entially expressed between MO and M6 cells and also model-predicted to be JunD tar-
gets (top 500 RPOR scores in down-analysis), further supporting a central role for
JunD in driving the transcriptomic changes associated with CRC progression. We
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Fig. 4 Knockdown of JunD impairs cell migration and invasion. a Immunoblot of JunD and a-tubulin in
lysates from SW480 (MO) cells expressing JunD shRNA knockdown (shJunD) or scramble control (shScr). b
Migration for JunD knockdown (blue line) and scramble control (Scr; red line) was monitored continuously
over 40 h using a xCelligence realtime cell analysis platform with cell invasion migration (CIM) plates. Fetal
bovine serum was used as a chemoattractant. Cell index (arbitrary units) corresponds to cell migration
capacity. Dotted lines represent the standard deviation (SD) of three independent cultures measured in
parallel. ¢ Cell invasiveness was measured continuously for 60 h using CIM plates that were precoated with
Matrigel. All other parameters are the same as for b

subsequently tested if the JunD-KD-DE gene set was enriched in the model-predicted
mediators of JunD. As shown in Fig. 5b, for varying thresholds for defining predicted
mediators, the enrichment was statistically significant at a nominal p-value threshold of
0.05. The overlap between the top 500 predicted mediators and the JunD-KD-DE set
was significant with a p-value of 3E-5 (Fig. 5a). Notably, the top 10 predicted mediators
included 5 genes that were DE upon JunD knockdown: SERINC2, COBL, FGF3, KALR
N, and CLDN4. This suggests that our computational procedure correctly identified
JunD targets through cis-regulatory evidences based on its ChIP-peaks and dynamic
epigenomic information.
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Fig. 5 TF regulons provide a gene signature of prognostic value. a Venn diagram showing the top ~ 500
predicted target genes with the highest RPOR in the down-analysis and 1981 JUND-KD-DE genes with p-value
< 0.05. Their intersection (87 genes) has a hypergeometric test p-value of 3E=5. b Significance (-log10 of
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dashed horizontal line represents a p-value of 0.05. ¢, d The Kaplan-Meier survival analysis performed on the
overall survival of 374 COAD patients from TCGA. In ¢, patients are clustered into four groups using expression
profiles of the top 70 genes with the highest RPOR in our down-analysis, as well as somatic mutations
associated with these genes and the expression of miRNAs targeting them. In d, patients are clustered into
three groups using the expression profiles of all genes, as well as with somatic mutations associated with them
and the expression profiles of MiIRNAs targeting the genes

A subset of genes that were computationally predicted to be mediators of JunD influ-
ence on CRC progression is tabulated in (Additional file 5: Tables 1, 2). These genes
were differentially expressed upon knockdown of JunD and were differentially
expressed between stages. Notably, these predicted mediators include a number of
genes that are individual prognostic markers for CRC survival and factors that have
been implicated in tumor metastasis, whether in colorectal cancer or in other solid
tumor types. For example, ELF3 [36, 37], ITGA6 [38, 39], DLG3 [40], LRP11 [41], and
TPBG [42] have all been linked to the WNT/B-catenin signaling pathway. Dysregula-
tion of WNT signaling is a hallmark of colorectal cancer that controls processes relat-
ing to cancer development and progression [43]. Some dysregulated genes provide
possible links between various cancer-associated pathways. In addition to promoting
proliferation mediated by WNT signaling, ITGA6 is regulated by MYC in CRC [44],
suggesting that the gene may be part of a feed-forward mechanism between MYC and
WNT signaling [39]. GDF15 is a member of the TGF-p superfamily that has been
shown to promote CRC metastasis in vitro and in vivo through activation of the
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Smad2/3 pathway via binding to the TGF-B receptor [45]. GDF15 has been shown to
be activated c-Fos [46], an AP-1 component, which is consistent with the altered ex-
pression noted in JunD knockdown cells. Another gene involved in TGEF-p signaling
[47], MGATS5, has been linked to tumor growth [48, 49] and invasion [50, 51], as well
as maintenance of colon cancer stem cells [49]. The identification of genes linked to
known pathways related to CRC development and progression lends further validity to
the analytical approach.

In light of the promising results above indicating our ability to identify TF targets
that are coordinately regulated (regulons), we extended the approach to identify the
highest confidence mediators of 7 TFs’ influence on CRC invasiveness (union of top 5
TFs in up- and down-analyses), thus constructing a “gene signature” of the phenotype.
We used this signature to cluster multi-omics profiles (gene expression, miRNA ex-
pression, and somatic mutations) of colorectal cancer patients from the TCGA database
[52], and performed survival analysis on the resulting clusters (see the “Methods” sec-
tion). The clustering was performed after limiting the omics profiles to genes in the sig-
nature, using the network-guided clustering pipeline in the KnowEnG system [21] for
clustering somatic mutation profiles. We performed the analysis using different num-
bers of clusters (3 or 4), size of signature (50, 70, or 100 genes), degrees of influence of
the network (smoothing factor of 0.3 or 0.8), and network types (protein-protein inter-
action network or pathway co-membership network). Survival analysis using the best of
these parameters (Fig. 5c) showed statistically significant difference in survival charac-
teristics of patient clusters (log-rank test p-value 0.0007, adjusted p-value 0.03 after cor-
recting for multiple modes of clustering). This result was comparable to the best
clustering obtained using the complete dataset (i.e., no filtering of genes) (Fig. 5d, Add-
itional file 4: Table S4, p-value 0.0006), indicating that the gene signature was able to
capture the survival-related information present in the complete multi-omics profiles in
only a small subset of genes. Moreover, survival analysis using the model-based gene
signature yielded better stratification of patients than when using the top genes based
on differential expression between stages (Additional file 4: Table S4) (this latter ana-
lysis was also repeated with different settings of the clustering parameters, for a fair
comparison to the above results).

Discussion

We present here a comprehensive multi-omics approach to investigate the cis-regula-
tory mechanisms underlying the biological processes marked by large-scale transcrip-
tomic changes. By adopting this approach to the study of CRC invasiveness in a well-
controlled experimental setting, we identified the major regulators of this process as
well as some of their key mediators. Our approach identified numerous TFs and down-
stream targets known to be involved in the metastasis-related process, as well as add-
itional factors that have not yet been directly studied in the context of tumor
progression (or in the context of colorectal cancer, specifically). Identifying these latent
changes has the potential to greatly improve our understanding of the complex regula-
tory processes that control the metastatic progression and to help identify novel fea-
tures of cancer that can be therapeutically targeted. While many cancers share
common general features (e.g., alterations that affect conserved oncogene-related path-
ways), the specific pathway disruptions within each cancer are largely unique and
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dynamic. This is true not only at the “cancer type” level, but also at the inter- and
intra-individual levels.

Our approach is complementary to a large body of work that seeks to identify regula-
tors based on correlations in transcript levels of TFs and their targets [18] (“trans” evi-
dence), in some cases augmented with data on TF-DNA binding (“cis” evidence) [19].
The co-expression approach, including that of the popular WGCNA tool [53], is better
suited to characterizing conserved changes that occur across a large numbers of sam-
ples for which expression profiles are available, e.g., from patient data in TCGA cohorts
[54]. However, when investigating specific stages, subtypes, and/or features of a given
cancer, sample numbers are usually restricted, which limits the suitability of those ap-
proaches. In our experimental paradigm, where we seek to characterize CRC invasive-
ness in a highly controlled setting using only a handful of biological samples, the
correlation-based approach is far less practical. However, it is still possible to discern
transcriptomic and epigenomic shifts with statistical significance, and our analysis ex-
ploits this source of information to connect TFs to their target genes. Our use of dy-
namic epigenomic evidence was crucial to the effectiveness of our approach, as we
found by comparing its predictive ability to alternatives where the same model was
trained with such evidence partially or completely removed. At the same time, we be-
lieve that further work is needed to fully understand the pros and cons of relying on
changes in histone marks versus simply the presence of these marks. Another import-
ant feature of our analysis is its simple approach to account for directionality of regula-
tory influences. In assigning each TF and each dynamic histone mark a learnable
weight (whose sign indicates activating/repressive influence), we made a simplification
that allows us to learn the predominant value of that cis-regulatory evidence from the
data. We observe the learned weights to be consistent between analyses, arguing for
their reliability, and found them also to agree with previously reported interpretations
of the histone marks.

One of the surprising findings from our comparisons of different schemes was the
poor performance of the DiffAcc scheme, where a TFBS is considered functional if it
overlaps an ATAC-seq peak exclusive to one of the stages. This scheme is thus similar
to the DiffMark scheme but relies on accessibility profiles instead of histone mark pro-
files. Its cross-validation performance was poor compared not only to DiffMark but also
the TFBS-only scheme, which completely ignores accessibility data. It is possible that
our implementation of this scheme requires a more careful definition of differential ac-
cessibility, and future work will reveal the strength of this approach. Indeed, our alter-
native strategy for utilizing accessibility profiles—the PresAcc scheme—did exhibit
better predictive ability than TFBS-only in the up-analysis. The relative failure of the
DiffAcc scheme may also have a biological reason: accessibility changes during CRC
progression may be more quantitative, and therefore, inadequate information is cap-
tured when represented as a binary change, compared to histone mark changes. As
such, our approach of using accessibility events as a binary variable could err in the
trade-off between sensitivity and specificity.

We note that the analysis framework in our work bears superficial resemblance to a
classification setting, where the cis-regulatory evidences associated with a gene may be
used to predict the differential regulation of that gene. This would require a hard
threshold on the differential expression p-value, and demand that every designated DE
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gene bears one or more cis-regulatory evidences. Our probabilistic approach avoids the
use of hard thresholds on differential expression and retains the information about DE
strength as reflected in the p-value. Furthermore, it allows for the possibility that many
DE genes may lack cis-regulatory evidences, perhaps due to the limitations of our abil-
ity to recognize those evidences. Another technical point worth noting is that our mod-
eling was performed separately for upregulation and downregulation between stages.
The pGENMi model attempts to explain the p-values of differential expression, but
these p-values do not contain information on the directionality of the expression
changes. As such, in a “combined” analysis, where both types of differential expression
p-values are present, the model attempts to use the same cis-regulatory evidence, with
the same weight, to explain both up- and downregulation and will be confounded; the
resulting weights will be less reliable. This is the primary reason why we separated the
up- and down-analyses.

The analytical approach we describe herein offers several opportunities for expanded
mechanistic and computational studies. Firstly, our analysis identified TFs known to
play an important role in CRC invasiveness, as well as additional TFs with a less-
defined contribution. Our method does not directly predict the overall direction of in-
fluence, however. For example, our approach is unable to predict whether the knock-
down of JunD would be expected to increase or decrease cellular invasiveness, only
that JunD disruption would likely alter the phenotype. Future work may address this by
explicitly modeling phenotypic difference as a function of gene expression changes,
which in turn are related to regulator influences. Such multi-level networks of influence
(from TFs to genes to phenotype) will be an important frontier of research. A second
direction of improvement will be to incorporate cis-regulatory evidences in a non-
binary manner. For simplicity of modeling, we currently encode each combination of
TF and histone mark through a binary evidence per gene; the strengths and multiplicity
of such evidence may be rigorously accounted for in future models, perhaps borrowing
from previous work in the context of TFBS analysis [55]. Finally, it will be exciting to
integrate the multi-omics data and analysis presented here with information about TEF-
gene co-expression from patient cohort studies such as those in the TCGA [54] and
clinical trials.

Methods

Cell line generation

SW480 (CCL-228) cells were obtained from the American Type Culture Collection
(ATCC, Manassas, VA) and maintained at 37 °C in a humidified incubator with 5%
CO, atmosphere. Cells were cultured using Dulbecco’s modified Eagle’s medium
(Corning Life Sciences, Corning, NY) supplemented with 10% FBS (MilliporeSigma,
Burlington, MA), 100 U/mL penicillin (Corning), and 100 pg/mL streptomycin (Corn-
ing). For selection of invasive sub-populations, SW480 cells were serum-starved in
EBS-free culture media for 16 h and released from the culture plate surface using 0.05%
Trypsin (Corning). Two million cells were plated in FBS-free culture media in 8.0-um
permeable transwell supports (Corning) that had been coated with Matrigel Growth
Factor Reduced (GFR) Basement Membrane Matrix (Corning) and set in 6-well plates
containing media supplemented with 10% FBS as a chemoattractant. Cells were allowed
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to invade for 24 h. Invaded cells were harvested from the underside of supports using
Trypsin. Cultures were expanded, and the invasion process was repeated. Cell lines
were periodically monitored for mycoplasma using Hoechst staining (MilliporeSigma).
Culture health and identity were monitored by microscopy and by comparing popula-
tion doubling times to baseline values recorded at time of receipt. Additional authenti-
cation of this cell line above that described was not performed.

Knockdown of JunD

To disrupt JunD expression, shRNAs from The RNAi Consortium (TRC) were
screened for knockown potential in SW480 cells by transient transfection of purified
plasmid using Mirus TransIT-LT1 (Mirus Bio, Madison, WI) followed by western blot-
ting to monitor JunD expression (MAB5526 antibody; R&D Systems, Minneapolis,
MN). TRC clone TRCN0000014975 was found to reduce JunD expression to the great-
est extent (data not shown) and was used in subsequent experiments. Lentiviral plas-
mids were co-transfected with packaging vectors psPAX2 (Addgene plasmid #12260; a
gift from Didier Trono) and pMD2.G (Addgene plasmid #12259; a gift from Didier
Trono) into HEK293T/c17 cells (ATCC) using Mirus TransIT-Lenti. Virus-containing
medium was collected 48 h after transfection and cleared of potential cells using 0.45-
um Steriflip filters (MilliporeSigma). Virus-containing media were mixed with Poly-
brene (MilliporeSigma) for transduction. Expression of JunD was assessed using the
MAB5526 antibody. Scramble control shRNA on the same vector backbone (pLKO.1-
puro non-target control shRNA; MilliporeSigma) was used as a control.

Measurements of cell migration, invasion, and proliferation

Cell migration and invasion were assessed using an xCELLigence Real Time Cellular
Analysis (RTCA) DP instrument (Acea Biosciences, San Diego, CA). Migration was
measured using uncoated CIM-Plate 16 (Acea) plates. For invasion assessments, plates
were pre-coated with a 1:20 dilution of Matrigel GFR (Corning). To monitor invasion
and migration, cells were serum-starved for 16 h, collected by trypsinization, and plated
at 200,000 viable cells per well in the top chamber of a CIM-Plate 16. Viable cell count-
ing was performed using propidium iodide staining with quantitation on an Acea
NovoCyte 3000 RYB flow cytometer. Ten percent of FBS-containing media was used as
a chemoattractant in the bottom chamber. Cells were allowed to settle for 10 min at
room temperature prior to loading CIM-Plates onto the xCELLigence DP. Impedance
data were acquired at 15-min intervals for 40 h (migration) and 60 h (invasion). Prolif-
eration was assessed using an xCELLigence RTCA MP instrument (Acea). Transduced
cells were plated at 20,000 viable cells per well in E-Plate View 96 plates, allowed to
settle for 10 min at room temperature, and loaded onto the xCELLigence MP, and im-
pedance data acquired at 15-min intervals for 60 h.

Transcriptome sequencing (RNA-seq)

Total RNA was extracted using the Direct-zol RNA Kit (Zymo Research, Tustin, CA).
For the assessment of parental SW480 cells and selected invasive lines, TruSeq (Illu-
mina) libraries were prepared, and paired-end 150 base pair sequencing was performed
on an Illumina HiSeq 4000 (San Diego, CA) in the Mayo Clinic Medical Genome



Ghaffari et al. Genome Biology (2021) 22:19 Page 21 of 28

Facility. For studies related to JunD knockdown, TruSeq Stranded mRNA libraries were
prepared and sequenced on an Illumina NovoSeq 6000 using a 150 PE flow cell at the
University of Minnesota Genomics Center.

Differential expression analysis on RNAseq data

Adapter sequences were removed using the TrimGalore wrapper around Cutadapt [56],
and reads were aligned to the human genome (hg19) using HISAT2 [57]. Transcript as-
sembly and quantification were performed using StringTie [58]. For DE analysis, Ballgown
[59] was used to calculate log2 fold changes, p-values, and false discovery rates (FDR).

Chromatin immunoprecipitations

Five million actively growing cells were collected, suspended in PBS, and cross-linked
using 1% formaldehyde (final concentration). Cross-linking was quenched using 125
mM glycine at room temperature, followed by two washes using PBS. Cells were pel-
leted and resuspended in cold lysis buffer consisting of 1% Triton-X, 0.1% sodium
deoxycholate, proteinase inhibitor cocktail (MilliporeSigma), and Tris-EDTA solution.
Lysates were incubated on ice for 10 min, diluted with TE, sonicated for 15 min (30s
on/30 s off) using a Bioruptor Pico (Diagenode, Denville, NJ), and cleared using centri-
fugation. Supernatants were transferred to a fresh tube, and DNA content was deter-
mined using Qubit fluorometric quantification (Thermo Fisher Scientific, Waltham,
MA). Chromatin was incubated with relevant antibodies and isolated using protein G
couple magnetic beads (Thermo Fisher). Beads were washed with a buffer consisting of
50 mM Tris-HCl, 10 mM EDTA, 100 mM NaCl, 1% Triton X-100, 0.1% sodium deoxy-
cholate at pH = 8.1, followed by a high salt buffer containing 500 mM NaCl (all other
components remained the same) and LiCl buffer (10 mM Tris-HCI, 0.25 M LiCl,, 0.5%
NP-40, 0.5% sodium deoxycholate, 1 mM EDTA, pH =8.0). Bound chromatin was
eluted and crosslinking reversed. DNA was treated with RNase A and proteinase K be-
fore being purified using the Qiagen MinElute PCR Purification Kit (Valencia, CA).
ChIP-seq libraries were prepared from ChIP DNA using the NEBNext Ultra II DNA Li-
brary Prep Kit (New England Biolabs, Ipswich, MA). Libraries were sequenced to 51
base pairs using paired-end mode on an Illumina HiSeq 4000 (San Diego, CA) in the
Mayo Clinic Medical Genome Facility.

ChIP antibodies

Antibodies used for ChIP consisted of anti-H3K27ac (8173; Cell Signaling Technology,
Danvers, MA), anti-H3K4mel (ab8895; Abcam, Cambridge, MA), anti-H3K4me3 (puri-
fied antibody generated in-house by the Mayo Clinic Epigenomics Development Lab,
Rochester, MN [60], and anti-H3K27me3 (9733, Cell Signaling Technology).

ChIP-seq data analysis

Sequences were aligned to the human genome (hgl9) using Bowtie2 [61]. Peak calling
for H3K27ac, H3K4mel, and H3K4me3 signals was performed using MACS2 [62].
SICER [63], which was used to call peaks for H3K27me3 data. FDR thresholds of 0.01
were used for all peak calling.



Ghaffari et al. Genome Biology (2021) 22:19 Page 22 of 28

ATAC-seq

ATAC-seq library construction was performed as previously described [64]. Fifty
thousand cells were lysed in cold ATAC-Resuspension Buffer (RSB) containing
0.1% NP40, 0.1% Tween 20, and 0.01% digitonin on ice. Lysis buffer was washed
out with cold ATAC-RSB containing 0.1% Tween 20 followed by centrifugation at
4°C. Nuclei-containing pellets were resuspended in transposition mix containing
Tagment DNA buffer (Illumina), Tn5 Transposase (Lucigen, Middleton, WI), and
0.05% Tween 20. Reactions were incubated for 30 min at 37 °C with constant agita-
tion. Transposed DNA was purified using QIAgen MinElute columns. DNA was
amplified using Nextera sequencing primers (Illumina) and NEB High Fidelity 2x
PCR Master Mix (New England Biolabs) for 3-5 cycles. PCR-amplified DNA was
purified using QIAgen MinElute columns and sequenced to 51 base pairs using
paired-end mode on an Illumina HiSeq 4000 in the Mayo Clinic Medical Genome
Facility. Adapter sequences were removed using the TrimGalore wrapper around
Cutadapt [56], and reads were aligned to the human genome (hgl9) using Bowtie2
[61]. Duplicate reads were removed using Picard Tools [65]. Peak calling was per-
formed using MACS2 [62].

Gene set characterization of DE genes

Up- and downregulated genes with adjusted p-value < 0.05 were separately analyzed for
enrichment of gene sets from the mSigDB [22] collection (C2, C4, C6, C7) using the
KnowEnG [21] platform’s Gene Set Characterization pipeline without network guidance.

TF-DNA binding profiles

TF ChIP-seq data for the colon cancer cell line HCT116 (20 TFs) were downloaded from
the ENCODE Project web site (see Additional file 4: Table S1). These included all 20 TFs
for which the available ChIP-seq profiles had high read depth. Data for the K562 cell line
(216 TFs) were downloaded from the same source (Additional file 4: Table S5).

pPGENMi input generation

DiffMark

We first determined dynamic histone mark sites as histone modification ChIP-peaks
(FDR 0.01) present in both replicates of either MO or M6 profiles but without an over-
lapping ChIP-peak for the same modification in the other stage. These sites were
grouped separately by the identity of histone modification and by the direction of
change (“down”—present only in MO; “up”—present only in M6). The DiffMark evi-
dence was then generated by intersecting the ENCODE TF binding sites from HCT116
cell line with dynamic histone mark sites, retaining information about the histone mark
type and direction of change. The cis-regulatory evidence representing a TF T and dy-
namic histone mark M for gene g was set to 1 if the binding site of T overlapped a dy-
namic histone mark of type M within distance d upstream or downstream of the gene;
if such evidence was present for histone mark in the up direction as well as the same
mark in the down direction, only the direction associated with the largest change was
considered. In different tests, the parameter d was set to 10 kb, 50 kb, 200 kb, or 1 Mb.
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DiffMarkAggr

DiffMark evidence was used to generate the DiffMarkAggr evidence by computing the
disjunction of the binary cis-regulatory evidences of all histone marks for each direction
separately. This resulted in two evidence bits per TF, gene pair and a 40-dimensional

evidence vector representing all 20 TFs.

PresMark

The presence of ChIP peak (FDR 0.01) of a specific histone modification, in either stage,
overlapping with a TF ChIP peak within the distance threshold, was encoded as “1” and
zero otherwise. This resulted in four evidence bits per TF (one for each histone modifica-
tion), gene pair and an 80-dimensional evidence vector representing all 20 TFs.

DiffAcc and PresAcc

Using ATAC-seq profiles, DiffACC evidence was produced by a similar procedure as
DiffMark, except that ATAC-seq peaks (FDR 0.05) were used in place of histone mark
ChIP-seq peaks to intersect with TFBS. This gave us two evidence bits (one for either
direction of accessibility change) per TF, gene pair, and a 40-dimensional evidence vec-
tor overall. In generating the PresACC evidence, the presence of an ATAC-seq peak in
either stage, overlapping with a TF ChIP peak within the distance threshold, was
encoded as “1” and zero otherwise. This resulted in a 20-dimensional evidence vector

for each gene.

TFBS-only
Finally, the TF ChIP profiles were used to generate TFBS-only evidence with the presence
of TEBS for a gene encoded to one leading to a 20-dimensional evidence per gene.

DE genes

We analyzed 17,200 protein-coding genes for which the annotations were downloaded
from GENCODE [66]. To study the mechanisms leading to the upregulation and down-
regulation of genes separately, in the down- (resp. up-) analysis, we replaced DE p-
values with 1 - p-value for every gene with fold change greater (resp. less) than 1.

PGENMi model

The pGENMi model was presented in [26], and we outline it here with terminology
suitable for our context. The model uses a hidden binary variable Z, for each gene g,
representing whether or not the gene’s differential expression is associated with one or
more of the TFs. Each cis-regulatory evidence contributes with a unique weight to the
prior probability of this hidden variable as follows:

1

1+ eXp<- <Wo + Z ; thfgtm>)

Pr(Zg = 1) =

where r,,,, represents a (binary) cis-regulatory evidence in the form of a binding site for
TF ¢, flagged by dynamic histone mark s, in the regulatory region of gene g, and wy,, is
the weight associated with it (same for all genes).
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The distribution of the DE p-value P, of a gene g is conditioned on Z,. If Z, =1, this
p-value follows a beta distribution with trainable parameter «, which specifies the skew-
ness of the distribution toward the significant p-values; if Z,=0, P, is assumed to be
uniformly distributed.

Unif(0,1) if Z, = 0
Pg:{ Bla.1) if Zg =1

The model is trained by maximizing the regularized likelihood of the data, assuming
the genes to be independent. L,-regularization was used in the objective function, as
shown below:

£06) = tog( 2e(7) ) -2 Y,

where E} is the vector of DE p-values of all genes, 6 is the set of all trainable parame-
ters {W,a }, and A is the regularization coefficient, a hyper-parameter of the model.
The explanatory power of a model utilizing the given cis-regulatory evidences (H;) is
measured by the difference between its log-likelihood and that of a null model (Hy) that
does not use cis-regulatory evidence:

LLR = log< r (Tg)|H1)) - log< Pr (Tg’wo))

The factorized-weights pGENMi (fw-pGENMi) model has the same formulation as
pGENMi, except that the free parameter w,,, is replaced by w,w,,, where w, is a free
parameter for TF ¢ and w,, is a free parameter for dynamic histone mark m. With 20
TFs and four histone marks that can change in either of two directions, this model uses
only 28 weights to aggregate the regulatory evidence, as opposed to pGENMIi, which re-
quires 160 weights. The model was trained using a distance threshold of 50 kb, derived
from pGENMIi cross-validation runs (Fig. 2a), and the regularization coefficient was
retrained.

pGENMi and fw-pGENMi were implemented in PyTorch, and model optimization
was performed using the Adam stochastic gradient descent variant [67].

Dissimilarity criterion in “K562-distinct” scheme

To find the TF ChIP-seq profiles from K562 cell line that are most dissimilar to the
CRC TF ChIP-seq profiles, first the DiffMark cis-regulatory evidence matrix was com-
puted using ChIP-seq data of 216 TFs from K562. For each gene, the disjunction of all
eight bits corresponding to a TF was used as a feature representing that TF’s cis-regula-
tory evidence associated with the gene, and the TF was then represented by a feature
vector, with one feature per gene. Next, the pairwise similarity between each K562 pro-
file and CRC profile was calculated by the Jaccard similarity score between their corre-
sponding feature vectors. For each K562 TF profile, the highest similarity score to a
CRC TF profile was used as the “CRC similarity score” associated with the K562 TF,
and all K562 TFs were ranked by their CRC similarity score. Some of the CRC TFs
were also profiled for DNA-binding in K562 cell line, and we chose the minimum CRC
similarity score (~0.2) among these TFs to set the cutoff. The K562 TFs with CRC
similarity scores less than 0.2 (90 TFs) were used in K562-distinct scheme.



Ghaffari et al. Genome Biology (2021) 22:19 Page 25 of 28

Gene signature for CRC invasiveness

To construct a gene signature, we considered the top 5 TFs from up- and down-
analysis under the DiffMark strategy, which included a total of 7 TFs: JUND, FOSLI,
CTCF, ZFX, RAD21, MAX, and POLR2A. For each gene, we calculated the product of
the RPORs associated with these top TFs and used the top 50, 70, or 100 genes ranked
by this product as the gene signature. The signature was then used to cluster multi-
omics profiles of 374 COAD patients from TCGA. Multi-omics clustering was per-
formed, using the KnowEnG system, on the gene expression and somatic mutations as-
sociated with the genes in the signature, and the expression of miRNAs targeting them
(miRNA-gene interactions were obtained from miRTarBase release 7.0 [68]). First, the
patients were clustered using each data type (network-guided clustering was used for
somatic mutation profiles), then the clustering of the cluster assignments specified the
final stratification of the patients. The entire procedure was repeated for the up-
analysis (RPOR_up) and down-analysis (RPOR_down) separately (Additional file 4:
Table S4). Kaplan-Meier survival analysis was performed on the clustered patients
using the KnowEnG system, and the log-rank test p-values, indicating the difference in
the survival times of the clusters, were used to choose the best gene signature. The p-
values were subjected to Bonferroni correction for all tests performed using the same
gene set (model-based signature, DE genes, or unfiltered).

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/513059-020-02213-x.

Additional file 1. Supplementary Figures.

Additional file 2. Gene set characterization. Gene set characterization of the DE genes between early and late
stages. The downregulated genes are significantly enriched for cancer-related gene signatures from mSigDB.

Additional file 3. Annotated list of genes with SNVs that exhibited significant shifts in alternative allele frequency
between MO and Mé.

Additional file 4: Table S1. List of HCT116 TFs and their corresponding files obtained from ENCODE portal
(https//www.encodeproject.org/). Table S2. Interpretations of the different combinations of signs of TF and
histone mark change weights. Table S3. Expression changes in APT-complex components upon JunD Knockdown.
Table S4. Survival analysis on TCGA COAD cohort. Survival analysis of 374 patients was performed using different
gene sets for clustering of omics profiles. Each row indicates the criterion used to pick the gene set (gene set type)
and the setting used in the best clustering of patients in terms of survival analysis p-value (pval). The gene set was
chosen to be of one of the following: 1. Using the data of all genes provided (Unfiltered). 2. Genes with the highest
RPOR value in down-analysis (RPOR_down). 3. Genes with the highest RPOR value in up-analysis (RPOR_up). 4. Sig-
nificantly differentially expressed genes (DE Genes). For all types of gene sets except “Unfiltered” sizes of 50, 70,
and 100 were tested. To find the best clustering for the patients using each gene set, two types of networks, viz,
protein-protein interaction network (PPI) and Enrichr pathway network were tested using the knowledge-guided
clustering pipeline in KnowEnG; two different settings of smoothing (0.3 and 0.8), representing different levels of
network-guidance, were explored. (Knowledge-guided clustering was applied only to the sparse somatic mutation
data, while other types of omics profiles were clustered in the default mode.). Cluster sizes of 3 and 4 were tested.
The total number of clusterings explored and followed by survival analysis, for RPOR-down and RPOR-up com-
bined, DE Genes, and Unfiltered, are 48, 24, and 8 respectively, which were used to adjust the p-values by Bonfer-
roni Correction (adj. p-val). Table S5. List of K562 TFs and their corresponding files obtained from ENCODE portal
(https://www.encodeproject.org/).

Additional file 5. Predicted mediators of JunD influence on CRC progression. Table 1. contains the model-
predicted targets of JunD (top 500 RPOR scores in down-analysis) that were differentially expressed upon knock-
down of JunD (p-value < 0.05), and were differentially expressed between stages (p-value < 0.05). Table 2. genes
have the same characteristics as Table 1 genes except for being predicted as JunD targets in up-analysis.

Additional file 6. Review History.

Acknowledgements
The authors wish to acknowledge Seid Hamzic, Ph.D,, for the analytical support.

Review history
The review history is available as Additional file 6.


https://doi.org/10.1186/s13059-020-02213-x
https://www.encodeproject.org/
https://www.encodeproject.org/

Ghaffari et al. Genome Biology (2021) 22:19 Page 26 of 28

Peer review information
Anahita Bishop was the primary editor of this article and managed its editorial process and peer review in
collaboration with the rest of the editorial team.

Authors’ contributions

SG, SS, and SMO designed the study and wrote the manuscript. SG performed the data analyses. CH contributed to
the data pre-processing. RES and KIB performed the laboratory experiments related to JunD knockdown studies. The
authors read and approved the final manuscript.

Funding

This work was supported in part by the National Institutes of Health (grant R35GM131819 and U54-GM114838 to S9),
the CompGen Initiative at UIUC (CompGen fellowship to SG), and the Mayo Clinic Center for Biomedical Discovery
(Discovery Science Award to SMO). The funding agencies did not play any role in the design of the study; collection,
analysis, and interpretation of the data; and writing of the manuscript.

Availability of data and materials

All datasets used and/or analyzed during the current study are available from the corresponding authors on request.
Sequence data used for this study have been deposited to the NCBI Sequence Read Archive (SRA) and are accessible
under BioProject number PRINA659546 (https://www.ncbi.nlm.nih.gov/sra/?term=PRINA659546) [69].

Tables of ENCODE accession numbers for HCT116 and K562 cell lines are provided as Additional file 4: Table ST and
Table S5, respectively. The TCGA COAD profiles were obtained from https://xenabrowser.net/datapages/?cohort=
GDC%20TCGA%20Colon%20Cancer%20(COAD)&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443. The
software developed here are available from https://github.com/sabagh1994/fw-pGENMi [70] and https://doi.org/10.
5281/zenod0.4273220 [71].

Ethics approval and consent to participate
Not applicable

Consent for publication
Not applicable

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Computer Science, University of lllinois at Urbana-Champaign, Urbana, USA. 2Department of Genetics,
Stanford University, Stanford, USA. *Department of Molecular Pharmacology and Experimental Therapeutics, Mayo
Clinic, Gonda 19-476, 200 First St SW, Rochester, MN 55905, USA. 4Department of Computer Science, Carl R. Woese
Institute of Genomic Biology, and Cancer Center of lllinois, University of lllinois at Urbana-Champaign, 2122, Siebel
Center, 201 N. Goodwin Ave, Urbana, IL 61801, USA.

Received: 31 May 2020 Accepted: 25 November 2020
Published online: 07 January 2021

References

1. Bray F, Ferlay J, Soerjomataram 1, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018: GLOBOCAN estimates of
incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 2018,68:394-424.

2. Leporrier J, Maurel J, Chiche L, Bara S, Segol P, Launoy G. A population-based study of the incidence, management and
prognosis of hepatic metastases from colorectal cancer. Br J Surg. 2006,93:465-74.

3. Venook AP, Niedzwiecki D, Lopatin M, Ye X, Lee M, Friedman PN, Frankel W, Clark-Langone K, Millward C, Shak S, et al.
Biologic determinants of tumor recurrence in stage Il colon cancer: validation study of the 12-gene recurrence score in
cancer and leukemia group B (CALGB) 9581. J Clin Oncol. 2013;31:1775-81.

4. Smith JJ, Deane NG, Wu F, Merchant NB, Zhang B, Jiang A, Lu P, Johnson JC, Schmidt C, Bailey CE, et al. Experimentally
derived metastasis gene expression profile predicts recurrence and death in patients with colon cancer.
Gastroenterology. 2010;138:958-68.

5. Loboda A, Nebozhyn MV, Watters JW, Buser CA, Shaw PM, Huang PS, Van't Veer L, Tollenaar RA, Jackson DB, Agrawal D,
et al. EMT is the dominant program in human colon cancer. BMC Med Genet. 2011;4:9.

6. Akhtar-Zaidi B, Cowper-Sal-lari R, Corradin O, Saiakhova A, Bartels CF, Balasubramanian D, Myeroff L, Lutterbaugh J, Jarrar
A, Kalady MF, et al. Epigenomic enhancer profiling defines a signature of colon cancer. Science. 2012;336:736-9.

7. Cohen AJ, Saiakhova A, Corradin O, Luppino JM, Lovrenert K, Bartels CF, Morrow JJ, Mack SC, Dhillon G, Beard L, et al.
Hotspots of aberrant enhancer activity punctuate the colorectal cancer epigenome. Nat Commun. 2017;8:14400.

8. Rokavec M, Horst D, Hermeking H. Cellular model of colon cancer progression reveals signatures of mRNAs, miRNA,
INcRNAs, and epigenetic modifications associated with metastasis. Cancer Res. 2017;77:1854-67.

9. Zhou Q, Chipperfield H, Melton DA, Wong WH. A gene regulatory network in mouse embryonic stem cells. Proc Natl
Acad Sci U S A. 2007;104:16438-43.

10.  Herrmann C, Van de Sande B, Potier D, Aerts S. i-cisTarget: an integrative genomics method for the prediction of
regulatory features and cis-regulatory modules. Nucleic Acids Res. 2012;40:.e114.

11, Blatti C, Kazemian M, Wolfe S, Brodsky M, Sinha S. Integrating motif, DNA accessibility and gene expression data to build
regulatory maps in an organism. Nucleic Acids Res. 2015;43:3998-4012.

12. Liu X, Wang C, Liu W, Li J, Li C, Kou X, Chen J, Zhao Y, Gao H, Wang H, et al. Distinct features of H3K4me3 and
H3K27me3 chromatin domains in pre-implantation embryos. Nature. 2016;537:558-62.


https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA659546
https://xenabrowser.net/datapages/?cohort=GDC%20TCGA%20Colon%20Cancer%20(COAD)&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443
https://xenabrowser.net/datapages/?cohort=GDC%20TCGA%20Colon%20Cancer%20(COAD)&removeHub=https%3A%2F%2Fxena.treehouse.gi.ucsc.edu%3A443
https://github.com/sabagh1994/fw-pGENMi
https://doi.org/10.5281/zenodo.4273220
https://doi.org/10.5281/zenodo.4273220

Ghaffari et al. Genome Biology (2021) 22:19 Page 27 of 28

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43,
44,

45.

46.

47.

Local A, Huang H, Albuguerque CP, Singh N, Lee AY, Wang W, Wang C, Hsia JE, Shiau AK, Ge K, et al. Identification of
H3K4meT-associated proteins at mammalian enhancers. Nat Genet. 2018;50:73-82.

Creyghton MP, Cheng AW, Welstead GG, Kooistra T, Carey BW, Steine EJ, Hanna J, Lodato MA, Frampton GM, Sharp PA, et al.
Histone H3K27ac separates active from poised enhancers and predicts developmental state. Proc Natl Acad Sci U S A. 2010;
107:21931-6.

Bozek M, Cortini R, Storti AE, Unnerstall U, Gaul U, Gompel N. ATAC-seq reveals regional differences in enhancer
accessibility during the establishment of spatial coordinates in the Drosophila blastoderm. Genome Res. 2019;29:771-83.
Encode Project Consortium. An integrated encyclopedia of DNA elements in the human genome. Nature. 2012,489:57-74.
Spivakov M. Spurious transcription factor binding: non-functional or genetically redundant? Bioessays. 2014;36:798-806.
Chandrasekaran S, Ament SA, Eddy JA, Rodriguez-Zas SL, Schatz BR, Price ND, Robinson GE. Behavior-specific changes in
transcriptional modules lead to distinct and predictable neurogenomic states. Proc Natl Acad Sci U S A. 2011;108:
18020-5.

Siahpirani AF, Roy S. A prior-based integrative framework for functional transcriptional regulatory network inference.
Nucleic Acids Res. 2017;45:e21.

Huynh-Thu VA, Irrthum A, Wehenkel L, Geurts P. Inferring regulatory networks from expression data using tree-based
methods. PloS one. 2010;5(9):1-0.

Blatti C 3rd, Emad A, Berry MJ, Gatzke L, Epstein M, Lanier D, Rizal P, Ge J, Liao X, Sobh O, et al. Knowledge-guided
analysis of “omics” data using the KnowEnG cloud platform. PLoS Biol. 2020;18:23000583.

Liberzon A, Subramanian A, Pinchback R, Thorvaldsdottir H, Tamayo P, Mesirov JP. Molecular signatures database
(MSigDB) 3.0. Bioinformatics. 2011;27:1739-40.

Sokol ES, Feng YX, Jin DX, Tizabi MD, Miller DH, Cohen MA, Sanduja S, Reinhardt F, Pandey J, Superville DA, et al. SMAR
CE1 is required for the invasive progression of in situ cancers. Proc Natl Acad Sci U S A. 2017;114:4153-8.

Li XY, MacArthur S, Bourgon R, Nix D, Pollard DA, lyer VN, Hechmer A, Simirenko L, Stapleton M, Luengo Hendriks CL, et al.
Transcription factors bind thousands of active and inactive regions in the Drosophila blastoderm. PLoS Biol. 2008,6:e27.
Nowacka-Zawisza M, Wisnik E. DNA methylation and histone modifications as epigenetic regulation in prostate cancer
(review). Oncol Rep. 2017;38:2587-96.

Hanson C, Cairns J, Wang L, Sinha S. Principled multi-omic analysis reveals gene regulatory mechanisms of phenotype
variation. Genome Res. 2018;28:1207-16.

Rhie SK, Yao L, Luo Z, Witt H, Schreiner S, Guo Y, Perez AA, Farnham PJ. ZFX acts as a transcriptional activator in
multiple types of human tumors by binding downstream from transcription start sites at the majority of CpG island
promoters. Genome Res. 2018;28(3):310-20.

Jiang J, Liu LY. Zinc finger protein X-linked is overexpressed in colorectal cancer and is associated with poor prognosis.
Oncol Lett. 2015;10:810-4.

Eferl R, Wagner EF. AP-1: a double-edged sword in tumorigenesis. Nat Rev Cancer. 2003;3:859-68.

Kim S, Yu NK, Kaang BK. CTCF as a multifunctional protein in genome regulation and gene expression. Exp Mol Med.
2015;47:e166.

Aitken SJ, Ibarra-Soria X, Kentepozidou E, Flicek P, Feig C, Marioni JC, Odom DT. CTCF maintains regulatory homeostasis
of cancer pathways. Genome Biol. 2018;19:106.

Ozanne BW, Spence HJ, McGarry LC, Hennigan RF. Transcription factors control invasion: AP-1 the first among equals.
Oncogene. 2007;26:1-10.

Juneja M, llm K, Schlag PM, Stein U. Promoter identification and transcriptional regulation of the metastasis gene
MACCT in colorectal cancer. Mol Oncol. 2013;7:929-43.

Lu J, Zhang ZL, Huang D, Tang N, Li Y, Peng Z, Lu C, Dong Z, Tang F. Cdk3-promoted epithelial-mesenchymal transition
through activating AP-1 is involved in colorectal cancer metastasis. Oncotarget. 2016;7:7012-28.

Angel P, Hattori K, Smeal T, Karin M. The jun proto-oncogene is positively autoregulated by its product, Jun/AP-1. Cell.
1988;55:875-85.

Wang JL, Chen ZF, Chen HM, Wang MY, Kong X, Wang YC, Sun TT, Hong J, Zou W, Xu J, Fang JY. EIf3 drives beta-
catenin transactivation and associates with poor prognosis in colorectal cancer. Cell Death Dis. 2014;5:¢1263.

Liu D, Skomorovska Y, Song J, Bowler E, Harris R, Ravasz M, Bai S, Ayati M, Tamai K, Koyuturk M, et al. ELF3 is an
antagonist of oncogenic-signalling-induced expression of EMT-TF ZEB1. Cancer Biol Ther. 2019,20:90-100.

Groulx JF, Giroux V, Beausejour M, Boudjadi S, Basora N, Carrier JC, Beaulieu JF. Integrin alpha6A splice variant regulates
proliferation and the Wnt/beta-catenin pathway in human colorectal cancer cells. Carcinogenesis. 2014;35:1217-27.
Beaulieu JF. Integrin a6B4 in Colorectal Cancer: Expression, Regulation, Functional Alterations and Use as a Biomarker.
Cancers (Basel). 2019;12(1):41.

Hanada N, Makino K, Koga H, Morisaki T, Kuwahara H, Masuko N, Tabira Y, Hiraoka T, Kitamura N, Kikuchi A, Saya H.

NE-dlg, a mammalian homolog of Drosophila dig tumor suppressor, induces growth suppression and impairment of cell
adhesion: possible involvement of down-regulation of beta-catenin by NE-dlg expression. Int J Cancer. 2000;86:480-8.

Gan S, Ye J, Li J, Hu C, Wang J, Xu D, Pan X, Chu C, Chu J, Zhang J, et al. LRP11 activates beta-catenin to induce PD-L1
expression in prostate cancer. J Drug Target. 2020;28:508-15.

He P, Jiang S, Ma M, Wang Y, Li R, Fang F, Tian G, Zhang Z. Trophobilast glycoprotein promotes pancreatic ductal
adenocarcinoma cell metastasis through Wnt/planar cell polarity signaling. Mol Med Rep. 2015;12:503-9.

Basu S, Haase G, Ben-Ze'ev A: Wnt signaling in cancer stem cells and colon cancer metastasis. F1000Res 2016, 5.

Groulx JF, Boudjadi S, Beaulieu JF. MYC Regulates a6 Integrin Subunit Expression and Splicing Under Its Pro-Proliferative
ITGAG6A Form in Colorectal Cancer Cells. Cancers (Basel). 2018;10(2):42.

Li C, Wang J, Kong J, Tang J, Wu Y, Xu E, Zhang H, Lai M. GDF15 promotes EMT and metastasis in colorectal cancer.
Oncotarget. 2016;7:860-72.

Ding Y, Hao K, Li Z, Ma R, Zhou Y, Zhou Z, Wei M, Liao Y, Dai Y, Yang Y, et al. c-Fos separation from Lamin A/C by GDF15
promotes colon cancer invasion and metastasis in inflammatory microenvironment. J Cell Physiol. 2020,235:4407-21.

Li N, Xu H, Fan K, Liu X, Qi J, Zhao C, Yin P, Wang L, Li Z, Zha X. Altered beta1,6-GIcNAc branched N-glycans impair TGF-
beta-mediated epithelial-to-mesenchymal transition through Smad signalling pathway in human lung cancer. J Cell Mol
Med. 2014;18:1975-91.



Ghaffari et al. Genome Biology (2021) 22:19 Page 28 of 28

48.

49.

50.

51.

52.
53.

54.
55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71.

Kim YS, Ahn YH, Song KJ, Kang JG, Lee JH, Jeon SK, Kim HC, Yoo JS, Ko JH. Overexpression and beta-1,6-N-
acetylglucosaminylation-initiated aberrant glycosylation of TIMP-1: a “double whammy” strategy in colon cancer
progression. J Biol Chem. 2012;287:32467-78.

Guo H, Nagy T, Pierce M. Post-translational glycoprotein modifications regulate colon cancer stem cells and colon
adenoma progression in Apc(min/+) mice through altered Wnt receptor signaling. J Biol Chem. 2014;289:31534-49.
Lee JH, Kang JG, Song KJ, Jeon SK, Oh S, Kim YS, Ko JH. N-acetylglucosaminyltransferase V triggers overexpression of
MT1-MMP and reinforces the invasive/metastatic potential of cancer cells. Biochem Biophys Res Commun. 2013431:
658-63.

Song KJ, Jeon SK, Moon SB, Park JS, Kim JS, Kim J, Kim S, An HJ, Ko JH, Kim YS. Lectin from Sambucus sieboldiana
abrogates the anoikis resistance of colon cancer cells conferred by N-acetylglucosaminyltransferase V during
hematogenous metastasis. Oncotarget. 2017,8:42238-51.

Cancer Genome Atlas Research Network, Weinstein JN, Collisson EA, Mills GB, Shaw KR, Ozenberger BA, Ellrott K,
Shmulevich |, Sander C, Stuart JM. The Cancer Genome Atlas Pan-Cancer analysis project. Nat Genet. 2013;45:1113-20.
Langfelder P, Horvath S. WGCNA: an R package for weighted correlation network analysis. BMC Bioinformatics. 2008;9:559.
Network CGA. Comprehensive molecular characterization of human colon and rectal cancer. Nature. 2012;487:330-7.
Chen J, Hu Z, Phatak M, Reichard J, Freudenberg JM, Sivaganesan S, Medvedovic M. Genome-wide signatures of
transcription factor activity: connecting transcription factors, disease, and small molecules. PLoS Comput Biol. 2013;9:
€1003198.

Martin M. Cutadapt removes adapter sequences from high-throughput sequencing reads. EMBnetjournal. 2011;17:10-2.
Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner with low memory requirements. Nat Methods. 2015;12:
357-60.

Pertea M, Pertea GM, Antonescu CM, Chang TC, Mendell JT, Salzberg SL. StringTie enables improved reconstruction of a
transcriptome from RNA-seq reads. Nat Biotechnol. 2015;33:290-5.

Frazee AC, Pertea G, Jaffe AE, Langmead B, Salzberg SL, Leek JT. Ballgown bridges the gap between transcriptome
assembly and expression analysis. Nat Biotechnol. 2015;33:243-6.

Zhong J, Ye Z, Lenz SW, Clark CR, Bharucha A, Farrugia G, Robertson KD, Zhang Z, Ordog T, Lee JH. Purification of
nanogram-range immunoprecipitated DNA in ChIP-seq application. BMC Genomics. 2017;18:985.

Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012;9:357-9.

Zhang Y, Liu T, Meyer CA, Eeckhoute J, Johnson DS, Bernstein BE, Nusbaum C, Myers RM, Brown M, Li W, Liu XS.
Model-based analysis of ChIP-Seq (MACS). Genome Biol. 2008,9:R137.

Xu'S, Grullon S, Ge K, Peng W. Spatial clustering for identification of ChIP-enriched regions (SICER) to map regions of
histone methylation patterns in embryonic stem cells. Methods Mol Biol. 2014;1150:97-111.

Corces MR, Trevino AE, Hamilton EG, Greenside PG, Sinnott-Armstrong NA, Vesuna S, Satpathy AT, Rubin AJ, Montine KS,
Wu B, et al. An improved ATAC-seq protocol reduces background and enables interrogation of frozen tissues. Nat
Methods. 2017;14:959-62.

Picard Toolkit [http://broadinstitute.github.io/picard]. Accessed 18 May 2020.

Frankish A, Diekhans M, Ferreira AM, Johnson R, Jungreis |, Loveland J, Mudge JM, Sisu C, Wright J, Armstrong J, et al.
GENCODE reference annotation for the human and mouse genomes. Nucleic Acids Res. 2019;47.D766-73.

Kingma DP, Ba J: Adam: a method for stochastic optimization. arXiv 2014, 1412.6980.

Chou CH, Shrestha S, Yang CD, Chang NW, Lin YL, Liao KW, Huang WC, Sun TH, Tu SJ, Lee WH, et al. miRTarBase update
2018: a resource for experimentally validated microRNA-target interactions. Nucleic Acids Res. 2018;46:0296-302.
Ghaffari S, Hanson C, Schmidt RE, Bouchonville KJ, Offer SM, Sinha S. Invasion and migration selection in SW480 cells.
Accession: PRINA659546. Sequence Read Archive. 2020. https://www.ncbi.nlm.nih.gov/sra/?term=PRINA659546.
Accessed 26 Aug 2020.

Ghaffari S, Hanson C, Schmidt RE, Bouchonville KJ, Offer SM, Sinha S. fw-pGENMi. Github. 2020. https.//github.com/
sabagh1994/fw-pGENMI. Accessed 27 May 2020.

Ghaffari S, Hanson C, Schmidt RE, Bouchonville KJ, Offer SM, Sinha S. Factorized pGENMi (fw-pGENMi). Zenodo. https://
doi.org/10.5281/zenod0.4273220 (2020).

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

e fast, convenient online submission

e thorough peer review by experienced researchers in your field

 rapid publication on acceptance

e support for research data, including large and complex data types

e gold Open Access which fosters wider collaboration and increased citations
e maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



http://broadinstitute.github.io/picard
https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA659546
https://github.com/sabagh1994/fw-pGENMi
https://github.com/sabagh1994/fw-pGENMi
https://doi.org/10.5281/zenodo.4273220
https://doi.org/10.5281/zenodo.4273220

	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Multi-omics profiling of a CRC cell line
	Integrative analysis of expression, TF binding, and epigenomic data: outline of model
	Identification of transcription factors underlying CRC invasiveness
	Model reveals regulatory roles of transcription factors and histone marks
	Epigenomic information improves model
	Model findings are specific to CRC cell lines
	Experimental validation of JunD as a regulator of CRC invasiveness
	Characterization of TF “regulons” underlying CRC progression

	Discussion
	Methods
	Cell line generation
	Knockdown of JunD
	Measurements of cell migration, invasion, and proliferation
	Transcriptome sequencing (RNA-seq)
	Differential expression analysis on RNAseq data
	Chromatin immunoprecipitations
	ChIP antibodies
	ChIP-seq data analysis
	ATAC-seq
	Gene set characterization of DE genes
	TF-DNA binding profiles
	pGENMi input generation
	DiffMark
	DiffMarkAggr
	PresMark
	DiffAcc and PresAcc
	TFBS-only
	DE genes

	pGENMi model
	Dissimilarity criterion in “K562-distinct” scheme
	Gene signature for CRC invasiveness

	Supplementary Information
	Acknowledgements
	Review history
	Peer review information
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

