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Summary

MITF and MYC are well-known oncoproteins and members of the basic helix-loop-helix leucine 

zipper (bHLH-Zip) family of transcription factors (TFs) recognizing hexamer E-box motifs. MITF 

and MYC not only share the core binding motif, but are also the two most highly expressed 

bHLH-Zip transcription factors in melanocytes, raising the possibility that they may compete for 

the same binding sites in select oncogenic targets. Mechanisms determining the distinct and 

potentially overlapping binding modes of these critical oncoproteins remain uncharacterized. We 

introduce computational predictive models using local sequence features, including a boosted 

convolutional decision tree framework, to distinguish MITF vs. MYC-MAX binding sites with up 

to 80% accuracy genome wide. Select E-box locations that can be bound by both MITF and MYC-

MAX form a separate class of MITF binding sites characterized by differential sequence content 

in the flanking region, diminished interaction with SOX10, higher evolutionary conservation, and 

less tissue-specific chromatin organization.
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Introduction

Microphthalmia-associated transcription factor (MITF) is a critical regulator of melanocyte 

biology and serves multifarious roles in the development, survival, and malignant 

transformation of melanocytes (Levy & Fisher, 2011). On the one hand, it promotes 

melanocyte differentiation and controls the expression of melanocyte-specific genes needed 

for skin pigmentation. On the other hand, it also regulates cell cycle progression and cell 

survival by modulating the transcription of key gatekeeper genes expressed across multiple 

cell lineages. MITF’s melanocyte-specific control over these non-lineage-specific genes may 

lead to its oncogenic functions in melanomas, contributing to cancer proliferation and 

increased potential for tumorigenic transformation (Garraway et al., 2005). Furthermore, 

MITF has been recently implicated in conferring drug resistance to BRAF inhibitors (Haq, 

Shoag, et al., 2013; Haq, Yokoyama, et al., 2013; Webster et al., 2014). MITF thus 

represents a central hub in the complex regulatory network governing several salient aspects 

of melanocyte biology.

Another well-known transcription factor (TF) in the same phylogenetic clade as MITF is 

MYC (Skinner, Rawls, Wilson-Rawls, & Roalson, 2010), one of the earliest discovered and 

most potent oncogenes. A large body of evidence links MYC to the generation, progression, 

and maintenance of a wide range of cancers. Similar to MITF, MYC robustly potentiates 

tumorigenic transformation, promotes cancer proliferation, and confers cancer drug 

resistance.

MITF and MYC both belong to the same family of basic helix-loop-helix leucine zipper 

(bHLH-Zip) TFs that bind a consensus hexamer E-box motif CANNTG. The bHLH domain 

contains the DNA binding function, while the leucine zipper domain mediates dimerization 

with another bHLH TF. MITF has been shown to form heterodimers with the related MiT 

family proteins TFE3, TFEB, and TFEC, but none of these transcription factors show a high 

expression level (15.5, 3.7, 0.0 FPKM respectively, compared to 272.6 FPKM for MITF) in 

the melanocyte lineage, where MITF thus likely forms a homodimer. Likewise, MYC forms 

a MYC-MAX heterodimer complex (Jones, 2004). MAX itself can form homodimers, but 

such homodimers poorly bind DNA and are transcriptionally inert (Amati et al., 1992; 

Kretzner, Blackwood, & Eisenman, 1992). In addition, the expression level of MAX in 

melanocytes is 5-fold less than MYC, likely leading to a significantly lower stoichiometric 

concentration of MAX-MAX homodimers compared to MYC-MAX heterodimers.

MITF and MYC are the two most highly expressed bHLH-Zip transcription factors in 

melanocytes (273 FPKM and 254 FPKM, respectively; Supplementary Methods). Since they 

share the core DNA binding motif, unraveling the mechanisms determining the genome-

wide distinct and shared binding modes of these oncoproteins remains a major challenge. In 

particular, it is important to understand which local genomic features allow MITF and 

MYC-MAX to find their respective regulatory targets and to what extent these genomic 

features can moderate their competition for a single binding site. Similar questions regarding 

the discriminatory sequence features associated with specific bHLH-Zip family members 

were previously investigated in regulatory regions of select genes (Aksan & Goding, 1998; 

F. Fisher et al., 1993; F. Fisher & Goding, 1992). To systematically address these questions 
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in a genome-wide analysis, we constructed tree-based models of increasing complexity to 

predict experimentally detected MITF vs. MYC-MAX binding activities genome wide in 

human melanoma cells. First, we constructed a Random Forest model based on scanning 

sequences with known TF position-specific scoring matrices, two nucleotides flanking the 

core E-box motif, and local GC content to assess the performance of a simple model using 

information about (1) cooperating factors that may help recruit MITF and MYC-MAX to 

specific genomic loci, and (2) subtle differences in the binding motif of MITF and MYC-

MAX. We then improved upon this approach by constructing a Boosted Decision Tree 

(BDT) model to sequentially minimize prediction errors. Finally, we developed a Boosted 

Convolutional Decision Tree (BCDT) algorithm that learns classifying genomic features 

from raw DNA sequences. Just as in a convolutional neural network, the main idea behind 

BCDT is to detect translationally invariant sequence features; but, BCDT has the advantage 

that existing tree-based analysis methods can be readily applied to yield interpretable results.

Our models revealed several discriminating features associated with either MITF or MYC-

MAX binding. Most prominent among these is a T nucleotide flanking the 5’ end of an E-

box. This finding represents a genome-wide generalization of the previously reported 

differential inhibition between CPF-1 and PHO4 bHLH-Zip proteins in S. cerevisiae by a 5’ 

T (F. Fisher et al., 1993; F. Fisher & Goding, 1992) and the inhibition of MYC binding by a 

5’ T or a 3’ A flanking CACGTG at select loci (F. Fisher et al., 1993; Solomon, Amati, & 

Land, 1993). Another discriminating feature is the proximal presence of SOX10 co-binding 

factor. By contrast, sequences that lack specific features preferred by either MITF or MYC-

MAX form a distinct subclass that may be equally bound by either.

Methods

Transcription factor and histone modification ChIP-seq experiments

Performing ChIP-seq for MYC using commercially available antibodies is challenging, and 

the difficulty is also apparent in the ENCODE data (Encode Project Consortium, 2012). 

Therefore, we instead performed MAX ChIP-seq in the COLO829 cell line as a proxy for 

assessing the genome-wide locations of MYC-MAX complex. Corresponding MITF ChIP-

seq in COLO829 was obtained from a publicly available dataset (Webster et al., 2014) and 

normalized using our own Input data in COLO829. We obtained SOX10 ChIP-seq in 501-

mel from a publicly available dataset (Laurette et al., 2015).

siRNA transfection

Primary human melanocytes were transfected with control siRNA pool (siGENOME Non-

Targeting siRNA #2 (Dharmacon)) or siRNA pool against MITF (siGENOME MITF siRNA 

(Dharmacon)) using lipidoid as described before (Li et al., 2012). qPCR and RNA-seq 

quantification of the level of MITF in siMITF vs. control cells showed a 4-fold suppression 

of MITF (Supplementary Fig. S1).

Primary human melanocyte culture

Primary human melanocytes were cultured in TIVA medium (Ham’s F-10 (Corning), 7.5% 

fetal bovine serum (Atlanta Biologicals), 50 ng/ml 12-O-tetradecanoylphorbol-13-acetate, 
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0.1 mM 3-isobutyl-1-methylxanthine, 1 μM sodium orthovanadate, 1 mM N6,2’-O-

Dibutyryladenosine 3’,5’-cyclic monophosphate sodium salt (Sigma-Aldrich)). All methods 

using the primary melanocytes were carried out in accordance with the ethical guidelines 

and regulations of the institutional review board (IRB #2013P000093) at Harvard Medical 

School, and all experimental protocols were approved by the board. Tissues were obtained 

with written informed consent according to Partner’s Healthcare IRB guidelines.

Gene expression profiling

We performed RNA-seq experiments in primary melanocytes under siMITF and siControl 

conditions. We used Tophat2 and CuffDiff2 (Trapnell et al., 2013) to quantify the FPKM 

level of genes.

Decision Tree Methods

A comprehensive description of our computational approaches is available in Supplementary 

Methods.

Results

Distribution of MITF and MYC-MAX ChIP-seq Peaks

Supplementary Table S1 describes all experimental data used in this manuscript. We have 

assessed the quality of MAX ChIP-seq data in COLO829 using published methods that are 

designed to separate background from ChIP-enriched regions (Diaz, Nellore, & Song, 2012; 

Diaz, Park, Lim, & Song, 2012; Li et al., 2012). We found that 6% of the genome had 

statistically significant enrichment of MAX ChIP-seq signal. Supplementary Fig. S2 shows 

representative MAX and MITF binding locations and a clustering heatmap of the read 

densities of MITF, MAX, H3K27ac and H3K4me3 ChIP-seq data. Furthermore, the ChIP-

seq signal showed localization around gene transcription start sites (Supplementary Fig. 

S3a). Analysis using the software GREAT (McLean et al., 2010) showed ‘translational 

initiation’ as the most enriched GO term (q-value 4.7×10−26). At 5% FDR, MAX ChIP-seq 

signal has 6415 peaks (Supplementary Methods). We divided MAX ChIP-seq peaks into 

quintiles based on the binding strength. Motif analysis using MEME and DREME (Bailey et 

al., 2009) showed E-box motifs to be enriched in each quintile (Supplementary Fig. S3b).

The ENCODE project (Encode Project Consortium, 2012) provides MAX ChIP-seq data in 

9 different cell types and conditions. Out of the 6415 MAX peaks in our dataset, 3803 peaks 

were present in at least one of the ENCODE cell, while 2612 peaks were unique to our 

dataset. The number of MAX peaks in our dataset was 58% of the median of ENCODE 

Project MAX datasets. Furthermore, 5% of MITF peaks in COLO829 and 39% of MYC-

MAX peaks overlapped with CpG islands. H3K27ac histone modifications were found in 

62% of MAX peaks, 87% of MITF only sites, and 91% of MITF and MYC-MAX 

overlapping sites.

Random Forest predictor detects SOX10 as a discriminatory cooperating factor of MITF

To assess the degree to which MITF and MYC-MAX binding of E-boxes in the melanoma 

cell line COLO829 can be distinguished by basic machine learning methods, we first 
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conducted a pilot study using a Random Forest (RF) classifier trained to classify DNA 

sequences centered around MITF-bound and MYC-MAX-bound canonical E-boxes 

(CACGTG, CATGTG, CACATG) (Hemesath et al., 1994). We here restricted our attention 

to canonical E-boxes so as to focus our first model on well-characterized binding motifs of 

MITF and MYC-MAX. Our subsequent models contained increasing levels of complexity 

and accommodated other E-box motifs as well as de novo motif discovery. Whether a 

canonical E-box was bound or not was determined by ChIP-seq experiments in the 

melanocyte lineage (Supplementary Table S1 and Methods). The training features of this RF 

classifier were as follows: (1) Presence or absence of known TF motifs in a 200 bp window 

centered at a canonical E-box (Supplementary Methods). Some of these motifs differentially 

enriched between MITF and MYC-MAX binding regions could indicate the presence of a 

cooperating TF that may either directly interact with MITF or MYC-MAX, or cause protein-

induced DNA bending that stabilizes the binding of either MITF or MYC-MAX (Travers, 

1997). (2) The two nucleotides flanking the 5’ and 3’ ends of a canonical E-box. These 

flanking nucleotides could reflect a preference stemming from the slight differences in the 

DNA binding domains of MITF and MYC-MAX (Aksan & Goding, 1998). (3) GC and CpG 

content in a 100bp window centered at an E-box. GC and CpG content are known to affect 

DNA flexibility and DNA configuration (Olson, Gorin, Lu, Hock, & Zhurkin, 1998), which 

may play a role in creating differentially affinity for MITF vs. MYC-MAX.

The 5-fold cross-validation accuracy of the RF classifier on a balanced set of experimentally 

detected 2975 MITF and 2975 MYC-MAX mutually exclusive binding sites was 73%. The 

predictive power of our RF classifier showed that the DNA sequence flanking a canonical E-

box motif was highly predictive of MITF vs. MYC binding. The most important features 

used by the classifier, as measured by the mean decrease in Gini index of node impurity, 

were (Supplementary Table S2): (1) the presence of MYC-MAX motif from TRANSFAC, 

but not the experimentally inferred motif, and closely related bHLH-Zip TF motifs, (2) the 

presence of a T nucleotide at the 5’ end of an E-box, (3) GC and CpG content, and (4) the 

presence of a SOX10 motif (Fig. 1c). We will subsequently describe a method using a new 

computational framework of boosted convolutional decision trees that learns the first three 

features from raw binding sequences of MITF and MYC-MAX.

SOX10, a TF previously reported to co-localize with MITF and regulate the cellular 

functions of melanocytes and melanoma (Laurette et al., 2015; Seberg, Van Otterloo, & 

Cornell, 2017), was the TF with the highest importance score among all non bHLH-Zip TF 

motifs. SOX10 is a high-mobility-group TF expressed in the neural crest and neural crest-

derived cells. Given that SOX10 was among the most highly expressed TFs in melanocytes 

and melanoma and that the presence of its motif showed high importance in classification 

between MITF and MYC-MAX binding sites, we further examined the co-localization 

pattern of MITF and SOX10 using both motif analysis and ChIP-seq data.

SOX10 motifs showed a strong enrichment around 30–150 bps from MITF-bound E-boxes, 

but this enrichment was absent in MYC-MAX binding sites (Fig. 2a). Such bimodal co-

localization was not exhibited by any other motif analyzed (205 motifs of JASPAR core 

vertebrates and 834 motifs of TRANSFAC database). Although SOX10 has been previously 

shown to bind DNA either as a monomer or a dimer (Peirano & Wegner, 2000), the SOX10 
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motif inferred from ChIP-seq data suggested a dimer function in melanoma (Fig. 1c). In 

addition to the motif enrichment, the ChIP-seq read density of SOX10 in the melanoma cell 

line 501-mel also exhibited a ~5-fold enrichment around MITF ChIP-seq peaks, but not 

MYC-MAX peaks (Fig. 2b). In terms of peak numbers, 7.8% of MITF ChIP-seq peaks with 

a canonical E-box in COLO829 overlapped a SOX10 ChIP-seq peak in 501-mel, while only 

1.0% of MYC-MAX peaks in COLO829 overlapped a SOX10 peak. These findings together 

provided strong evidence for preferential co-localization of SOX10 with MITF over MYC.

MITF binding sites have two subclasses distinguished by sequence features and 
epigenetic signatures

Analysis of ChIP-seq data revealed that while the majority of E-boxes were bound 

exclusively by MITF or MYC-MAX, approximately 23% of E-boxes bound by MITF were 

also bound by MYC-MAX. The E-boxes that were bound by both MITF and MYC-MAX 

had sequence characteristics that clearly distinguished them from those bound by MITF 

exclusively, thus forming a distinct subclass of MITF binding sites. The distinguishing 

characteristics of the overlapping class included a lack of co-localization with SOX10 

(binomial test p-value = 1.6×10−23), higher GC (Wilcoxon rank-sum test p-value = 1.4 

×10−117) and CpG content (Wilcoxon rank-sum test p-value = 1.1 ×10−84), and higher 

evolutionary conservation (binomial test p-value = 4.1 ×10−9) (Fig. 3; Supplementary 

Methods). Furthermore, knocking down MITF in melanocytes showed that H3K27ac and 

H3K4me3 modifications, markers of an active promoter, showed a higher response to MITF 

depletion in sites bound exclusively by MITF (binomial test p-value = 2.2 ×10−19 and 5.9 

×10−10, respectively). Median fold-enrichment of H3K27ac and H3K4me3 at responsive 

sites was 5.58 and 2.91, respectively (Supplementary Table S3). In concordance with these 

epigenetic signatures, the transcription level of genes with TSS within 10 kb of an MITF-

bound E-box also showed a higher response to MITF depletion in sites bound exclusively by 

MITF (binomial test p-value = 0.04) (Fig. 3c). Distribution of MITF and MYC-MAX peaks 

shows a trend of increasing MITF occupancy with decreasing MYC-MAX occupancy and 

vice versa and increasing responsiveness of H3K27ac to siMITF knockdown with increasing 

MITF binding strength (Supplementary Fig. S3c). The subset of MITF-bound E-boxes also 

bound by MYC-MAX thus forms a distinct subclass characterized by chromatin 

organization substantially less dependent on the expression level of MITF, possibly due to 

MYC-MAX being able to substitute for MITF at these sites.

Using 1kb as a cutoff distance for proximal promoters, we found that E-boxes bound by both 

MITF and MYC-MAX and associated with H3K27ac markers are 31% in proximal and 69% 

in distal sites. E-boxes that were bound by MITF alone and associated with H3K27ac 

markers were found 12% in proximal and 88% in distal sites. Local CpG content based on 

100pb window was 2.7% and 7.8% in distal and proximal sites, respectively, for the MITF 

and MYC-MAX co-bound E-boxes, and 1.3% and 6.8% in distal and proximal sites, 

respectively, for MITF only E-boxes. Conservation score was 1.4x higher in the proximal 

sites vs. the distal sites in the MITF and MYC-MAX co-bound E-boxes and 3.2x higher in 

proximal vs. distal sites in the MITF only class.
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Predictive sequence features distinguish between MITF- and MYC-MAX-bound sequences

To relax the previously imposed condition that the input DNA sequences be centered around 

a canonical E-box (CACGTG, CACATG, or CATGTG), a non-convolutional boosted 

decision tree (BDT) model was trained to classify between MITF-bound and MYC-MAX-

bound sequences, each centered around a ChIP-seq peak summit and represented as a binary 

indicator vector of TF motif presence (Supplementary Methods). All bHLH TF motif counts 

were not included in the feature set, thereby enforcing the model to focus on discovering 

potential cooperating factors of MITF and MYC-MAX. Using only these non-E-box motif 

features, an area under the ROC curve (AUC) of 0.82 (Fig. 4a) was achieved by the BDT 

classifier.

To interpret the trained BDT model and assess feature importance for making predictions, 

we examined partial dependence plots. A partial dependence plot shows the marginal 

average output of a predictive model as a function of a single feature and thus evaluates the 

overall effect that each feature has on the model’s output. In our study, a positive slope for a 

particular motif’s partial dependence plot implies that the presence of that motif is 

preferentially associated with MITF binding. We first measured the importance of a feature 

based on how often that feature is used in the BDT’s decision-making process and ranked 

the features based on their estimated importance. Fig. 4b and Supplementary Fig. S4 show 

the partial dependence slopes and plots, respectively, for the eight most important features. 

Notably, SOX10 was the third most important feature; and, the partial dependence plot of 

the SOX10 motif indicated that the presence of a SOX10 motif was positively associated 

with MITF. Furthermore, even though other motifs from the SOX family were also present 

in the feature set, the SOX10 motif had a much greater feature importance score than any 

other SOX family motif, supporting the role of SOX10 specifically as a cooperating factor 

important for determining MITF binding. Besides SOX10, our model also detected LEF1 as 

an important feature promoting MITF localization, in agreement with its previously reported 

physical interaction with MITF (Yasumoto et al., 2002). Furthermore, the importance 

ranking of LEF1 only decreased from 8th to 9th when our model was trained on a dataset 

with SOX10-associated (either overlapping a SOX10 ChIP-seq peak or containing a SOX10 

motif) MITF and MYC-MAX sequences removed, suggesting that there remained a 

significant co-localization effect between LEF1 and MITF even after taking into account 

potential co-localization of LEF1 and SOX10. LEF1 motif was still significantly more 

common in non-SOX10-associated MITF sequences than in non-SOX10-associated MYC-

MAX sequences (binomial test p-value =1.14×10−20, Supplementary Table S4).

Likewise, our model found known co-localizing factors of MYC, YY1 (Shrivastava et al., 

1993) and E2F1 (Leung, Ehmann, Giangrande, & Nevins, 2008), to be important features 

favoring the MYC-MAX binding class over MITF. Although YY1 has also been shown to 

physically interact with MITF (Li et al., 2012; Seberg et al., 2017), our finding demonstrates 

that YY1 is more enriched in MYC-MAX binding sites than MITF binding sites genome 

wide. Furthermore, we analyzed the distributions of the output value of the BDT model 

without bHLHL motifs for sites bound by only MITF, only MYC-MAX, and both MITF and 

MYC-MAX (Supplementary Fig. S5). We observed that the BDT model tended to output an 

intermediate prediction value when attempting to classify shared sites bound by both MITF 
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and MYC-MAX, demonstrating that these sites contained mixed sequence characteristics of 

both TFs. Finally, to check for other important motif features that might have been 

correlated with SOX10, we removed SOX10 from our feature set and repeated our BDT 

analysis. We found that the remaining seven of the original eight most important features 

still comprised the seven new most important features, while ZIC2 moved from 9th to 8th in 

importance ranking. The relatively small changes suggest that our method is robust to 

additions and subtractions of features.

This BDT method based on scanning with known TF motifs relied on previous annotations 

that contained an incomplete set of TF binding motifs. In order to carry out a more unbiased 

analysis, we developed a boosted convolutional decision tree (BCDT) model for de novo 
motif discovery and classification. This new model was trained on raw one-hot-encoded 

DNA sequences, thus requiring no prior information to distinguish between MITF-bound 

and MYC-MAX-bound sequences (Supplementary Methods). The trained BCDT model 

achieved high accuracy with an AUC of 0.88 (Fig. 4a), demonstrating that it could 

successfully distinguish between MITF-bound and MYC-MAX-bound sequences by 

learning informative motifs and sequence features from the set of training sequences.

To begin interpreting the sequence patterns learned by the BCDT, we first measured the 

effect of GC content on the output of our model by regressing the predicted probability that 

a sequence was MYC-MAX-bound against its percent GC content. The linear regression 

analysis yielded an R2 and p-value of 0.49 and 3.4×10−296, respectively (Fig. 5a), 

demonstrating that our model learned a strong preference of MYC-MAX for sequences with 

higher GC content than the sequences bounded by MITF. Supporting the model’s learned 

GC bias in MYC-MAX-bound sequences, the distribution of percent GC content of MYC-

MAX-bound sequences was highly shifted compared to MITF-bound sequences and 

randomly drawn sequences from DNase I hypersensitive regions (Fig. 5b).

MITF and MYC-MAX have different preferences for their binding motif

Within each sequence, a subsequence was labeled as either “pro-MITF” or “pro-MYC-

MAX” based on whether its presence increased or decreased the BCDT’s predicted 

probability of MITF binding, respectively. MEME was then used to align the resulting sets 

of “pro-MITF” and “pro-MYC-MAX” subsequences separately and discover significantly 

enriched motifs in each category (Bailey et al., 2009). In both cases, variants of the core E-

box element were found, but distinct differences could be observed in the learned motifs 

(Supplementary Fig. S6a-b).

First, the two central nucleotides in the canonical E-box had more flexibility for MITF. That 

is, while MYC-MAX generally preferred the canonical E-box pattern CACGTG, a large 

fraction of MITF-bound sequences contained E-box variants with the two central 

nucleotides deviating from the expected ‘CG’. Specifically, the variants CATGTG and 

CACATG were abundant in MITF-bound sequences (36.7% for MITF vs. 19.9% for MYC, 

Supplementary Fig. S6c). Furthermore, both MITF and MAX rarely bound the motif 

CATATG that had both middle nucleotides deviating from the canonical hexamer 

(Supplementary Fig. S6c). Second, the flanking nucleotides on each side of the canonical 

hexamer E-box were important for distinguishing between MITF vs. MYC-MAX binding. 
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Specifically, the E-boxes bound by MITF tended to be flanked by T and A nucleotides, 

while the MYC-MAX-bound E-boxes were preferentially flanked by a C or G nucleotide on 

either side (Supplementary Fig. S6a-b). This pattern was verified by ranking all possible 

octamers by the percentage of MITF-bound and MYC-MAX-bound sequences containing 

that octamer: in MITF-bound sequences, the three most common octamers were 

TCACATGA, ATCACATG, and GTCACATG (including reverse complements). In sharp 

contrast, the three most common octamers for MYC-MAX were CACGTGGC, 

CACGTGGG, and CCACGTGG.

To confirm the preferences in E-box variations of MITF vs. MYC-MAX, a non-

convolutional BDT model was trained to classify between MITF vs. MYC-MAX using the 

full list of motif-count features (Supplementary Methods), this time including bHLH TF 

motifs but not the MITF and MYC-MAX motifs learned by BCDT. This BDT model 

achieved an AUC of 0.87 (Fig. 4a), an improvement from the BDT model with bHLH TF 

motifs removed from its feature set. This increase in performance indicated that information 

about the presence or absence of various bHLH TF motifs added distinguishing power to the 

BDT trained without the use of bHLH TF motifs. We then ranked all the features by their 

relative importance. Fig. 4b and Supplementary Fig. S4 show the partial dependence slopes 

and plots for the eight most important features for this BDT model, the first, second, and 

eighth being the MITF-specific E-box motif that we constructed (Fig. 1a), the TRANSFAC 

MYC E-box motif, and the MYC-MAX specific E-box motif that we constructed (Fig. 1b), 

respectively. The partial dependence plot of the MITF-specific E-box motif showed a strong 

positive slope while those of the MYC-MAX-specific E-box and TRANSFAC MYC E-box 

motif showed the opposite trend. Furthermore, the differences between the position-specific 

scoring matrices defining the MITF-specific E-box motif and the MYC-MAX-specific E-

box motif shared key characteristics to the ones learned by the BCDT model, verifying the 

E-box variations that the BCDT model learned during training. First, the middle two 

nucleotides of MITF’s central E-box hexamer deviated away from the canonical CACGTG, 

towards the variants CACATG and CATGTG. Second, the 3’ nucleotide flanking the E-box 

core hexamer in the MITF-specific position-specific scoring matrix showed a strong bias 

towards an A while the nucleotide in the same position in the MYC-specific position-

specific scoring matrix showed a bias towards a G or C. Additionally, we analyzed the 

distributions of the output value of the full BDT model for sites bound by only MITF, only 

MYC-MAX, and both MITF and MYC-MAX (Supplementary Fig. S5). Similar to the BDT 

model without bHLH motifs, the full BDT model made intermediate predictions when 

classifying shared sites bound by both MITF and MYC-MAX, suggesting that these shared 

sites contained mixed sequence characteristics of both TFs. We further corroborated this 

finding by ranking all possible octamers by the percentage of shared binding sites containing 

them and found the most common one to be CACGTGAC, containing the canonical E-box 

hexamer CACGTG preferred by MYC-MAX, as well as the flanking 3’ AC preferred by 

MITF.

Discussion

The results of our machine learning models demonstrate that local sequence information 

reliably predicts the binding specificity of two important members of the bHLH-Zip family. 
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In particular, the bases flanking the core E-box motif have the largest discriminative capacity 

for determining MITF vs. MYC-MAX binding, with the presence of a T nucleotide at the 5’ 

end favoring MITF over MYC-MAX. By contrast, a 5’ C and a 3’ G tend to flank the core 

E-box preferentially bound by MYC-MAX. Similarly, we have shown that different variants 

of the E-box motif are enriched in MITF vs. MYC-MAX binding sites: while MYC-MAX 

prefers the canonical CACGTG E-box hexamer, MITF frequently binds the variants 

CATGTG and CACATG throughout the genome (Fig. 4b and Supplementary Fig. S6a-c). 

These results suggest that MYC-MAX may competitively displace MITF from CACGTG 

motifs, despite the TFE protein family having ~10-fold higher affinity to CACGTG 

compared to CATGTG in vitro (D. E. Fisher, Carr, Parent, & Sharp, 1991). From a structural 

perspective, a nonpolar side chain interaction in the MITF protein between Ile212, that is not 

present in MYC-MAX, and the flanking T of the closely related M-box (TCATGTG) 

provides an explanation for why E-box elements with a flanking 5’ flanking T would favor 

MITF over MYC-MAX (Pogenberg et al., 2012). Furthermore, (Nair & Burley, 2003) has 

identified key interactions between the canonical CACGTG E-box hexamer and MYC-MAX 

that may shed light on the relative affinity of MITF and MYC-MAX to the canonical E-box. 

Although this study did not focus on binding sites shared by MITF and MYC-MAX, 

studying the structure and physical interactions involved in MITF and MYC-MAX binding 

may also help explain the slightly higher MITF ChIP enrichment in binding sites shared by 

MITF and MYC-MAX compared to those bound solely by MITF (Supplementary Fig. S5b).

Partial dependence plots of our BDT models have also demonstrated that the presence of a 

SOX10 motif is one of the most important features for distinguishing between sequences 

bound by MITF vs. MYC-MAX (Fig. 4b and Supplementary Fig. S4). In-silico addition of a 

SOX10 motif to MYC-MAX-bound sequences containing the MYC-MAX-preferring E-box 

CACGTGG increased the BDT model’s prediction probability that the sequences may be 

MITF-bound by 10.7%. Studying the effects of competing factors such as these would be an 

interesting area for future work. Furthermore, recent studies demonstrating that MITF and 

SOX10 can co-localize and recruit the chromatin remodeler BRG1 supports our findings 

(Laurette et al., 2015; Marathe et al., 2017). Finally, our BCDT model has learned that 

MYC-MAX generally prefers more GC-rich genomic regions compared to MITF (Fig. 5). 

These results strongly support the idea that subtle but predictive variations in binding 

sequences may have an important effect on the physical binding affinity of TFs sharing a 

common DNA binding domain and allow for their binding specificity. In this study, we only 

considered the MITF-M isoform of MITF, the isoform expressed in melanocytes. Different 

MITF isoforms could potentially exhibit different binding patterns and are an interesting 

direction for future study.

Analysis of ChIP-seq experiments for MITF and MAX revealed that a subset of E-boxes is 

bound by both MITF and MYC-MAX complex. These doubly-regulated E-boxes appear in 

more GC- and CpG-rich regions, have diminished interaction with SOX10, and higher 

evolutionary conservation. H3K27ac and H3K27me3 chromatin marks in the vicinity of 

these E-boxes show a lower response to MITF depletion indicating less tissue-specific 

chromatin organization and function.
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Gene ontology analysis with GREAT (McLean et al., 2010) showed ‘melanosome’ as the 

most significant GO term for the MITF only class (p-value = 1.3×10−9), followed by 

‘Waardenburg syndrome’ (p-value = 1.1×10−6) and ‘TOR signaling cascade’ (p-value = 

7.5×10−6). Similarly, ‘colon carcinoma’ is the most significant GO term for the MITF and 

MYC-MAX overlapping class (p-value = 3.0×10−7), followed by ‘large Intestine 

adenocarcinoma’ (p-value = 4.1×10−7) and ‘regulation of cytokine production’ (p-value = 

4.5×10−7). Furthermore, from a list of 2028 genes implicated in cancer (Sadelain, 

Papapetrou, & Bushman, 2011), 105 genes are expressed at a higher level than 1 FPKM in 

melanocytes and have a transcription start site within 10kb of a MITF-bound E-box. Despite 

the overlapping MITF and MYC-MAX class constituting only 23% of MITF-bound E-

boxes, 37 of the 105 genes (35%) are associated with this overlapping class (binomial test p-

value = 2.8×10−3). Given the oncogenic role of MYC across a large spectrum of cancers, 

future studies will help reveal whether the E-boxes bound by both MYC-MAX and MITF 

can account for some of the oncogenic activities of MITF.

Better understanding the mechanisms that MITF and MYC-MAX utilize to bind distinct and 

overlapping genomic locations may help improve therapeutic approaches to combating 

melanoma and other cancers. Our computational approach introduces a biologically 

interpretable framework for addressing this problem, and it may also facilitate studying the 

binding pattern of other set of highly similar TFs, such as the ETS family TFs that regulate 

diverse aspects of cancer (Bell et al., 2015).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Our work improves the understanding of genetic information used by MITF and MYC-

MAX to find their genomic targets and reveals the factors that determine their distinct 

and overlapping binding patterns. This knowledge may help improve therapeutic 

approaches to combating melanoma and other cancers in the future. Our computational 

approach introduces a biologically interpretable framework for studying the binding 

pattern of other highly similar TFs, such as the oncogenic ETS family TFs. High 

accuracy of predictive models introduced in this work demonstrates that specific 

combinatorial local sequence features that interact with MITF and MYC-MAX binding 

sites play an important role in differentially recruiting MITF vs. MYC to target genes.
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Figure 1: 
Motifs of (a) MITF, (b) MYC-MAX, and (c) SOX10 inferred from their respective ChIP-seq 

data (Supplementary Methods).
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Figure 2: 
(a) Density of SOX10 motifs around MITF-bound and MYC-MAX-bound E-boxes. SOX10 

motif shows a strong co-localization 30–150 bps from MITF-bound E-boxes, but does not 

co-localize with MYC-MAX E-boxes. (b) ChIP-seq read density of SOX10 enrichment 

around MITF ChIP-seq peaks and MAX ChIP-seq peaks.
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Figure 3: 
(a) Distribution of average GC nucleotide frequency in 100 bp windows centered at E-boxes 

bound by both MITF and MYC and those bound by MITF exclusively. (b) Distribution of 

average CpG di-nucleotide frequency in 100 bp windows around E-boxes bound by both 

MITF and MYC and those bound by MITF exclusively. (c) Distinguishing characteristics of 

the overlapping E-box class, including H3K27ac, H3K4me3 histone modifications, gene 

expression response to siMITF knockdown, SOX10 co-localization, and E-box evolutionary 

conservation. Binomial test p-values for testing the difference between the two subclasses of 

E-boxes are indicated (Supplementary Methods).
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Figure 4: 
(a) Area under the receiver-operating characteristic (ROC) curve for three different models 

trained to classify between MITF- and MYC-MAX-bound sequences. From left to right: 

BDT model with bHLH motifs removed; BDT model with full set of motifs; BCDT model. 

(b) Heatmap of the partial dependence slopes, ordered by slope, of the eight features with 

greatest importance for the BDT models with bHLH motifs removed (left) and using the full 

set of motif features (right). Positive (negative) slope values indicate a positive (negative) 

association between the presence of a particular motif and the model’s prediction that a 

sequence is bound by MITF (MYC-MAX). The relevant TRANSFAC IDs are as follows: 
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(LEF1:M00805), (YY1:M00793), (TP53:M00761), (KLF12:M00468), (E2F-1:M00428), 

(TFE:M01029), (SREBP-1:M00220), (MYC: M00799).
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Figure 5: 
(a) Density plot showing a positive correlation (Pearson r = 0.70) between percent GC 

content and the probability of a sequence being MYC-MAX-bound according to our BCDT 

model trained to classify between MITF- and MYC-MAX-bound sequences. (b) Normalized 

histogram of GC content percentage for MITF-bound, MYC-MAX-bound, and random 

DNase I hypersensitive sequences, demonstrating relative GC enrichment in MYC-MAX-

bound sequences.
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