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Abstract

We introduce a new model called CCM+ that rectifies the inability of previous sequence-
based methods to generalize across cell-types. We permit generalization by introducing
arbitrary base-pair resolution covariates. We show that the addition of base-pair resolution
chromatin accessibility covariate greatly aids in the prediction of cis-regulatory marks.
Additionally, we show that by using cell-type specific covariates, CCM+ can generalize across
cell-types. Finally, we show CCM+ can be used for downstream analysis that matches state-of-

the-art methods when chromatin accessibility is used as a covariate.



1. Introduction

A fundamental task in regulatory genomics is to understand the relationship between
genome sequence and its consequence on molecular phenotypes. Molecular phenotypes
include high-resolution chromatin accessibility [1], gene expression, and the protein occupancy
of the genome. These phenotypes play a critical role in transcription factor (TF) binding, gene
regulation, cellular identity, among other cellular processes [2-4]. The ability to predict
molecular phenotypes directly from genome sequence would permit us to evaluate the
consequences of DNA sequence variants that have been implicated in diseases [5].

Computational approaches that model the relationship between DNA sequence and
molecular phenotypes include the gapped k-mer SVM (gkm-SVM) method [6] and the
Cooperative Chromatin Model (CCM) [1]. gkm-SVM uses gapped k-mers as features in a support
vector machine (SVM) for prediction [6]. gkm-SVM performs well at predicting a variety of
regulatory elements in in different cell conditions [6]. However, gkm-SVM requires examples to
be labeled as positive or negative, such ds labels defined by ENCODE’s uniform processing
pipeline [6]. This approach, and similar ones [7,8], often suffer from the ad-hoc interpretation
of genome measurements. For example, an arbitrary cutoff is often chosen to pick “interesting
regions” of accessible chromatin. CCM has focused on rectifying this issue in the context of
chromatin accessibility [1]. CCM predicts chromatin accessibility over the genome, as measured
by assays such as DNase-seq and ATAC-seq, from sequence alone [1]. From a modeling
perspective, CCM is a genome-wide Poisson regression. Its main technical novelty is in the
state-of-the-art methods to fit L, regularized linear models over the entire genome. The CCM

framework can predict arbitrary quantitative, non-negative integer-valued traits measured per



base on the genome. For example, in addition to DNase-seq, the framework can be used to
predict other sequencing assays such as ChiP-seq.

While CCM does remarkably well on simple assays, such as DNase-seq, ATAC-seq, and
Nrfl ChiP-seq, it does not perform nearly as well on certain types of ChiP-seq assays. As we
show, CCM and gkm-SVM are limited because no auxiliary data can be used to aid their models,
yet it is often the case that more information than pure sequence is available during data
analysis. Consider the case of predicting a transcription factor (TF) ChIP-seq. In a simple model
of TF binding, a given TF binds at its motif wherever chromatin is open. Under this simple
model, having chromatin accessibility information in the form of DNase-seq would help predict
TF binding. Additionally, training on pure sequence offers no way generalize across conditions,
as sequence is identical between different cell-types. Thus, gkm-SVM and CCM must be
retrained to predict binding in different cell-types.

Here we introduce a new model called CCM+ that rectifies the inability of previous
methods to use high-resolution auxiliary information by allowing for arbitrary base-pair
resolution covariates. We find that this enables CCM+ models to generalize across cell-types.
We also show that CCM+ significantly outperforms CCM for predicting p300 binding and
histone marks. Finally, we show that CCM+ can be used for downstream analysis that matches

even state-of-the-art methods when chromatin accessibility is used as a covariate. Thus,

accessibility information provides substantial information on genome regulatory elements.



2. Summary of methods

CCM+ is a fully generative model of arbitrary non-negative signals over the genome. In
this work we focus on the readout of ChlP-seq experiments. The genome is treated as a single
regulatory sequence with k—mers as elements that have invariant, proximal spatial effects.
Additionally, a covariate may be provided as a functional prior at base-pair resolution. Here we
use chromatin accessibly as measured by DNase-seq as the covariate. The read counts of a
ChlP-seq experiment at a given base are generated by the log-linear combination of nearby
sequence effects and DNase-seq signal. We note that this model is inherently proximal and
therefore cannot model trans-effects that are not mediated by cis regulatory sequences.

For the majority of this work, we compare CCM+ against CCM for three major reasons:
1) this comparison is the most controlled to see if accessibility can help in predicting regulatory
elements, 2) further post-processing is required to compare against other methods, and 3)
adding covariates to linear models has been well studied. To make the appropriate comparison
with gkm-SVM, we would need to add chromatin accessibility to the gkm-SVM model, which is
beyond the scope of this work. Many other models, including gkm-SVM, address a binary
prediction task, whereas CCM+ outputs continuous signals over the genome at base-pair
resolution. Thus we process the output of CCM+ to make binary predictions. Finally, we note

that adding covariates to linear models has been well studied and characterized [9].

3. CCM+ is the best predictor of p300 binding signals
p300 is an important transcription factor that has been shown to interact with hundreds

of proteins [10]. It also plays an important role in cellular tasks ranging from transcription [11]



to tumor suppression [12]. p300 has been shown to often bind at promoters and enhancers and
is likely to be related to enhancer function [13,14]. Because p300 often binds at enhancers,
p300 binding sites have been used as a proxy for enhancer locations [15,16]. Thus, p300 binding
is important in studies of gene regulation.

We find that CCM+ outperforms CCM for predicting p300 binding when DNase-seq is
used as a covariate. We first trained CCM and CCM+ on chromosomes 1-12 of a human
GM12878 p300 ChiP-seq binding dataset using a matched DNase-seq track as a covariate for
CCM+; the special effect of the chromatin accessibility is positive, with a peak offset to the left
of center (Figure 9). We tested the resulting CCM and CMM+ models on chromosome 14, which
was not used in training, and measured the correlation between the predicted rates and the
observed reads. CCM achieves a correlation of 0.31 and CCM+ achieves a correlation of 0.49, a
significant improvement.

We also find that when CCM+ output is run through an event caller the resulting binding
events are more faithful than those produced by CCM. We used the resulting output Poisson
rates from the CCM and CCM+ p300 models to generate predicted read counts at every base
position. Using the predicted reads, we used GPS {17] to call binding events over the genome
for 1) the real p300 ChiP-seq dataset, 2) the CCM predicted reads, 3) the CCM+ predicted reads.
Using the calls from the observed p300 ChiP-seq dataset as ground truth, we labeled the calls
from CCM and CCM+ as correct if they fell within 300 bp of a ground truth call. We plotted the
precision-recall curves using calls from only chromosomes 14-22 to avoid overfitting errors
(Figure 1). CCM+ strictly dominates CCM in precision at all recall levels and in the metric of area

under the precision-recall curve (PR curve) (CCM: 0.14, CCM+: 0.39). Moreover, CCM+ achieves



higher precision at low recall, where CCM suffers. Thus, CCM+ clearly outperforms CCM on this
task.

Finally, we show that CCM+ can be used to classify p300 peaks better than BinDNase
[18], the current state-of-the-art TF binding predictor. BinDNase takes sequence and DNase-seq
to produce TF binding calls, which is similar in spirit to our method [18]. We used the
recommended training procedure to train a BinDNase model for p300 binding. The ground
truth calls were generated from p300 ChIP-seq data with GEM with the recommended settings
[17]. For training, only calls from chromosomes 1-13 were used. We note that BinDNase
recommends using only 6000 total examples. Using the same call locations as BinDNase, we
trained a logistic classifier using a +/- 70 bp window around each call site, with the predicted
Poisson rates as features. To compare the performance, we used the motif generated from
GEM to find all the motif matches with a p-threshold below 1e-5 using FIMO [19]. Motif hits
within 300 bp of a GEM call were considered a real binding event. Using the scores from
BinDNase and our classifier, we plotted the ROC and PR curves (Figure 2). Our classifier slightly
outperforms BinDNase in the metric of area under the ROC curve (BinDNase 0.87 vs CCM+ 0.89)
and performs the same in the metric of area under the PR curve (BinDNase 0.64 vs CCM+ 0.64).

We note our classifier is much simpler than BinDNase, but performs slightly better.

4. Histone mark analysis
In addition to affecting chromatin accessibility, histones and their covalent marks are
known or suspected to play a role in the regulation of transcription, DNA replication, and

splicing [22,23]. Specific histone marks are associated with enhancers (e.g. H3K4me2) and



promoters (e.g. H3K4me3, H3K9%ac) [24]. Thus, to further understand gene regulation we were
interested in predicting the location of histone marks. While there has been work in predicting
histone marks from sequence features [20,21], these methods similar shortcomings to other
methods. For example, Epigram [21] requires histone peaks to be called and, as it uses only
sequence, has no way to generalize across cell-types. We note that the GM12878 and Dermal
Fibroblast H3K4me3 observed ChiP-seq datasets are only minimally correlated {R? of 0.59), so
pure sequence cannot be the only determinant of epigenetic marks (Figure 8).

Since CCM+ predicts proximal effects, we studied histone marks that are.designated as
“peaks” by ENCODE [24]. Specifically, we studied the histone H2A.Z and histone marks
H3K4me2, H3K4me3, H3K9ac, and H3K27ac. We found that while CCM+ and CCM have roughly
equal performance on predicting histone data based on the correlation of their predictions with
observed data (Table 1, Figure 6), CCM+ dominates CCM in the task of peak finding.
Additionally, we found that CCM+ can use the parameters from one celi-type to predict the
histone ChiP-seq from another cell-type, a task that CCM and gkm-SVM cannot do.

We explored the ability of CCM+ and CCM to predict histone data peaks by using MACS
[25] to call histone peaks on the observed human GM12878 ChiP-seq dataset for every histone
mark listed above. The resulting peaks were considered ground truth. Predicted reads were
generated from CCM and CCM+ models using the same procedure as with the p300 analysis.
The predicted reads were used as input to MACS to produce peak locations. Using theses peaks,
we plotted the ‘PR curves, using the calls from chromosomes 14-22 to avoid overfitting issues. In

every case, CCM+ dominates CCM in the metric of area under the PR curve (Table 2).



Additionally, we see that the sequence parameters for CCM and CCM+ are sufficiently different

(Figure 7).

5. Transfer learning

When CCM+ uses DNase-seq as a covariate we posit that CCM+ can learn cell-type
invariant parameters that can “transfer” a model to a new cell-type with high accuracy when
supplied with DNase-seq data for that cell type. This type of analysis is known as “transfer
learning.” Transfer learning is not possible with sequence-only based methods such as CCM
since sequence remains constant between cell-types.

We find that CCM+ can find differential histone peaks with high accuracy using transfer
learning. We first used the parameters from GM12878 CCM+ models and DNase-seq from
dermal fibroblast to generate predicted rates for all the histone marks we studied above. Using
these rates, we used the procedure above to generate predicted reads over the genome, and
we used these predicted reads to generate histone peak calls from MACS. We also generated
ground truth peaks for dermal fibroblast with MACS. Then, we removed peaks that were in‘
GM12878 from both the observed and predicted dermal fibroblast data. Using the dermal
fibroblast unique peaks we plotted the PR curves by comparing observed and predicted peaks.
Remarkably, the area under the PR curve is high for CCM+ (above 0.53) for all the curves (Figure
4).

As the sequence features we used for prediction did not change between cell-types, it is
reasonable to assume that the chromatin accessibility covariate is the sole source of the

performance across cell types. To show this is not the case we created an alternative model
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that left out sequence features. We used the modified model to predict rates, and used the
predicted rates to generate predicted reads and histone peak predictions, as above. Using these
predictions, we plotted the PR curves (Figure 4). In terms of overall performance, the full CCM+
model dominates the DNase-seq covariate only model for every histone mark, although for
some histones the DNase-seq only model has higher precision at low recall. However, it is

visually clear that the covariate is not dominating the performance of CCM+.

6. Discussion

We have shown that CCM+ significantly outperforms CCM on a variety of tasks and
regulatory marks. Additionally, we show that CCM+ can be used to classify p300 binding sites
slightly better than the state-of-the-art. Finally, we show that CCM+ can be used for transfer
learning to new cell types and that the performance is not dominated by the DNase-seq
covariate. Thus, we see that chromatin accessibility can aid greatly in the prediction of
regulatory marks, but chromatin accessibility does not dominate the prediction.

While CCM+ performs remarkably well, it has deficiencies. First, the model is inherently
proximal. As a result, CCM+ can only predict regulation that is a consequence of cis-regulatory
sequences. For example, CCM+ cannot predict the histone mark H3K27me3 [24] or the effects
of heterochromatin spreading [26] (Figure 5). Additionally, while CCM+ can predict histone
binding as defined by MACS, the correlation for several histone marks remains low. The low
correlation is likely due to non cis-regulatory effects. Thus, there remains potential for

improvement by incorporating distal effects into the model.



We have found that CCM+ is a useful tool in studying proximal regulation in the
genome. As CCM+ requires no parameter tuning, aside from setting parameters to the
maximum that memory and time constraints allow, and since CCM+ takes arbitrary covariates,

it can also be applied to a wide range of base-pair resolution measurements.

7. Model

As CCM+ extends CCM, we make the same six core assumptions regarding sequence.
First, the entire genome is treated as one continuous regulatory sequence. This is achieved in
practice by concatenating chromosomes. Second, we view k-mers as “code words” which
induce invariant spatial effects to the genomic area surrounding the k-mer. Each k-mer has a +/-
1 kb spatial effect. Third, only a small number of k-mers are necessary for prediction. This
assumption is achieved in practice through L, regularization. Fourth, a given k-mer has the
same spatial effect regardless of its location in the genome. Fifth, the spatial profiles from the
k-mers non-specifically synergize in a log-linear fashion. Sixth, only k-mers up to 8bp long are
needed for prediction.

Aside from the sequence parameters, CCM+ also includes a covariate track. The
covariate track is the same size as the genome, and in this work is a binary indicator of a DNase-
seq read at each base. Similarly to the sequence features, each base in the covariate track has a
location-invariant spatial effect of +/- 200 bp. The effect from the covariate track synergizes
with the sequence effects in the same log-linear fashion.

We note the maximum k-mer size and the spatial effect window sizes are parameters,

but they are set to be as large as possible given memory and time constraints.



These assumptions naturally lead to a regularized Poisson regression. We first introduce
the notation and representation for the model. We treat the genome as a single sequence with
coordinates from 0 to N. The k-mer effect parameters are denoted as 8%, which has size 4% x
2Mfor k=1..8and M = 1000 (the effect window size). For a given k-mer of length k

starting at base i in the reference genome, we denote gf‘ as the row index in 8%. Thus, 9(;‘ ki is
1

the effect of that k-mer at offset j. There is also a special parameter 8, which is used to set the
average read rate globally. The covariate is denoted as k and is the same length as the genome.
The regression coefficients are denoted as ff and we denote L as the covariate effect window
size.

The regularized Poisson regression to solve has the objective function

nf}%x (Z c; logA; — l,-) - nZIB"Il

4

with the intermediate variables

A = exp 2 Z Hécgll‘ﬂ.,—j) + Z Bi - Kivi— | — 6o

kel1,8] je[-M.M—1] lelo,2L]

as the per-base Poisson rates. The generative model is that the read counts are generated per-

base from a Poisson distribution with rates 4;.

8. Inference
CCM+ has many parameters and the training data is often half the genome; thus exact

inference is infeasible. However, we can use approximate inference techniques to learn the



parameters. At the heart of our inference algorithm is a batch proximal gradient descent, which
is as follows.

1. Given the current iterate @ and S, calculate 4; for each base i € [0, N] as above.

2. Given A, calculate the per-base gradient vector: d logd; = err; = ¢; — 4;

3. Propagate the errors back to the parameters. Let s be the index corresponding to a

given k-mer and j be the offset. Let [ be the covariate offset. Then, the gradients are:
dB'S‘,i = Z ervTiij)
{i:gf=s}
N
dp, = Z ertivi—1 " Ky

i=1
and

N

db, = Z err;

i=1
4. Update the current parameters with stepsize a:
0% = 8% + o dok
B =P +adp,
5. Update the constant offset:
6y =6y —adb,

6. Apply the proximal operator for L, regularization

oF ;= {B{RSJ} —an if |6f ] > an
7 0 otherwise

7. Repeat until convergence.



The naive proximal gradient descent suffers from three major problems: 1) computing 4
is extremely slow, 2) propagating back the errors is siow, and 3) many iterations are required
for convergence. We solve the first two problems with prefix compression and decompression.

The third problem is solved with Nesterov's method and step-size selection heuristics.

a. Prefix compression

We can represent a 3-mer as the sum of the 4 possible 4-mers that prefix match the 3-
mer. Using this fact, we can compress the parameter matrix to speed up the algorithm and
substant‘ially increase cache coherence, as there are fewer effective parameters in memory. in
the regime where N > 4% x 2M, prefix compression will speed up the computation, as it
needs to only be performed once per step.

To use prefix compression, we maintain a matrix ¢ of size 4K x 2M, where K = 8, that
represents only the longest k-mers. The first through fourth steps are modified to use ¢ instead
of 8. Since every k-mer has a unique prefix match, the reduction maintains the correctness of
the algorithm.

Before step 6, we perform a decompression step. Let h(s, k) be the set-valued function

consisting of all the k-mers whose first k — 1 characters match s. Then,

a0k = > de

s'eh(s k)
and we can use dynamic programming to generate d8* for each k. The total runtime for the

decompression is 0 (45 x 2M).



After step 6, we re-compress the parameter matrix. Given a k-mer s, let f(s, k) be set

set-valued function that returns the k-character prefix of 5. Then,

which has a runtime of 0(4% x 2M x K).
In addition to the prefix compression, we can represent k-mers as bit-strings where
every two bits represents a base. This allows for the above operations to be done via bit-shifts

and cache-coherence additions, which allows for fast encoding and decoding.

b. Improving batch gradient descent

Naive gradient descent requires too many iterations for convergence in a reasonable
timeframe. Thus, we improve upon the naive gradient descent in two main ways: 1) Nesterov’s
method and 2) step-size selection heuristics. Nesterov’s method has been shown to improve
convergence in theory and in practice. Additionally, we pre-optimize the covariate parameters.

We use two heuristics to select the step size. The first heuristic is to prevent against
selecting step sizes too large. If the function value increased by 30% in the first five iterations or
0.5% past the first five iterations, we backtrack to find a step size which decrease the function
value. The second heuristic is to intelligently increase the step size. After five iterations of
decreasing function value, the step size is increased.

Thus, in-between steps 3 and 4 of the previous algorithm, the following is added {in

addition to step 4 being the Nesterov update instead of the normal gradient update):



1. If the function value increases by more than 30% in the first five iterations or'0.5% pas
the first five iterations, backtrack.
2. If the function value has been monotonically decreasing for 5 iterations, increase the

step size.

9. Data sources
All datasets used in this work were for human. The accession codes and short

descriptions of each dataset are provided below.

Accession code Description
GSM736567 Dermal Fibroblast DNase-seq
GSM736620 GM12878 DNase-seq
GSM935559 P300 GM12878 ChiP-seq
GSM935562 P300 GM 12878 ChiP-seq
GSM935294 P300 GM12878 ChiP-seq
GSM1003505 Dermal Fibroblast H2AFZ ChiP-seq
GSM733753 Dermal Fibroblast H3K4me2 ChiP-seq
GSM733650 Dermal Fibroblast H3K4me3 ChlP-seq
GSM733709 Dermal Fibroblast H3K9ac ChiP-seq
GSM733662 Dermal Fibroblast H3K27ac ChiIP-seq
GSM733767 GM12878 H2AFZ ChiP-seq
GSM733769 GM12878 H3K4me2 ChIP-seq
GSM733708 GM12878 H3K4me3 ChlP-seq
GSM733677 GM12878 H3K9ac ChIP-seq
GSM733771 GM12878 H3K27ac ChlP-seq
GSM945196 GM12878 H3K27me3 ChlIP-seq
GSM945212 GM12878 H3K36me3 ChIP-seq

10. Parameters
For all CCM and CCM+ models, the maximum k-mer size was 8 and the k-mer effect

window size was +/- 1000 bp. For all CCM+ models, the covariate window size was +/- 200 bp.



These parameters were chosen primarily due to memory constraints. For the covariate only
models, the same +/- 200 bp window was used.

For p300 binding site discovery, GPS was run with 8 threads and the options “--v 2 --a
3”, in addition to the recommended settings for human, for the predicted reads to ensure the
first pass of the algorithm had a sufficient number of examples to update the read distribution.
The recommended settings were used for the observed reads.

For histone peak discovery, MACS was used with default broad peak settings for the
observed reads. As the predicted reads did not have strand information, the additional

i

parameters “--extsize 147 --nomodel” were used to ensure MACS could bypass the shifting

model building stage.
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Figure 1. Precision-recall curves for the predicted p300 calls for CCM and CCM+. The CCM and
CCM+ models for p300 were used to predict p300 binding sites with GPS. Predicted binding
sites within 300 bp of the observed binding sites were called positive. CCM+ has a higher
precision for every recall level. Only calls from chromosomes 14-22 were used to prevent

overfitting errors.

Histone Correlation Correlation
(CCm) (CCM+)
H2A.Z 0.46 0.47
H3K4me2 0.08 0.09
H3K4me3 0.56 0.58
H3K9%ac 0.42 0.38
H3K27ac 0.16 0.18

Table 1. Correlation values for CCM and CCM+ predicted rates against the observed histone
mark reads. The CCM and CCM+ histone mark models were used to generate predicted rates
over chromosome 14. The correlation was measured over chromosome 14 with a smoothing

window size of 2 kb.
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Figure 2. Precision-recall and receiver operating characteristic curves for BinDNase and CCM+
on predicting p300 binding. BinDNase and CCM+ were trained on the same number of sites
from chromosomes 1-13 and all p300 motif hits from chromosomes 14-22 were used for
testing. As seen, BinDNase and CCM+ perform approximately equally, while CCM+ has a much

simpler model.
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Figure 3. Precision-recall curves for the predicted histone mark calls for CCM and CCM+. The
CCM and CCM+ models for histone marks were used to predict histone mark binding with
MACS. Predicted binding sites that overlapped with an observed binding site were called
positive. CCM+ has a higher precision for every recall level and histone mark. Only calls from
chromosomes 14-22 were used to prevent overfitting errors.



Histone aucPR (CCM) aucPR (CCM+)
H2A.Z 0.47 0.66
H3K4me2 0.59 0.74
H3K4me3 0.33 0.41
H3K9ac 0.58 0.67
H3K27ac 0.37 0.49

Table 2. Area under the precision-recall curves (aucPR) for histone marks. The precision-recall
curves were generated for chromosomes 1-14 as described and the aucPR was computed for
each histone mark.
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Figure 4. Precision-recall curves for transfer learning with histone marks. CCM+ GM12878
parameters were used with the dermal fibroblast DNase-seq covariate to generate dermal
fibroblast predicted histone peaks. The differentials for the predicted and observed peaks on
chromosomes 14-22 were used to generate the precision-recall curves.
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Figure 5. Precision-recall curves for histone marks H3K27me3 and H3K36me3. These marks are
denoted "region" by ENCODE, which indicates they are trans-regulated. Both CCM and CCM+
cannot predict these marks as well as the "peak" marks, as denoted by ENCODE.
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Figure 6. Example GM12878 held-out genomic region showing the observed reads (red), CCM+
predicted reads (black), and CCM predicted reads (green), all smoothed to 200 bp.
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Figure 7. Summed k-mer effect sizes for each k-mer in CCM+ (x-axis) vs CCM (y-axis) for
GM12878 H3K4me3. While there appears to be some correlation, many k-mers are different in
the CCM and CCM+ models.
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Figure 8. Comparison of observed GM12878 (x-axis) and observed Dermal Fibroblast (y-axis)
reads in 2 kb binned regions of GM12878 H3K4me3 held-out chromosome 14. We note the R?2
is only 0.59.
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Figure 9. The spatial effect of the optimal covariate parameters for the GM12878 p300 and
H3K4me3 models. The model is trained on the forward strand, so there is a lack of symmetry in
the spatial effect.



