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C/EBPα plays an instructive role in the macrophage-neutrophil cell-fate decision and its expression is
necessary for neutrophil development. How Cebpa itself is regulated in the myeloid lineage is not known.
We decoded the cis-regulatory logic of Cebpa, and two other myeloid transcription factors, Egr1 and Egr2,
using a combined experimental-computational approach. With a reporter design capable of detecting
both distal enhancers and silencers, we analyzed 46 putative cis-regulatory modules (CRMs) in cells
representing myeloid progenitors, and derived early macrophages or neutrophils. In addition to novel
enhancers, this analysis revealed a surprisingly large number of silencers. We determined the regulatory
roles of 15 potential transcriptional regulators by testing 32,768 alternative sequence-based transcrip-
tional models against CRM activity data. This comprehensive analysis allowed us to infer the cis-reg-
ulatory logic for most of the CRMs. Silencer-mediated repression of Cebpa was found to be effected
mainly by TFs expressed in non-myeloid lineages, highlighting a previously unappreciated contribution
of long-distance silencing to hematopoietic lineage resolution. The repression of Cebpa by multiple
factors expressed in alternative lineages suggests that hematopoietic genes are organized into densely
interconnected repressive networks instead of hierarchies of mutually repressive pairs of pivotal TFs.
More generally, our results demonstrate that de novo cis-regulatory dissection is feasible on a large scale
with the aid of transcriptional modeling.

1Current address: Department of Biology, University of North Dakota, 10 Cornell Street, Stop 9019,
Grand Forks, ND 58202-9019, USA.

& 2016 Elsevier Inc. All rights reserved.
1. Introduction

The spatiotemporal expression of genes is encoded in the
genome by cis-regulatory sequences, which may be located tens to
hundred of kilobases from the transcription start site (Carey et al.,
2008; Spitz and Furlong, 2012). It is usually possible to empirically
define cis-regulatory modules (CRMs) as sequences that act as
enhancers (Banerji et al., 1983; Banerji et al., 1981) or silencers
(Brand et al., 1985; Ogbourne and Antalis, 1998) of the activity of
the core promoter in reporter assays. The activity of CRMs results
from sequence-specific transcription factors that bind to their
rtolino),

versity of North Dakota, 10
9, USA.
recognition sites and recruit cofactors which interact with the RNA
polymerase II holoenzyme complex or remodel chromatin (Spitz
and Furlong, 2012). Careful analysis of the CRMs of a few well-
characterized genes (Fromental et al., 1988; Göttgens et al., 2002;
Ondek et al., 1988; Schirm et al., 1987; Small et al., 1992; Wilson
et al., 2011; Yuh et al., 1998) has revealed how the internal com-
position and structure of CRMs—the arrangement of transcription
factor binding sites (TFBS), the TFs binding to them, and interac-
tions between bound TFs—encodes the pattern of gene expression.
For the vast majority of genes however, both the identities of CRMs
as well as their cis-regulatory logic remain unknown.

Determining the cis-regulatory logic of individual genes is an
important goal of functional genomics (Nam et al., 2010). First and
foremost, determining the cis-regulatory logic of individual genes is
a prerequisite for constructing high-quality gene regulatory net-
works (GRNs) (Levine and Davidson, 2005; Singh et al., 2014) and
modeling them predictively. Second, even though the putative rules
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of cis regulation have been inferred by the analysis of a few genes
(Cantor and Orkin, 2002; Göttgens et al., 2002; Kim et al., 2013;
Small et al., 1993; Wilson et al., 2011), checking their generality re-
quires that we repeat such analyses on a much larger scale.

Transcriptional regulation is an input-output problem. The key to
unscrambling cis-regulatory logic is to map inputs (TF concentrations)
to output (rate of transcription), conditioned by regulatory sequence. A
necessary requirement for successfully decoding regulatory logic
therefore is to include all three: TF concentrations, DNA sequence, and
transcriptional output. Mainstream genomic approaches, such as
Chromatin Immunoprecipitation followed by Sequencing (ChIP-Seq),
RNA-seq, and massively parallel reporter assays (Arnold et al., 2013;
Levo and Segal, 2014; Melnikov et al., 2012; Nam et al., 2010; Sharon
et al., 2012), assay either input or output but not both. This fact ne-
cessitates the development of the means to include all three compo-
nents in cis-regulatory decoding.

More than mapping an input to an output, transcriptional regula-
tion is a problem of mapping multiple inputs to a single output, since
CRMs are regulated by multiple interacting TFs. For example, the CRM
driving the expression of the second stripe of the even-skipped gene of
Drosophila is bound by 7 TFs at about 20 binding sites (Arnosti et al.,
1996b; Janssens et al., 2006; Small et al., 1992). The binding of CRMs
by multiple TFs is widespread. Studies in multiple cellular contexts,
including the hematopoietic system (Heinz et al., 2010; Wilson et al.,
2010a), have detected combinatorial binding of lineage-specifying TFs.
More generally, the ENCODE and modENCODE projects (ENCODE
Project Consortium et al., 2012; Gerstein et al., 2012, 2010) have
identified Highly Occupied Targets (HOTs)—DNA sequences occupied
Fig. 1. A schematic illustration of the methodolog
by multiple TFs—which occur at a frequency higher than one expected
by chance (Nègre et al., 2011). TFs interact in complex manners to
control the spatiotemporal program of gene expression. Many activa-
tors are known to promote gene expression synergistically, TFs can
bind cooperatively, and repressors interfere with the activator function
(Arnosti et al., 1996a; Cantor and Orkin, 2001, 2002; He et al., 2012a;
Heinz et al., 2010; Kulkarni and Arnosti, 2005; Small et al., 1993, 1996).
Multiple interacting inputs make large-scale cis-regulatory inference
challenging since there is not a straightforward correspondence be-
tween TF binding and gene expression (Calero-Nieto et al., 2014).
Addressing this complexity of cis-regulation requires that we devise a
computational attack on the problem.

Here, we present a new approach for reverse engineering the
cis-regulatory logic of a target gene. Our approach overcomes the
challenge of regulatory complexity by integrating multiple data-
sets—evolutionarily conserved non-coding DNA sequence, gen-
ome-wide gene expression data, TF binding preferences, and re-
porter activity data—using a transcriptional model that explicitly
simulates mechanisms of TF interaction. Our premise is that da-
tasets assaying multiple aspects of gene regulation, in combination
with the rules of gene regulatory interaction encapsulated in the
model, will constrain the number of cis-regulatory schemes con-
sistent with activity data. Our transcriptional model is of the so-
called “thermodynamic” type. Thermodynamic models have been
used to quantitatively predict CRM activity during development
(He et al., 2012b; Janssens et al., 2006; Kazemian et al., 2010; Kim
et al., 2013; Reinitz et al., 2003; Segal et al., 2008; Zinzen et al.,
2006). In contrast to the previous applications of such models
y for reverse engineering cis-regulatory logic.
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where the key TFs and functional roles were known from previous
work, here we use the model to learn them from datasets probing
multiple aspects of gene regulation.

The reverse engineering approach (Fig. 1) relies on four ele-
ments, (1) DNA sequences of a large number of putative CRMs,
(2) estimates of TF concentrations, (3) quantitative measurements
of CRM activity, and (4) a transcriptional model that takes CRM
sequence and TF concentrations as input to compute a prediction
for CRM activity. We identify TFs likely to be regulating the set of
CRMs under consideration based on the presence of TF binding
sites and their expression patterns. We then formulate models that
simulate the regulation of each CRM by the candidate TFs, taking
into account TF binding, interactions, and functional roles. In this
work we allow for two functional roles, activation or repression,
which are not known beforehand.

At this point, our approach deviates from previous applications
of transcriptional models. In order to learn the functional roles of
TFs, we construct 2N models, where N is the number of TFs in-
cluded in the model (Fig. 1). Each model is then fit to CRM activity
data using simulated annealing (Kim et al., 2013; Lam and De-
losme, 1988a, 1988b). The composition of the best-fitting models
then implies the TF functional roles consistent with the CRM ac-
tivity data. At the end of the process, we arrive at specific pre-
dictions for the TFs regulating each CRM, their binding sites, and
whether they activate or repress their targets—the cis-regulatory
logic of the CRM.

We applied the reverse-engineering methodology to determine
the cis-regulatory logic of genes encoding TFs involved in
hematopoietic cell-fate specification. Cell-fate choice during he-
matopoiesis is known to depend on the expression levels of spe-
cific transcription factors. For example, the expression of the Ets-
family transcription factor PU.1, encoded by spleen focus forming
virus proviral integration oncogene (Sfpi1), is necessary for mye-
loid and lymphoid development (Scott et al., 1994). Although PU.1
is expressed in both lineages, it specifies B-cell and macrophage
fates in a concentration-dependent manner (DeKoter and Singh,
2000). Lineage-specifying TFs exert their effects in two main ways.
First, they regulate the expression of genes encoding other TFs
(Laslo et al., 2008), forming transcriptional networks. Second,
hematopoietic TFs regulate the expression of cytokine receptors
(DeKoter et al., 2002; Zhang et al., 1997), allowing progenitor cells
to respond to extracellular signals in order to escape cell death,
enter/exit the cell cycle, or move to the next level of differentiation
(Bertolino et al., 2005 and references therein).

We considered three genes, CCAAT/enhancer binding protein,
alpha (Cebpa), early growth response 1 (Egr1), and early growth
response 2 (Egr2), which participate in a GRN directing macro-
phage-neutrophil cell-fate choice. Cebpa� /� mutant mice lack
mature neutrophils and multipotential progenitors do not express
granulocyte colony stimulating factor receptor (Zhang et al., 1997).
PU.1 and C/EBPα promote the macrophage and neutrophil fates by
upregulating the antagonists of the alternative cell fate, Egr1/Egr2
and growth factor independent 1 (Gfi1) respectively (Dahl et al.,
2003; Laslo et al., 2006). Egr2 and Gfi1 also repress each other,
forming a mutually antagonistic GRN. This GRN has been sug-
gested to function as a bistable switch that selects a macrophage
state at high PU.1 levels and neutrophils at high C/EBPα levels
(Laslo et al., 2006). Although the model above treats PU.1 and C/
EBPα as autonomous inputs, it is clear that their own regulation is
not independent of the cell fate decision. For example, PU.1 posi-
tively regulates its own expression indirectly, by promoting longer
cell cycles causing increased accumulation of its protein product
(Kueh et al., 2013), and directly, by binding two distal CRMs
(Leddin et al., 2011; Li et al., 2001). Cebpa is also known to be
regulated by C/EBPα and other C/EBP family members (Legraver-
end et al., 1993), which bind to a 350 bp promoter region upstream
of the transcription start site (TSS). An enhancer located 37 kb
downstream of the Cebpa gene has recently been identified (Guo
et al., 2014, 2012). It is activated by several TFs, including PU.1,
RUNX1, and C/EBPα (Cooper et al., 2015). These results hint that
the GRN guiding myeloid differentiation is yet to be fully explored.
In an effort to uncover new regulatory links participating in the
macrophage-neutrophil decision, we undertook a systematic cis-
regulatory dissection of the Cebpa, Egr1, and Egr2 loci.

We identified and analyzed a total of 46 putative CRMs, which
were assayed in the Sfpi1� /� PU.1-inducible estrogen receptor
(PUER) cell line (Walsh et al., 2002). PUER cells are blocked at a
progenitor state and can be differentiated into either macrophage-
or neutrophil-like cells by inducing the translocation of PU.1
(PUER) protein into the nucleus with 4-hydroxy-tamoxifen (OHT)
(Dahl et al., 2003; Laslo et al., 2006; Walsh et al., 2002). We gen-
erated quantitative Luciferase reporter activity data in uninduced
cells with the IL-3 cytokine (progenitor stage), OHT-induced cells
with IL-3 (early macrophage), and OHT-induced cells with G-CSF
cytokine (early granulocyte). These assays identified several CRMs
that enhanced or diminished the activity of the proximal pro-
moter, as well as apparently inactive sequences. The transcrip-
tional output data were matched with TF concentration input data
from a genome-wide gene expression-microarray dataset (Laslo
et al., 2006) acquired in the same conditions. These data and the
model were used to reverse engineer the cis regulation of Cebpa,
Egr1, and Egr2. We evaluated the regulation of these CRMs by 15
candidate TFs in parallel and constructed =2 32,76815 alternative
models to test functional roles. Predicted TFs were validated
against prior evidence and ChIP datasets deposited in NCBI Gene
Expression Omnibus.

Our analysis shows that Cebpa has a surprisingly complex
regulatory logic, integrating inputs from multiple activators and
repressors. We found that Cebpa proximal promoter and enhan-
cing CRMs are activated primarily by TFs expressed in the myeloid
lineage—C/EBP family members, PU.1, and Egr1—implying that, in
addition to upstream TFs, the gene is regulated by its own targets
in a positive feedback loop topology. In contrast, Cebpa is re-
pressed primarily by TFs expressed in other hematopoietic linea-
ges, suggesting that cross-lineage antagonism is widespread and
not limited to pair-wise interactions modeled in bistable switch
models (Huang et al., 2007; Laslo et al., 2006). This study extends
the utility of transcriptional models beyond systems where the TFs
and their functional roles are already known and demonstrates the
feasibility of reverse engineering cis-regulatory logic on a larger
scale.
2. Materials and methods

2.1. Cell culture

We utilized Sfpi1� /� cells expressing conditionally activable
PU.1 protein (PUER) that can be differentiated into macrophages or
neutrophils by PU.1 activation (Dahl et al., 2003; Laslo et al., 2006;
Walsh et al., 2002). PUER cells were routinely maintained in
complete Iscove’s modified Dulbecco’s medium (IMDM) contain-
ing 5 ng/ml IL-3. PUER cells were differentiated into macrophages
by adding 100 nM 4-hydroxy-tamoxifen (OHT). PUER cells were
differentiated into neutrophils by adding OHT in the presence of
10 ng/ml Granulocyte Colony Stimulating Factor (G-CSF).

2.2. Identification of CRMs

We downloaded pairwise alignments, produced by the blastz
tool (http://www.bx.psu.edu/miller_lab/), of the mm9 (mouse)
and canFam2 (dog) genomes from the UCSC genome browser

http://www.bx.psu.edu/miller_lab/
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(http://genome.ucsc.edu). We computed the mean sequence
identity in the 101 bp surrounding each nucleotide position. A
threshold of 0.7 was applied to the mean sequence identity to
delineate conserved regions. Regions containing at least one con-
served region were identified as putative CRMs. The sequences of
the assayed CRMs are provided in Supplementary Text S3 in FASTA
format.

2.3. Reporter design

Putative CRMs were cloned into a pGL3 Luciferase reporter
vector (Promega). The proximal promoter was introduced in the
multiple cloning site (MCS) of pGL3. The distal CRMs were in-
serted in a SalI site downstream of the SV40 late poly(A) signal.
The intervening sequence was 2828 bp in length and consisted of
pGL3 backbone including the beta-lactamase gene (see Supple-
mentary Text S3 for sequence). Since the lengths of the promoter
regions were different for Cebpa, Egr1, and Egr2, the distance
between the distal elements and the TSS was different for each
gene. The 3′ ends of the distal CRMs were located 4022 bp,
3241 bp, and 3352 bp from the TSSs of Cebpa, Egr1, and Egr2
respectively.

2.4. Reporter assays

PUER cells were plated and cultured overnight. Cells were
transiently transfected subsequently with the reporter vector and
Renilla reporter vector (Promega) using the Fugene transfection
reagent (Roche) according manufacturer's instructions. After 24 h,
the cells were washed, lysed, and the levels of both firefly and
Renilla luciferase activities were measured using a dual luciferase
activity kit (Promega). Transfections were performed in duplicate
in all conditions. For Cebpa CRMs, assays were performed in un-
induced PUER cells in IL-3 (progenitor), in the presence of IL-3 and
OHT (early macrophage), and in the presence of G-CSF and OHT
(early granulocyte). Egr1 and Egr2 CRMs were only assayed in
progenitor and macrophage conditions. The firefly luciferase ac-
tivity was normalized to Renilla activity to control for sample-to-
sample transfection efficiency variation.

2.5. Sequence-based model of transcription

A model is constructed by identifying candidate TFs and spe-
cifying three inputs: (1) DNA sequence of reporter constructs,
(2) estimates of the concentrations of the included TFs, and
(3) PWMs of the included TFs.

2.5.1. Identification of candidate TFs
We used the “Match” tool of the transcription factor database

TRANSFAC (Matys et al., 2006) to search the CRM sequences for
TFBS of TFs known to regulate immune-specific genes. There were
57 immune-specific factors, listed in Table S1, having at least one
predicted TFBS in the sequences. Based on a literature search, we
further subdivided these TFs into those implicated in myeloid-
specific gene regulation and those not yet implicated—which we
refer to as “non-myeloid” for convenience (Table S1). To measure
differential expression, we computed the standard deviation (Fig.
S1) of gene expression in the uninduced, IL3þOHT, and
GCSFþOHT conditions in the Laslo et al. (2006) dataset.

2.5.2. TF concentrations
We estimated TF concentrations using microarray gene ex-

pression measurements from PUER cells in uninduced, IL3þOHT,
and GCSFþOHT conditions reported by Laslo et al. (2006) (Fig. S2).
For genes with multiple probes, we chose the probe with the
highest mean intensity over the three cell types to represent the
gene’s expression level in the model (Table S3).

2.5.3. DNA sequences
In order to accurately represent the distances between binding

sites and the TSS, we modeled the CRM, vector, and proximal
promoter sequences as they appear in the reporter (Fig. 3D).
Binding sites detected in the vector sequence were not included in
the computation as they are presumed to be nonfunctional.

2.5.4. PWMs
We obtained PWMs from TRANSFAC (Matys et al., 2006)

(http://www.biobase-international.com/product/transcription-fac
tor-binding-sites) and JASPAR (Mathelier et al., 2014) (http://jas
par.genereg.net) databases. We evaluated a total of 88 factor-spe-
cific and pan-family PWMs for the 19 TFs modeled in this study.
While choosing PWMs, we considered two issues affecting their
quality. The first is that PWMs derived from a small number of
bound sequences can be biased toward the base composition of
the founder sites as well as favor high affinity sites. The second is
that PWMs derived by pooling sites bound by multiple members
of a TF family may be non-specific and exhibit a high false positive
rate. When considering a large number of PWMs and TFs, it is not
practical to determine the provenance of each PWM individually.
We developed an empirical quality criterion to identify high
quality PWMs. The first PWM property included in the criterion is
the affinity of the highest-scoring binding site in the CRMs relative
to the consensus (highest affinity) site. This is evaluated as the
affinity factor

− +S S
1

1cons max
, where Scons and Smax are the scores of

the consensus and the highest-scoring site amongst the CRMs
respectively. This factor increases in value with Smax, reaching a
maximum value of 1 if the CRMs contain one or more consensus
sites. Low values imply that the PWM only detects weak sites in
the CRMs and indicate a potential high-affinity or founder-se-
quence bias in the PWM. To address the second quality issue, the
inability to discriminate between CRMs, we computed the differ-
ence in scores between the highest and 5th-highest scoring CRMs,
denoted by Δ. Low values of Δ imply that the PWM has lower
specificity and a higher false positive rate. We multiplied the af-
finity factor and Δ to obtain the quality criterion = Δ

− +Q
S S 1cons max

.

PWMs with higher values of Q are able to detect stronger sites and
better discriminate between the CRMs.

With two exceptions, we represented TFs with the PWMs
having the highest quality criterion value. The exceptions were C/
EBPα and C/EBPδ, for which a TRANSFAC pan-family PWM,
CEBP_Q2, had the highest score. To discriminate between in-
dividual members of the family, we chose instead the highest-
scoring factor-specific PWM. For GATA, the pan-family PWM GA-
TA_Q6 had a very low quality score and we utilized the highest-
quality factor-specific PWM, GATA3_02. The results are robust
with respect to different GATA family PWMs (Fig. S12). The PWMs
chosen are listed in Table S2. The CRM sequences were scored with
PATSER (Hertz et al., 1990). We chose thresholds low enough so
that weak sites would be included in the model; sites having a
binding affinity of at least 0.07 of the consensus site were included
(Table S2).

The model results are robust with respect to the choice of
PWM. We replaced (1) the GATA3_02 PWM with a GATA1, a
GATA2, or a pan-family GATA PWM and (2) the C/EBPα and C/EBPδ
factor-specific PWMs (Table S2) with the CEBP_Q2 pan-family
PWM in model 81762. The PWMs were substituted one at a time
and the modified models were fit to data while representing the
associated TF, GATA, C/EBPδ, or C/EBPα, as an activator or a re-
pressor. In all cases the same role was inferred as 81762, and the
models utilizing alternative PWMs agreed very well with 81762

http://genome.ucsc.edu
http://www.biobase-international.com/product/transcription-factor-binding-sites
http://www.biobase-international.com/product/transcription-factor-binding-sites
http://jaspar.genereg.net
http://jaspar.genereg.net


Fig. 2. Sequence-based model of transcription. The model takes DNA sequence, PWMs, and estimates of TF concentration as inputs and computes the rate of transcription as
output. The different steps of the calculation are shown; see Supplementary Text S1 for a detailed description of the model. A. The DNA sequence is scored using PWMs by
sliding an L bp window. The score, S , is thresholded to identify sites (see Table S2 and Methods). The binding affinity, K , is computed for each TFBS. B. For each site k , the
fractional occupancy ( fk), the fraction of time for which it is occupied, is computed. Here, this is illustrated with a 3-site example. All the configurations in which the binding
sites can be occupied are enumerated. The weight wi is proportional to the probability that the sites are occupied in configuration σi. The fractional occupancy is given by the
sum of the weights of the configurations in which a site is occupied divided by the sum of weights. vi are the concentrations of the TFs that bind to the sites under
consideration. Competition between TFs for overlapping sites is implemented by excluding configurations in which overlapping sites are simultaneously occupied. C.
Quenching, or activator-specific repression, reduces the fractional occupancy of activators to ′fk if they are within the repression range, specified by the distance function (∙)q ,
of one or more repressors. The reduction of activator occupancy results in a lower transcription rate. The effects of multiple repressors are multiplicative, allowing several
weak sites to act as a strong one. D. The sum of the fractional occupancies of the activators, weighted by the efficiencies of activation, ( )EA

a k , is computed to determine the
interaction strength, I , of the CRM(s) with the core promoter. In the final step of the calculation (panel F), we model transcription initiation as an enzymatic process where
the reduction ΔΔA in the activation energy barrier ΔA is determined in proportion to the net interaction strength. Due to the nonlinear form of the Arrhenius law (panel F),
multiple bound activator molecules have a superlinear additive, that is, synergistic effect on transcription. E. Generalized or long-range repression reduces the interaction
strength in a multiplicative but distance independent manner, giving the net interaction strength. F. The net interaction strength is used to calculate the rate of transcription
using a diffusion-limited version of the Arrhenius law (Kim et al., 2013). Here Q is a factor that converts fractional occupancy to units of energy and Θ is the activation energy
barrier when no activators are bound.
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(Fig. S12; ≥r 0.872 ). The scores were however slightly higher in the
modified models (Fig. S12), validating our PWM quality control.

2.6. Global nonlinear optimization

We generated 215 models encapsulating all the possible com-
binations of the regulatory roles of the TFs (Fig. 1). We determined
the free parameters of each model using Lam Simulated Annealing
(LSA) (Reinitz and Sharp, 1995) as described previously (Janssens
et al., 2006) in 5 replicates.

We tested the dependence of the quality of fit on the number of
TFs included in the model by removing TFs in order of increasing
regulatory constraint, that is, from right to left in Fig. 5C. Upon
removing the 4 least constrained TFs, the lowest score achieved
increases, but is close to the range of the 20 lowest scoring 15-TF
models (Fig. S13). The lowest scores progressively increase as the
number of TFs is reduced. 7- and 5-TF models have scores com-
parable to those achieved with randomized data (Fig. S3). These
simulations suggest that removing the unconstrained TFs has a
minor effect on the quality of the fit and a core group of 11 well-
constrained TFs is essential to achieve the lowest obtained scores.



Fig. 3. Identification of putative CRMs and design of reporter constructs. A–C. Plots of sequence identity and putative CRMs tested in this study for Cebpa (A), Egr1 (B), and
Egr2 (C). The first track shows sequence identity between the mm9 (mouse) and CanFam2 (dog) genomes averaged over a 101 bp window. The second track shows only those
positions having identity470%. The third track shows annotated genes. The fourth track displays the putative CRMs tested here. CRMs are referred to by the gene name
followed by CRM number in parentheses. D. Design of the reporter constructs. For each gene, the first construct carries the proximal promoter, Cebpa(0), Egr1(0), or Egr2(0),
immediately upstream of the TSS of the luciferaseþ gene. The remaining constructs carry both a distal CRM and the cognate proximal promoter separated by an intervening
vector sequence 2828 bp in length (see Methods).

E. Bertolino et al. / Developmental Biology 413 (2016) 128–144 133
2.7. Model selection

We identified the 20 lowest scoring models. See Table S4 for
scores of each replicate. In order to identify a representative
model, we clustered the models hierarchically using the dissim-
ilarity of regulatory roles as the pairwise distance metric (Fig. S4).
Lower dissimilarity scores imply greater likeness of regulatory
schemes between pairs of models. Representing the regulatory
roles assigned to each TF as a binary vector, with 1 for activation
and −1 for repression, we computed the weighted Euclidean dis-
tance between each pair of models. The weights were −f 0.5i

act ,

where fi
act is the fraction of models, among the 20, that assigned
an activating role to TF i. This ensured that models assigning the
same role to well-constrained activators clustered together. We
hierarchically clustered the models using the LINKAGE function of
MATLAB (v. 8.0.0.783) using the shortest distance algorithm. For
the first round of reverse-engineering with only myeloid im-
plicated factors, there are 6 clusters at a dissimilarity cutoff of 0.4,
of which all but one are sparsely populated (Fig. S4A). The biggest
cluster has 8 models with highly similar regulatory schemes
(Fig. 5B; top 8 models), allowing us to pick one, model 12058, for
further analysis (see Table S5 for parameter values). In the second
round of reverse engineering with additional non-myeloid factors,
the 20 lowest scoring models form 5 clusters at a cutoff of 0.4, the



Fig. 4. Luciferase activity pattern of CRM-reporter constructs in PUER cells. A. Cebpa CRMs. B. Egr1 CRMs. C. Egr2 CRMs. Activity in uninduced condition (progenitor), after
24 h IL-3 and OHT treatment (early macrophage), and 24 h G-CSF and OHT treatment (early granulocyte) is shown in blue, red, and green bars respectively. Error bars are
measurements in two replicates and the colored bar height is the mean.

Fig. 5. Results of nonlinear optimization and the selection of representative models for further analysis. A. The scores of the two rounds of nonlinear optimization are shown.
The first round included only myeloid-implicated factors, while the second round included four non-myeloid factors. The parameters of each combination of TF regulatory
roles were inferred in 5 replicates. The lowest score of each combination, numbering 215 in all, is plotted. The 20 lowest scoring regulatory combinations, analyzed further,
are plotted in red. B, D. Model selection from myeloid-only runs. C,E. Model selection from runs including non-myeloid TFs. B, C. Regulatory roles assigned to the 20 lowest
scoring models in each run. Red is activation and blue is repression. The models were clustered hierarchically (Fig. S4) based on the similarity of regulatory role assignment.
The members of the largest cluster are the top 8 models in both panels. D, E. Scatter plot of model output against reporter activity for models selected for further analysis.
Both axes are in log scale to show low expression values clearly. D. Model 12058. Pearson's correlation coefficient is =r 0.782 . E. Model 81762. =r 0.912 .
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largest of which consists of 8 models (Fig. S4B). All eight members
have highly similar regulatory schemes (Fig. 5C; top 8 models),
and we chose a member, model 81762, for further analysis.
3. Results

3.1. Sequence-based model of transcription

Our model (Fig. 2) is derived from a sequence-based model of
transcription (Reinitz et al., 2003) that has been demonstrated to
predict gene regulation during Drosophila segmentation quantitatively
(Janssens et al., 2006; Kim et al., 2013). A detailed description of the
model and its equations is provided in Supplementary Text S1.

Given the DNA sequence of a CRM and the position weight
matrices (PWMs) and the concentrations of the TFs believed to
regulate the CRM, our model computes the rate of transcription in
several steps. First, the model identifies binding sites by scoring
the sequence with PWMs and retaining the sites above a pre-
specified threshold score (Fig. 2A; see Methods). Second, the
model computes the fractional occupancy of each site by taking an
average over the ensemble of site-occupancy configurations,
whose statistical weights depend on the concentrations of the TFs
and the binding affinities of the sites (Fig. 2B). Some repressors act
by reducing the activity of a specific activator in a position-de-
pendent manner (Arnosti et al., 1996a; Ogbourne and Antalis,
1998; Stopka et al., 2005), a phenomenon referred to as quenching.
In the third step of the calculation, quenching is implemented by
reducing the occupancy of activators bound near repressors
(Fig. 2C). In the fourth step, the fractional occupancies of the
bound activators are summed, weighted by their activation effi-
ciencies, to determine the strength of interaction of the CRM with
the core promoter (Fig. 2D). In contrast to quenching, some TFs act
over large distances to directly repress the activity of the proximal
promoter by interfering with promoter-enhancer interactions or
recruiting chromatin-remodeling enzymes to establish large re-
pressive chromatin domains (Harmston and Lenhard, 2013). We
represent their effects by reducing the interaction strength of the
CRM (Fig. 2E) to determine the net interaction strength. In the final
step, transcription initiation is modeled as a diffusion-limited
enzymatic reaction, in which the activation energy barrier is
lowered in proportion to the net interaction strength computed
previously (Fig. 2F). In summary, the model takes TF concentra-
tions as input and simulates TF–TF interaction by the mechanisms
of (1) competition for binding sites, (2) quenching, (3) long-range
repression, and (4) synergistic activation to determine the tran-
scriptional output of a CRM.

3.2. Identification of putative CRMs

We identified putative CRMs as non-coding sequences having a
high degree of evolutionary conservation, a commonly used
strategy for de novo CRM prediction (Hardison and Taylor, 2012;
Landry et al., 2009; Wilson et al., 2010b). We computed the
average sequence identity over a 100 bp window between the
mouse and dog genomes (Fig. 3A–C). Highly conserved regions
were identified as those having greater than 70% identity. Apply-
ing this threshold to the dog-mouse sequence identity yielded
putative CRMs varying in lengths between 400 bp and 1500 bp,
which were long enough to include potential quenching or other
TF–TF interactions but short enough that cis-regulatory dissection
was still practical (Fig. 3A–C). We tested a total of 46 CRMs.
Below, we refer to CRMs by the gene name followed by the CRM
number in parentheses. For example, CRM 7 of Cebpa is denoted as
Cebpa(7).
3.3. Reporter constructs and activity data

3.3.1. Design of reporter constructs
Sequences upstream of the core promoter usually contain a

proximal promoter, which binds sequence-specific TFs and acts
together with distal CRMs to regulate gene expression (Bertolino
and Singh, 2002; Carey et al., 2008). The reporter vectors were
designed to take into account potential positive and/or negative
interactions of distal CRMs with their cognate proximal promoters.
We identified putative proximal promoters as evolutionarily con-
served sequences upstream of the TSS of the endogenous gene
(Fig. 3A–C; CRMs numbered 0) and placed them immediately
upstream of the Luciferase gene in the vector (Fig. 3D; pink boxes).
Since most CRMs are distant from the TSS, placing them near the
core or proximal promoters in reporter assays—a common practice
—can introduce artificial regulatory interactions (Chopra et al.,
2012; Gray and Levine, 1996). Instead, we placed the distal puta-
tive CRMs of each gene �3 kb upstream (see Methods) of the
cognate proximal regulatory sequence (Fig. 3D; blue boxes). This
construct design allowed us to detect both long-range enhancing
and silencing activities of CRMs by comparing CRM-bearing vec-
tors with the proximal-only vectors (Fig. 3D; top row). The loca-
tion of the CRMs implied that any modulation of the activity re-
lative to the proximal-only vector occurred over long distances
(see Methods).

3.3.2. Activity data reveal the regulatory complexity of Cebpa CRMs
We measured the activity of the CRMs in three conditions—

(1) PUER cells in IL-3 uninduced with OHT (uninduced), (2) 24 h
after induction by OHT in IL-3 (IL3þOHT), and (3) 24 h after OHT
induction in G-CSF (GCSFþOHT)—which resemble macrophage-
neutrophil progenitors, early macrophages, and early neutrophils
respectively. The activity of Cebpa CRMs (Fig. 4A) vary extensively
by CRM—up to 4.5�—and cell type—up to 15� . The patterns of
differential expression are CRM dependent. For example, Cebpa(7)
has greater activity in the uninduced condition whereas CRMs
Cebpa(16) and Cebpa(18) have the greatest activity in IL-3þOHT
conditions. Three patterns of cis-regulation are discernable. A few
putative CRMs, such as Cebpa(5), Cebpa(13), and Cebpa(19), do not
change activity relative to the proximal-only construct (Cebpa(0))
and hence appear to be inert in the cell types we consider. We find
four CRMs, Cebpa(7), Cebpa(14), Cebpa(16), and Cebpa(18), which
act as enhancers by increasing activity, up to 4.5� , relative to
Cebpa(0). Note that Cebpa(18) roughly corresponds to a recently
described þ37 kb enhancer (Guo et al., 2014, 2012), being in the
same genomic location but �200 bp longer. We also find many
CRMs, such as Cebpa(2), Cebpa(6), Cebpa(9), Cebpa(10), Cebpa(11),
Cebpa(15), Cebpa(20), Cebpa(23), and Cebpa(24), which diminish
activity relative to Cebpa(0) by a factor of up to 4.5� , and thereby
act as silencers. Although a few CRMs, such as Cebpa(22), activate
in one cell type while repressing in another, the enhancers or si-
lencers listed above act consistently in all three cell types.

Egr1 and Egr2 CRMs were assayed only in uninduced and
IL3þOHT conditions. In contrast to the rich activity patterns ex-
hibited by Cebpa CRMs, Egr1/2 putative CRMs behave quite uni-
formly. Egr1 has only one enhancer, Egr1(2), and two silencers,
Egr1(5) and Egr1(9) (Fig. 4B). Egr2 has no silencers; most CRMs
have enhancing activity in uninduced cells but have no effect in
the IL-3 condition (Fig. 4C). Notably, neither gene showed CRM-
dependent differential activity as was observed for Cebpa. These
differences between Cebpa and Egr1/2 in the complexity of CRM
behavior suggest that the genes have distinct regulatory
architectures.
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3.4. Reverse engineering the putative CRMs of Cebpa, Egr1, and Egr2

Here we describe the general approach to reverse engineering
in the context of its application to Cebpa, Egr1, and Egr2. The main
steps (see schematic in Fig. 1) are as follows. First, we identify
candidate TFs to include in the model. Second, we construct a
family of models encompassing all the possible combinations of
regulatory roles. Third, we use global nonlinear optimization to
infer the free parameters of the models by minimizing the score—
the sum of squared difference between model and data—for each
model. The score is also used to pick the models that best explain
the observed patterns of CRM activity for further analysis. Fourth,
the chosen models are analyzed further to infer the cis-regulatory
logic of each CRM in the model.

3.4.1. Identification of candidate TFs
We took a broad approach to identifying TFs to include in the

model, starting with 57 immune-specific TFs predicted to bind at
least one CRM in the transcription factor database TRANSFAC
(Matys et al., 2006) (see Methods). We further winnowed the
candidate TFs by identifying ones expressed differentially in PUER
cells (Laslo et al., 2006), reasoning that they are more likely to
explain the regulatory complexity observed in the activity data
(Fig. 4). Surprisingly, we found that TFs previously implicated in
myeloid differentiation had much higher differential expression
than non-myeloid TFs (Fig. S1C, D; Methods). This led us to suspect
that differential expression of the myeloid-specific TFs drives the
cell-type specific response of the CRMs. We chose the top 15 dif-
ferentially expressed myeloid-specific TFs as candidates for a first
attempt at reverse engineering (Fig. S1).

3.4.2. Model inputs
The model takes several inputs to compute CRM activity. The

first is DNA sequence. We incorporated the DNA sequences of all
the assayed CRMs, including the inactive ones, into the model. We
expect that inactive CRMs will act as negative controls, con-
straining the model to reduce the amount of TFs binding to them
and hence reduce the number of falsely identified TFBS.

The second input, the concentrations of the TFs, was provided
by microarray gene expression measurements from PUER cells
(Laslo et al., 2006) in conditions matched to the CRM activity
measurements. The data are shown in Fig. S2 for the TFs included
in the model, and are in general agreement with an independent
dataset from PUER cells in IL3 conditions (Weigelt et al., 2009)
(Fig. S2B). The third input, the DNA binding properties of the TFs
was provided by PWMs from TRANSFAC and JASPAR, which were
used to detect TFBS for the candidate TFs (Table S2; see Methods).
The resulting sequence-based model for 46 CRMs contained �700
binding sites. The model was formulated in an internally self-
consistent manner so that TF properties were common to all
CRMs. This implies that differences in predicted CRM activity arise
solely from differences in DNA sequence.

3.4.3. A family of sequence-based models
In order to infer the regulatory roles of the TFs, we constructed

a family of models that realized all the possible combinations of
regulatory roles for the 15 TFs. Allowing each TF to assume two
roles, activation or repression, resulted in 215 (32,768) alternative
models. Note that each model realization is structurally distinct
from all the others since changing the role of even one TF results in
completely different TF-TF and TF-promoter interactions.

3.4.4. Model and parameter inference by nonlinear optimization
We used Lam Simulated Annealing (Janssens et al., 2006; Kim

et al., 2013; Reinitz and Sharp, 1995) to minimize the loss function
or score, computed as the residual sum of squares, for each model
realization and inferred the values of their free parameters in
5 replicates. The median absolute deviation over the replicates for
the 20 lowest-scoring models (Table S4) varied between 0.004%
and 5% of the median score. A narrow range of replicate scores
indicates that each model is attaining the global minimum; the
termination of replicate fits at different local minima would have
led to a broad distribution of their scores. The optimization pro-
blem is not underdetermined, having many more datapoints than
parameters (Supplementary Text S2), and the fits are statistically
significant (Fig. S3; Supplementary Text S2). Lastly, the scores of
the family of models range over an order of magnitude (Fig. 5A),
suggesting that they are able to discriminate between different
realizations of TF functional roles.

3.4.5. Model analysis
We chose the 20 lowest scoring models (Table S4) to determine

how well the data constrain regulatory roles and to check the per-
CRM agreement with data. The regulatory roles of each TF re-
presented in these models is depicted in Fig. 5B. The regulatory
roles of 5 TFs, C/EBPδ, Egr1, Gfi1, Myb, and PU.1, are completely
constrained, being identical in all 20 models. 6 TFs, C/EBPα, Egr2,
Ikaros, IRF4, Jun, and Myc, are well constrained, having the same
role in more than 60% of the models. 4 TFs, C/EBPβ, Fos, Fli1, and
Ets1, are poorly constrained. This implies that not only canwe infer
TFs likely to be regulating the CRMs, but also eliminate TFs that are
poorly constrained by the data as unlikely to be regulating the
CRMs.

We further inspected the quality of the fit by analyzing a re-
presentative model in detail. We clustered the models on the si-
milarity of their regulatory schemes (Fig. S4A; see Methods), and
chose one, model 12058, from the largest cluster for further ana-
lysis (see Table S5 for parameter values). The output of model
12058 is correlated well with the activity data ( =r 0.782 ; Pearson's
correlation coefficient; Fig. 5D), implying that the model re-
capitulates cell-type- and CRM-specific changes and the dynamic
range of the activity data. A direct comparison of the data and
model output is shown in Fig. 6A–C. For Cebpa CRMs, with a few
exceptions noted below, the model correctly reproduces the cell
type- and CRM-specific upregulation of all the enhancers. The
model shows greater upregulation by Cebpa(7) and Cebpa(14) in
uninduced than IL3þOHT conditions, and reverses the pattern for
Cebpa(16) and Cebpa(18) in accordance with the data. The lack of
up- or down-regulation by inactive elements and down-regulation
by several, though not all, silencers is also reproduced. For Egr1,
the model reproduces the pattern of upregulation and down-
regulation observed in data, although the amounts are different in
several cases. For Egr2, the model reproduces the overall low level
of activity of its CRMs but incorrectly shows similar levels of ac-
tivity in uninduced and IL3þOHT conditions instead of the rela-
tively lower levels observed in the latter. To summarize, the model
reproduces most of the cell type- and CRM-specific features of the
data and the levels of a majority of the individual CRMs.

Model 12058 deviates from data in several CRMs and condi-
tions; one class of deviations indicated that the model lacked re-
pressors. There are isolated instances of the model predicting
lower than observed activity, such as Cebpa(18), Egr1(14), and Egr2
(10), but the reverse is more common. Predicting higher than
observed levels is particularly prominent in the silencers. The
model predicts overexpression for 4 of the 9 silencers of Cebpa,
Cebpa(6), Cebpa(20), Cebpa(23), and Cebpa(24) and three other
CRMs, Cebpa(8), Cebpa(17), and Egr2(7). The inability to correctly
repress activity suggests that the model lacks repressors that
presumably bind the silencer CRMs. We had limited the model to
myeloid-specific TFs initially since non-myeloid TFs are not dif-
ferentially expressed in these cell types. Uniformly expressed TFs
can, however, provide CRM-specific but cell-type independent



Fig. 6. Comparison of the output of representative models with reporter activity data. A–C. Model 12058, representative of the first round of reverse engineering having
myeloid-only factors. D–F. Model 81762, representative of the second round of reverse engineering that included the non-myeloid factors EBF1, E2A, GATA(s), and Elf1. A, D.
Cebpa. B,E. Egr1. C, F. Egr2. Reporter activity data and model output are shown in filled and open bars respectively. Colors and error bars are shown as in Fig. 4.
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repression. Since cross-lineage antagonism is quite common in
hematopoiesis (Laslo et al., 2008), it is possible that some of the
excluded non-myeloid TFs might bind silencer CRMs and repress
Cebpa in the lymphoid or red blood-cell lineages.

To rigorously evaluate this possibility and improve the predic-
tion of silencer CRMs in the model, we included a limited number
of non-myeloid factors in the model. Increasing the number of TFs
adds additional parameters, that is, additional degrees of freedom
to the optimization problem (Supplementary Text S1). Including
more TFs would therefore make it difficult to discern whether the
improvement in the fit results from the additional degrees of
freedom or from novel regulation introduced by the new TFs.
Analysis of the low-scoring models indicated however, that some
TFs were dispensable since their roles were poorly constrained
(Fig. 5B). We exploited this to include additional non-myeloid TFs
without introducing additional parameters by identifying and
eliminating TFs having the least activity in model 12058. We
computed the maximum activity of each TF over all CRMs (Fig. S5)
and removed the two activators and the two repressors having the
smallest maximum activity, C/EBPβ, Fos, IRF4, and Egr2.

Next, we included four lineage-specifying TFs from non-mye-
loid lineages, E2A, Elf1, EBF1, and GATA(s), that had binding sites in
the silencer CRMs. EBF1 is involved in specifying the B-cell lineage
(Laslo et al., 2008; Pongubala et al., 2008), Elf1 is required for the
differentiation of the natural killer (NK)- and NKT-cells (Choi et al.,
2011), whereas E2A is required for both B- and T-cell development
(Bain et al., 1994; Rothenberg, 2014). GATA1, GATA2, and GATA3
have very similar binding site preferences in vitro (Ko and Engel,
1993; Merika and Orkin, 1993) and bind a large number of over-
lapping sites in vivo (Doré et al., 2012; May et al., 2013). Due to this
degeneracy in binding and uniform expression in the PUER cells
(Fig. S2), we expected that the model would not be able to
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distinguish amongst the three and hence represented them as a
“lumped” GATA regulator. Any conclusions we draw regarding
GATA might pertain to influences from either the erythroid
(GATA1), MEP or mast cell (GATA2), or T-cell (GATA3) lineages. The
revised scheme of reverse engineering was executed in a manner
identical to the previous round.

After optimizing the 215 models, we observed a dramatic re-
duction in the scores of the lowest-scoring models—from 84,486
in the previous round to 35,072 here (Fig. 5A; Table S4). The reg-
ulatory roles of 8 TFs are completely constrained, compared to 5 in
the models lacking non-myeloid factors (Fig. 5B and C). Notably
three of the newly added non-myeloid factors, EBF1, GATA, and
Elf1, were well constrained as repressors, supporting the hypoth-
esis that non-myeloid TFs repress Cebpa CRMs.

Clustering on similarity of regulatory roles (Fig. S4B; see
Methods) allowed us to choose the lowest-scoring model, 81762,
as a representative for further analysis (Tables S4 and S5). The
correlation between model output and data is further improved
( =r 0.912 ; Fig. 5E), implying a better recapitulation of the changes
in activity by cell type and CRM. This overall improvement is
achieved in part by better repression of nearly all the under-re-
pressed CRMs, including silencers. A few mispredictions remain
uncorrected, such as Egr2(10), while four CRMs, Cebpa(8), Cebpa
(21), Egr1(5), and Egr2(4) are over-repressed. The overall im-
provement in the agreement between model and data suggests
that the non-myeloid TFs help explain the CRM-specific patterns of
expression. It is notable in this context that model 81762, the
lowest-scoring model, assigns repressive roles to all the non-
myeloid factors.

3.5. The cis-regulatory logic of Cebpa, Egr1, and Egr2

Here we use the model to infer the TFs, binding sites, and in-
teractions that generate the cell type- and CRM-specific pattern of
activity observed for the three genes. We do this by inspecting the
intermediate steps in the calculation of transcription rate and
decomposing it into contributions from individual binding sites.
Since each binding site is associated with a particular TF, we can
Fig. 7. Inference of regulatory logic. A–C. Activation. D–F. Repression. A, D. Cebpa proxim
A-C. The activity of each activator site is plotted. The activity is the amount by which the
of the site and the efficiency of the bound activator (Fig. 2D, F). D–F. The repressive activ
repressor reduces the interaction strength, which results in a higher activation energy b
range repression of the bound repressor (Fig. 2E, F). The gray box is intervening vector se
The x-axis shows each binding site modeled and the position of its 5' end in the report
infer the cognate TF and its regulatory role as well. Activators
acting through their coactivators catalyze the recruitment of the
transcription holoenzyme complex to the promoter to increase the
rate of transcription. This is represented in the model by reducing
the activation energy barrier by an amount ΔΔA, which depends
on the net interaction strength (Fig. 2F and Supplementary Text
S1). The net interaction strength, in turn, depends on the occu-
pancies and activation efficiencies of the bound activators and can
be decomposed into contributions from individual activator
binding sites (Fig. 2D). Hence, we can determine individual con-
tributions to ΔΔA by plotting each term of the net interaction
strength separately (Fig. 7A–C). Long-range repressors act by in-
terfering in the recruitment of the holoenzyme complex, a phe-
nomenon modeled by reducing the net interaction strength
(Fig. 2E) in the model. To determine repressive activity, we plot the
factor by which each bound repressor reduces the interaction
strength (Fig. 7D–F). We found negligible and inconsistent con-
tributions from quenching and they were not considered in our
regulatory analysis. This is consistent with our reporter design
(Fig. 3D) and activity data (Fig. 4), since the reduction of activity in
reporters carrying silencers in addition to the promoters could not
have occurred via quenching.

First, we illustrate the process with the examples of the Cebpa
proximal promoter, an enhancer, and a silencer. Following the il-
lustrative examples, we describe the inferred cis-regulatory logic
and compare to available evidence.

Fig. 7A shows the contributions of the activator binding sites in
the model for the proximal promoter of Cebpa, Cebpa(0). The
model identifies a total of 6 binding sites for 4 TFs. The largest
contribution in all three conditions is from C/EBPδ, with relatively
smaller contributions from Gfi1 and Egr1. Although Myc has a
binding site, its contribution to activation is negligible. Plotting the
strength of repression reveals two repressor sites, for Jun and
C/EBPα, with weak activity (Fig. 7D). The patterns of expression
(Fig. S2) of the TF inputs, the main activator C/EBPδ and the re-
pressor Jun, explain the pattern of the output, promoter activity, in
combination. The promoter is strongly downregulated in
GCSFþOHT (Fig. 4A). This is a combined effect of C/EBPδ
al promoter Cebpa(0). B,E. Cebpa enhancer Cebpa(16). C, F. Cebpa silencer Cebpa(11).
individual site reduces the activation energy barrier, and depends on the occupancy
ity of each repressor site is plotted. The repressive activity is fraction by which the
arrier. It depends on the occupancy of the repressor site and the efficiency of long-
quence (Fig. 3D). The sites to the right of the gray box are on the proximal promoter.
er construct relative to the 3' end of the proximal promoter in parentheses.
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downregulation (Fig. 7A) and Jun upregulation (Fig. 7D), whereas
the promoter activity is unchanged in IL3þOHT due to compen-
sation of Jun repression by C/EBPδ upregulation.

The model for enhancer Cebpa(16) contains 4 activator binding
sites, 3 for PU.1 and 1 for C/EBPδ (Fig. 7B). Although each in-
dividual PU.1 site has a small contribution to activation, together
they upregulate Cebpa(16) expression by a factor of �2.5 in IL-3
due to the synergism in the action of multiple activator sites re-
presented in the model (Fig. 2D and F). As with the promoter, the
patterns of PU.1 and C/EBPδ expression (Fig. S2) explain the ac-
tivity of the reporter containing Cebpa(16) and Cebpa(0) (Fig. 4A).
This reporter is upregulated more in OHT-induced than uninduced
conditions. This can be directly attributed to the induction of PU.1
and the preferential upregulation of C/EBPδ in IL3þOHT. The
model’s prediction that PU.1 binds Cebpa(16) is supported by
genome-wide ChIP studies of PU.1 binding (Fig. S11A), one in PUER
cells (Heinz et al., 2010) and the other, an independent study, in
neutrophil conditions of the FDCPmix system (May et al., 2013).
Our analysis thus identifies Cebpa(16) as a novel PU.1-responsive
enhancer in the vicinity of Cebpa.

In the final example of cis-regulatory inference, we analyze a
silencer, Cebpa(11) (Fig. 7C, and F). Cebpa(11) downregulates the
activity of the proximal promoter by a factor of 2.7, 3, and 1.9 in
uninduced, IL3þOHT, and GCSFþOHT conditions respectively.
Correspondingly, the activation provided by binding sites is much
lower in the model for Cebpa(11) (Fig. 7C; compare to panel A).
Since Cebpa(11) is located �15 kb downstream of the proximal
promoter in the endogenous locus and �3 kb upstream of the
proximal promoter in the reporter constructs (Fig. 3A and D), the
repressor interactions are occurring over long distances. Plotting
the long-range repression mediated by sites in the Cebpa(11)
model reveals the TFs likely responsible for downregulation—EBF1,
Myb, GATA(s), and Ikaros (Fig. 7F). Consistent with the uniform
expression patterns of the repressive inputs (Fig. S2), the fold
downregulation is approximately the same in all three conditions.
EBF1 and Ikaros are B-cell factors regulating cell-fate commitment
and immunoglobulin heavy-chain rearrangement (Lin and Gros-
schedl, 1995; Pongubala et al., 2008; Reynaud et al., 2008). Despite
the presence of a binding site in the model, Ikaros does not have
any repressive contribution here (Fig. 7F). Ikaros did however have
a strong repressive contribution in the model 12058 which lacked
EBF1 (data not shown). This suggests that EBF1 and Ikaros repress
Cebpa redundantly.

To summarize, the examples above show that the model's in-
ferences display a high degree of accord between the expression
patterns of the TFs inputs, their functional roles, and the empiri-
cally observed patterns of cell- and CRM-specific transcriptional
output. It is not yet possible to conclusively connect the behavior
of the CRMs to that of the endogenous Cebpa transcriptional unit
since CRMs do not act additively (Dunipace et al., 2011; Landry
et al., 2009; Perry et al., 2011). Nevertheless, the downregulation
of Cebpa in alternative lineages (Huang et al., 2009; Pongubala
et al., 2008; Reynaud et al., 2008) and with OHT induction (Fig. S2)
matches well with the abundance of silencers in the locus.

We now describe the inferred cis-regulatory logic, limiting the
discussion to TFs exerting particularly strong effects and/or regulating
multiple CRMs. We also compare model predictions to available evi-
dence—including relevant publicly-available ChIP datasets compiled
from the NCBI Gene Expression Omnibus (Fig. S11).

C/EBP family. The activation of Cebpa promoter by C/EBPδ
(Fig. 7A) is in general agreement with the in vitro binding and
reporter assays of the Cebpa promoter (Legraverend et al., 1993)
that showed both binding of C/EBPα, C/EBPβ, and C/EBPδ, and
transactivation by C/EBPα and C/EBPβ. C/EBP family transcription
factors have very similar binding properties. This fact, in combi-
nation with similarity of expression patterns in PUER cells (Fig. S2),
implies that these factors play redundant roles in the model and
our conclusions about C/EBPδ could pertain to the whole family. C/
EBPδ is also predicted to bind to and activate two other Cebpa
enhancers, Cebpa(7) (Fig. S6A) and Cebpa(16) (Fig. 7B). We con-
clude therefore that one or more C/EBP family TFs bind and acti-
vate Cebpa(7) and Cebpa(16). This is supported by a ChIP-seq da-
taset for C/EBPα in peritoneal macrophages (Heinz et al., 2010),
which shows binding of C/EBPα at the three CRMs (Fig. S11A).
Lastly, a gene network inferred in human hematopoietic cells
identified C/EBPδ as an upstream regulator of a module of genes
coexpressed in granulocytes and monocytes (Novershtern et al.,
2011).

PU.1. The two strongest enhancers, Cebpa(16) (Fig. 7B) and
Cebpa(18) (Fig. S6B) are driven by PU.1. Cebpa(18), like Cebpa(16), is
bound by PU.1 in both PUER and FDCPmix cells (Fig. S11A; (Heinz
et al., 2010; May et al., 2013)). The activation of Cebpa(18) by PU.1
is in agreement with reporter analyses in 32Dcl3 cells (Cooper
et al., 2015) that also document the effect. PU.1, one of the key TFs
specifying the myeloid and to a degree lymphoid lineages (Scott
et al., 1994), is known to promote the macrophage lineage by an-
tagonizing the activity of C/EBPα (Laslo et al., 2006). Our analysis
shows that Cebpa is a direct target of PU.1.

Egr1. The model predicts that, in addition to the proximal
promoter, the Cebpa enhancer Cebpa(14) is also activated by Egr1
(Fig. S6C). Egr1 binds the Cebpa proximal promoter in ChIP-seq
data from bone marrow-derived dendritic cells (Fig. S11A; (Garber
et al., 2012)). Also, Egr1 expression promotes macrophage differ-
entiation at the expense of neutrophils (Nguyen et al., 1993). Egr1
has been suggested to operate downstream of PU.1 and C/EBPα in
the macrophage/neutrophil decision; our analysis suggests that
Egr1 supports Cebpa expression in the macrophage lineage. The
model also infers that Egr1 activates its own expression by binding
to CRM Egr1(2) (Fig. S9B), which is also bound in the dendritic-cell
ChIP dataset (Fig. S11B; (Garber et al., 2012)).

Ets1. Ets1 has been implicated in a broad range of roles in he-
matopoiesis, including the development of lymphocytes (Bories
et al., 1995; Muthusamy et al., 1995), megakaryocytes (Lulli et al.,
2006), and granulocytes (Lulli et al., 2010). The model infers that
two CRMs are activated by Ets1, the proximal promoter of Egr1,
Egr1(0) (Fig. S9A), and the Cebpa enhancer Cebpa(18) (Fig. S6B).
Egr1’s promoter activity is downregulated in IL3þOHT (Fig. 4B);
our results imply that this results from the downregulation of the
Ets1 activating input (Fig. S9A and S2). The Egr1 promoter has
indeed been found to be activated by Ets1 in NIH-3T3 cells (Ro-
binson et al., 1997) and Ets1 binds the Egr1 locus in G1ME cells
(Fig. S11B; (Doré et al., 2012)). The activation of Cebpa(18) by Ets1
agrees with a dramatic loss of activation when Ets sites are mu-
tated in a roughly comparable þ37 kb enhancer (Cooper et al.,
2015).

EBF1 and Ikaros. In addition to Cebpa(11), EBF1 represses Cebpa
(8) (Fig. S7D), Cebpa(19) (Fig. S8F), and Egr1(5) (Fig. S9F). Pongu-
bala et al. (2008) found that EBF1 represses Cebpa by binding to
weak sites in its promoter. Our results suggest that EBF1 represses
Cebpa by binding to distal sites in addition to the promoter-
proximal ones. Additionally, there is detectable EBF1 binding at
the Egr1 locus (Fig. S11B) in pre-B cells (Treiber et al., 2010) and
Rag1� /� pro-B cells (Lin et al., 2010). Ikaros is also known to re-
press Cebpa (Reynaud et al., 2008), although we detected Ikaros
repression only in the models lacking EBF1 (Fig. 5B and D).

GATA(s). The model infers that many silencer CRMs, Cebpa(11),
Cebpa(8), Cebpa(23), and Cebpa(24), and an enhancer, Cebpa(18),
are repressed by one or more members of the GATA family (Fig. 7F,
S7D–F, and S6E). Supporting this, GATA2 binding was detected at
Cebpa CRMs 24, 8, 11, and 18 in G1ME megakaryocyte progenitors
(Doré et al., 2012) and at Cebpa CRMs 8 and 18 in FDCPmix multi-
potential progenitors (May et al., 2013) (Fig. S11A). Moreover, Cebpa
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is upregulated upon GATA2 knockdown in G1ME cells (Huang et al.,
2009). GATA2 regulates the proliferation of HSCs (Rodrigues et al.,
2012), granulocyte-macrophage progenitors (Rodrigues et al.,
2008), and megakaryocyte-erythrocyte progenitors (Doré et al.,
2012; Huang et al., 2009). Upon mutating GATA sites, Cooper et al.
(2015) found a reduction in expression driven by the þ37 kb en-
hancer corresponding to Cebpa(18) in 32Dcl3 cells. However, the
direct binding of GATA2 to Cebpa(18) and the derepression of Cebpa
upon GATA2 knockdown in G1ME cells suggest that the activation
observed in 32Dcl3 cells is a context-dependent effect and not a
general feature of Cebpa regulation. Our analysis combined with the
ChIP-seq data (Fig. S11A) therefore implies that GATA2 represses
Cebpa in progenitors and the red-blood cell lineage.
4. Discussion

The regulatory function of the non-coding parts of the genome
remains largely unexplored. We have developed an approach that
integrates datasets probing multiple aspects of gene regulation to
decode cis-regulatory logic in a scalable manner. Using this ap-
proach we analyzed 46 CRMs in parallel to show that Cebpa—a
gene for which previously only one distal CRM was known—has a
regulatory logic that relies on multiple distal enhancers and si-
lencers. Our approach goes beyond the detection of CRMs by de-
termining the identity and binding sites, as well as the likely
functional roles, of the TFs regulating a gene. The functional roles
of TFs were determined by constructing 32,768 alternative models
encapsulating all possible regulatory schemes for 15 TFs. Previous
analyses have implied that hematopoietic gene expression is
supported by multiple enhancers, which are usually bound by
relatively few (1–3) activators in complex (Göttgens et al., 2002;
Leddin et al., 2011; Pimanda et al., 2008; Wilson et al., 2010b;
Yeamans et al., 2007). Our results about Cebpa suggest a con-
siderably more complex regulatory organization involving the
prominent use of silencers and enhancer-bound repressors to fi-
nely control cell type-specific expression patterns.

Perhaps our most surprising finding is that the Cebpa locus
contains several silencers, which, in fact, outnumber the en-
hancers (Fig. 4A). We base this conclusion on the fact that CRMs
placed in the reporter �3 kb upstream of the cognate proximal
Fig. 8. Summary of the inferred cis-regulati
promoter (Fig. 3D) are still able to diminish its activity (Fig. 4A).
Hematopoietic genes are known to have distal silencers; a distal
element located 2.8 kb upstream of Gata2 is known to mediate its
repression by GATA1 (Grass et al., 2003) for example. However,
known enhancers vastly outnumber silencers (Wilson et al., 2011).
This situation is quite likely the result of a bias toward detecting
enhancers in reporter design rather than an actual deficit in the
number of silencers relative to enhancers. Use of reporters de-
signed to detect both up- and down-regulation, such as the ones
employed here, will likely lead to the discovery of many more si-
lencer elements.

The significance of the result is further clarified once we con-
sider the identity of the repressors inferred to be regulating the
silencers (Fig. 8A). TFs binding to the distal silencers and repres-
sing the activity of the proximal promoter (Fig. 7F and S7), such as
EBF1 and the GATA family, are expressed at very low levels in the
myeloid lineage but at high levels in alternative ones. The re-
pression of Cebpa by non-myeloid TFs is supported by two results.
First, correctly simulating silencer activity was only possible in
models that included non-myeloid TFBS detected in the silencer
CRMs (compare panels A and D of Fig. 6). Second, silencers are
occupied in vivo by the predicted repressors (Fig. S11). These re-
sults show that cross-lineage antagonism (Cantor and Orkin, 2001;
Chou et al., 2009; Huang et al., 2007; Laslo et al., 2008, 2006) is
mediated by distal silencers.

Hematopoietic lineage resolution is currently believed to occur
in a hierarchical manner, where pairs of pivotal TFs function as
bistable switches and repress each others' targets (Graf and Enver,
2009; Laslo et al., 2008). The mediation of cross-lineage antag-
onism by silencers suggests instead that lineage-specifying TFs
form densely interconnected repressive networks. For example, it
has been suggested that C/EBPα functions in a cross-antagonistic
pair together with EBF1 to resolve the myeloid and B-lymphoid
lineages (Laslo et al., 2008; Pongubala et al., 2008). Our results
together with those of Reynaud et al. (2008) show that Cebpa is
also repressed redundantly by Ikaros, which itself regulates EBF1
(Pongubala et al., 2008). This makes it difficult to partition the
triplet into antagonistic pairs. Similarly, it was recently shown that
GATA2 represses Sfpi1 in combination with GATA1 and its knock-
down leads to myeloid differentiation of multipotential progeni-
tors (May et al., 2013). Ascertaining whether silencer-mediated
on of Cebpa and Egr1. A. Cebpa. B. Egr1.
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cross-antagonism is a general property of hematopoietic GRNs will
require widespread cis-regulatory dissection with reporters de-
signed to detect potential distal silencers as well as enhancers.

Although the molecular mechanisms of the repression of most
hematopoietic regulators remain to be elucidated, our data suggest
that cross-lineage repressors are interacting directly with the
promoter. There are two modes by which a distantly bound re-
pressor may repress a gene. The first is by displacing an activator
bound to the distal CRM as seen, for example, in the GATA1-de-
pendent repression of Gata2 (Grass et al., 2003), which is re-
presented as quenching in the model (Fig. 2C). The second mode is
to directly repress the activity of the proximal promoter (long-
range repression; Fig. 2E) by interfering with promoter-enhancer
interactions or recruiting chromatin-remodeling enzymes to es-
tablish large repressive chromatin domains (Harmston and Len-
hard, 2013). For example, Ikaros is found in complex with com-
ponents of the nucleosome remodeling and deacetylation (NURD)
and SWI-SNF complexes (Georgopoulos, 2002) and the GATA3
DNA binding domain bridges two separate DNA sequences, sug-
gesting an ability to mediate looping or long distance interactions
(Chen et al., 2012). Here, the cross-lineage repressors of Cebpa
must be acting in the second, long-range, manner since reporters
carrying both the silencer and proximal promoter have lower ac-
tivity than those carrying proximal promoters alone (Fig. 4). In
contrast, quenching would predict that the combined reporter has
the same or higher activity, since it can, at most, reduce the acti-
vation provided by the CRM to zero.

Although most of our cis-regulatory inferences are consistent
with prior genetic, biochemical, and genomic evidence, there are a
few points of discord. For example, the assignment of a repressive
role to C/EBPα is inconsistent with its ability to transactivate its
own promoter (Legraverend et al., 1993). The inconsistent as-
signment has most likely been made because C/EBPδ and C/EBPα,
having very similar binding properties and expression patterns,
can substitute for each other in the model. This in silico re-
dundancy reflects the in vivo redundancy of the binding and ac-
tivity of the C/EBP family members (Friedman, 2007b; Nerlov,
2007; Tsukada et al., 2011). Second, Gfi1, known to function as a
repressor (Laslo et al., 2006; Yücel et al., 2004), has been inferred
to be an activator here, albeit with a rather minor contribution.
The model might be utilizing Gfi1 as a stand-in for an activator
with similar binding properties that is yet to included in our
analysis. Redundancy arising from TF binding properties may be
addressed in the future by acquiring TF concentration and reporter
activity data from more cell types and including more TFs. This
will allow the model to distinguish between members of TF fa-
milies based on their differential expression in multiple cell types.

Notwithstanding the exceptions noted above, our cis-reg-
ulatory dissection paints a rather complex picture of Cebpa reg-
ulation (Fig. 8). Broadly speaking, Cebpa is activated by TFs im-
plicated in the specification of the myeloid lineage and repressed
by TFs directing the specification of alternative hematopoietic
lineages. We found two PU.1-dependent enhancers, which implies
—taken together with the observation that C/EBPα activates Sfpi1
by binding to a distal enhancer (Friedman, 2007a; Yeamans et al.,
2007)—that the pair form a positive feedback loop (Alon, 2007).
Cebpa is also activated by the binding of C/EBP family members to
the proximal promoter (Fig. 7A), forming another positive feed-
back loop. Positive feedback loops can result in bistable behavior
(Alon, 2007) and Cebpa’s participation in two of them might be a
strategy to maintain stable gene expression once induced. The
activation of Cebpa by Egr1 via Cebpa(14) is surprising, since Egr1
and Egr2 are thought to antagonize Gfi1 to resolve the macro-
phage and neutrophil gene expression programs (Laslo et al.,
2006). However, the expression level of retrovirally-expressed
Cebpa controls the ratio of CD11bþGr-1� macrophages to
CD11bþGr-1þ neutrophils (Dahl et al., 2003); activation from Egr1
might serve to tune the level of Cebpa expression in the two cell
types. Furthermore, this interaction might occur in liver tissue,
where Cebpa and Egr1 are also coexpressed (Jakobsen et al., 2013).
To summarize, the scheme of Cebpa activation combines induction
by PU.1 and potentially other C/EBP family factors (Novershtern
et al., 2011), positive feedback loops to stably maintain expression
level, and potential tuning by Egr1 within the myeloid lineage.

Besides alternative-lineage repressors, Cebpa is also predicted
to be repressed by TFs coexpressed in the myeloid lineage, such as
Jun and Myb. Such repressors are mostly active at enhancers
(Fig. 7E and S6) or inactive (Fig. S8E,F) CRMs. During hematopoi-
esis, Cebpa is expressed at low levels in HSCs, monocytes, and
granulocytes but at high levels in GMPs (Bagger et al., 2013; Ha-
semann et al., 2014). Jun, which can function as a repressor by
forming heterodimers with C/EBPβ (Hsu et al., 1994), has an ap-
proximately complementary pattern of expression, with the ex-
ception that it is expressed at low levels in granulocytes (Bagger
et al., 2013; 〈http://servers.binf.ku.dk/hemaexplorer/〉). Repression
by Jun is a potential mechanism to achieve the downregulation of
Cebpa after the differentiation of GMPs, although confirming this
possibility would require the characterization of the time courses
of CRM activity in the PUER system.

Both the expression pattern and inferred regulation of Egr1 are
considerably simpler than Cebpa (Figs. 4B and 8). Egr1 is predicted
to be activated by Ets1 and itself and repressed by EBF1 and the
GATA(s). This apparent difference in the complexity of regulation
could be either genuine or arise from differences in the evolu-
tionary conservation—our criterion for identifying CRMs—of the
regulatory sequences of the two genes. The latter possibility may
be checked by identifying putative CRMs using other means such
as DNase I hypersensitivity (Hesselberth et al., 2009) or the
binding of other hematopoietic TFs. If the regulatory complexity of
the two genes is indeed different, it would suggest that Cebpa
enjoys a more prominent position than Egr1 in the gene network
directing myeloid differentiation (Laslo et al., 2006). Dissecting the
gene regulation of other myeloid genes in this manner will help
clarify the construction of the network.

The model was unable to produce any clear inferences about
the regulation of Egr2 (Fig. S10). The main reason for the lack of
clear conclusions appears to be the general inactivity of Egr2 CRMs
(Fig. 4C). A potential explanation for the inertness of conserved
sequences in the Egr2 locus is that they serve regulatory functions
in other cell types or during Egr2’s rapid induction as an im-
mediate early gene. This possibility may be checked by measuring
the enrichment of chromatin marks, such as H3K4me1 and
H3K27ac (Creyghton et al., 2010; Lara-Astiaso et al., 2014), at the
apparently inert locations in other cell types. Such data might not
serve an analogous function for silencers since it’s not known
whether any marks are enriched at distal silencers or not.

Here we have utilized a model that assumes very little about
the specific mechanisms of TF–TF interaction, such as dimerization
(Chlon et al., 2012; Hsu et al., 1994), switchable activation/re-
pression (He et al., 2012a), and sequestration (Cantor and Orkin,
2002), that are known—for a few example TFs—to operate in
mammalian gene regulation. Lacking comprehensive knowledge
about which TFs interact in these ways, we believe that parsimony
in assumptions combined with inference from data is the more
prudent approach. In the future, as proteomic approaches generate
comprehensive maps of protein-protein interactions, it will be
possible to implement such specific mechanisms into our frame-
work to increase its power. A second limitation is the use of
genome-wide gene expression data as a proxy for TF concentra-
tion, which leaves out post-transcriptional and post-translational
regulation from the analysis. Although including these phenomena
is desirable, using a standard and relatively easy-to-acquire

http://servers.binf.ku.dk/hemaexplorer/
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dataset such as genome-wide gene expression permits a broad
and unbiased approach to identifying candidate TFs that is ap-
plicable to a wide range of cell types and organisms. In the future,
it will be possible to include post-transcriptional and –transla-
tional regulation by using proteomic technologies such as micro-
western arrays (Ciaccio et al., 2010) and modification-specific
antibodies.

cis-regulatory analysis is generally considered to be the gold
standard for establishing functional regulatory linkages within
GRNs (Nam et al., 2010). Successful cis-regulatory dissection ne-
cessitates methodologies for mapping transcriptional inputs and
regulatory sequences to their output. Furthermore, regulatory
control by multiple interacting TFs creates a formidable challenge
since the potential number of sites and TFs to be tested is very
large. The approach we have developed here leverages the math-
ematical rules of gene regulation, as understood currently, to map
the inputs—TF expression patterns, TF binding preferences, and
CRM sequence—to CRM activity patterns. We overcome the chal-
lenge of multiple inputs by allowing regulation by several TFs and
combinatorially testing all possible regulatory schemes. The ap-
proach generates specific predictions that may be tested readily. A
recent technological innovation, massively parallel reporter assays
(MPRA) (Arnold et al., 2013; Levo and Segal, 2014; Melnikov et al.,
2012; Nam et al., 2010; Sharon et al., 2012) that measure the ac-
tivity of thousands of CRMs in parallel, further enhances the
scalability of our approach. We expect that combining the ap-
proach presented here with MPRA datasets will enable cis-reg-
ulatory dissection on a genomic scale.
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