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Figure S1A. The HNF4α gene has an enhancer located 6 kb upstream from the P1 transcriptional
start site (Bailly et al. 2001).  HNF1α and HNF4α ChIP enrichment is shown as a trace relative to
genomic position (graphic below).  The known HNF binding sites in the HNF4A P1 promoter are
located within 1 kb of the TSS and in the enhancer region 6 kb from the transcriptional start site,
and are shown as color shaded ovals along the genome track.

Figure S1B.  The TTR gene is bound by a number of HNF factors in vivo at previously known
sites within its immediate proximal promoter (reviewed in Costa et al. 2003).  The known binding
sites in the TTR promoter are located within 250 bp of the TSS, and are shown as color shaded
ovals.
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 Table S1.  Hepatocyte master regulators profiled in this study.*
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Table S2 (cont’d). Regulatory network motifs in human liver.
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Table S3. S. cerevisiae transcription factors with autoregulatory loops*

Yeast regulator Process
STB5 Multidrug resistance
SWI4 Cell cycle
STE12 Mating
SUM1 Sporulation
TEC1 Pseudohyphal growth
PDR3 Multidrug resistance
RCS1 Iron homeostasis
RDS1 Multidrug resistance
ROX1 An/aerobic growth
SMP1 Osmotic stress
SUT1 Hypoxia response
YAP6 Salt tolerance
YAP7 Stress response
ZAP1 Heavy metal exposure
ARG81 Arginine metablism
ARO80 Aromatic amino acid regulation
CBF1 Centromere stability
HAP1 Aerobic respiration
NRG1 Glucose regulation
RAP1 Protein biosynthesis
INO2 Phospholipid biosynthesis
IME1 Meiosis

Autoregulation among S. cerevisiae master regulators

A master regulator is a transcription factor that controls cellular processes using a
combination of direct and indirect means. We used the yeast S. cerevisiae as a model to explore
the correlation between the presence of autoregulation and identification of a transcription factor
as a master regulator.  This comparison was made possible because a complete set of binding
interactions is available for all known and suspected transcriptional regulators.  We analyzed the
two cases of direct and indirect regulation separately, though both mechanisms can be present in
varying degrees.  We reasoned that in order to directly control a cellular process, which can
include scores of genes, master regulators as a class would be expected to bind a
disproportionately large fraction of yeast promoter regions. In contrast, if a master regulator were
controlling a cellular process through intermediary transcription factors, and was present at the
top of a hierarchy of factors, we would expect to observe the master regulator binding to a
disproportionate number of promoter regions of other transcription factors, which would then act
downstream.  We used these definitions to test whether autoregulatory loops were correlated with
master regulators of yeast cellular functions.

First, we selected transcriptional regulators that bind large numbers of promoters by
ordering the 204 transcription factors profiled in rich media by number of bound genes, and
taking the top fifth.  This cutoff reflects a minimum of 50 bound genes.  These 39 regulators bind
a combined total of 3955 genes, out of the 6253 genes bound in the complete data set.
Comparison to list of regulators that contain autoregulatory loops revealed that 10 of these 39
factors bound their own promoters (hypergeometric p-value of <1.8x10-7), and we found that
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varying the cutoff impacted the p-value only slightly.  Thus, autoregulatory loops are highly
associated with transcriptional regulators that bind relatively large numbers of protomers in the
yeast genome.

Second, we ranked the 204 transcriptional factors by the number of other transcription
factors whose promoters they bind in vivo, and again taking the top fifth.  This cutoff affords a
separate collection of 39 transcription factors which bind to the promoters of at least 3 and at
most 13 transcriptional regulators. Hence each regulator in this class binds on average the
promoters for 5.0 transcriptional regulators. This set of regulators are partially overlapping with
the prior set of regulators determined to have large numbers of targets. The set of 39 captured 11
autoregulatory events, for a hypergeometric p-value of 4.9x10-4. Again, varying the number of
promoter regions used as a minimum cutoff around this range only slightly altered the probability
scores.  Thus, autoregulatory loops are highly associated with transcriptional regulators that bind
many other transcriptional regulators in the yeast genome.
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Table S4. Selected master regulators known to directly autoregulate*§
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§ A more comprehensive list is available on the supporting website.

Table S5. Mammalian transcription factors that do not directly autoregulate*

* References

Borycki, A. G., Li, J., Jin, F., Emerson, C. P., and Epstein, J. A. (1999). Pax3 functions in cell survival and
in pax7 regulation. Development 126, 1665-1674.

Regulator Formal name Reference

USF1 USF1 This work

YY1 YY1 Yao et al. 1998

SF1 NR5A1 Woodson et al. 1997

MR NR3C2 Meyer et al. 1994

LEF1 LEF1 Vadlamudi et al. 2005

PAX3 PAX3 Borycki et al. 1999

TBX1 TBX1 Ataliotis et al. 2005

Regulator Formal name Reference *

OCT4 POU5F1 Boyer et al. 2005 and references therein

NANOG NANOG Boyer et al. 2005 and references therein

SOX2 NR5A1 Boyer et al. 2005 and references therein

MYOD MYOD1 Blais et al. 2005 and references therein

MYOG MYOG1 Blais et al. 2005 and references therein

PU.1 SPI1 Chen et al. 1995

HNF3β FOXA2 Pani et al. 1992

HNF4α NR2A1 Briancon et al. 2004
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MATERIALS AND METHODS

Complete protocols describing all materials and methods can be downloaded from
http://web.wi.mit.edu/young/autoregulation/

Human tissues.  Normal human hepatocytes were obtained through the Liver Tissue Procurement
and Distribution System, Pittsburgh, Pennsylvania, which was funded by NIH Contract DK-
92310. Cells were chemically crosslinked by the addition of a final concentration of 1%
formaldehyde solution for 15 minutes at room temperature. Cells were rinsed twice with PBS or
HBSS, frozen in liquid nitrogen, and stored at –80°C prior to use.  Most experiments reported
here used hepatocyte mixtures created using healthy donor material obtained from multiple
individuals, where the donor combinations were selected to maximize diversity of age and gender
(see supporting website for more information).

Chromatin immunoprecipitation protocol. Protocols describing materials and methods are
available at http://web.wi.mit.edu/young/autoregulation/ and have been previously reported
(Odom et al. 2004, Boyer et al. 2005).  In short, frozen cells were resuspended, and lysed as
previously described (Odom et al. 2004).  Sonication conditions were determined for each cell
batch to maximize chromatin sizes between 300-700 bp, and sonications were performed using a
Misonix Sonicator 3000, typically at power 7 for ten x 30 second pulses (90 second pause
between pulses) at 4°C in an ice bath. The lysate was clarified, and incubated 8 hours at 4°C with
100 µl of Dynal Protein G or Protein A magnetic beads and 10 µg of the appropriate antibody
(Table S1). The purified DNA was blunted and ligated to unidirectional linker and amplified
using a two-stage PCR protocol (Odom et al. 2004, Boyer et al. 2005). Amplified DNA was
labeled and purified using Invitrogen Bioprime random primer labeling kits.  Labeled DNA was
combined (5 – 6 µg each of immunoenriched Cy5 labelled and input Cy3 labelled DNA) and
hybridized with tumbling to arrays in Agilent hybridization chambers for 40 hours at 40°C.
Arrays were then washed and scanned.

Regulator Liver Used Slide identifier format Liver Used Slide identifier format

HNF1α Liver Mix 1 050828_HNF1A_hLiver_1_HP01a_slidecode Liver Mix 2 050905_HNF1A_hLiver_2_HP01a_slidecode

HNF4α Liver Mix 1 050826_HNF4A_hLiver_1_HP01a_slidecode Liver Mix 2 050830_HNF4A_hLiver_2_HP01a_slidecode

FOXA2 Liver Mix 5 050920_FOXA2_hLiver_1_HP01a_slidecode Liver Mix 2 050924_FOXA2_hLiver_2_HP01a_slidecode

HNF6 Liver Mix 1 050607_HNF6_hLiver_1_HP01a_slidecode Liver Mix 2 050710_HNF6_hLiver_3_HP01a_slidecode

USF1 Liver Mix 3 050922_USF1_hLiver_1_HP01a_slidecode

CREB1 Liver Mix 3 050926_pCREB_hLiver_1_HP01a_slidecode
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Microarray design. To more accurately identify the transcriptional regulatory circuitry in human
hepatocytes, we have investigated genome-wide occupancy of transcriptional regulators at
considerably higher resolution than prior experimental designs that have been used to explore
liver-specific gene regulation. Previous designs have used self-printed DNA microarrays with one
or two DNA elements to capture signals from each promoter region, covering up to 3 kb at
approximately 3,000 transcription start sites, or 1 kb at approximately 13,000 transcription start
sites (Friedman et al. 2004, Phuc Le et al. 2005, Rubins et al. 2005, Odom et al. 2004, Zhang et
al. 2005).  These arrays represented substantially less than whole genome coverage, and were
either biased towards promoter regions identified as being present in cDNA libraries isolated
from specific tissues (Friedman et al. 2004, Phuc Le et al. 2005, Rubins et al. 2005) or they
represented promoters of earlier and less complete genomic annotations derived from NCBI
databases (Odom et al. 2004, Zhang et al. 2005).

To overcome these limitations, we used commercial DNA microarrays with custom designs that
represent a comprehensive collection of regulatory regions that control most predicted and
essentially all known genes (Boyer et al. 2005).  The results we obtain with this approach provide
a more complete picture of transcription factor occupancy in human hepatocytes by key master
regulators, and produce the first high-resolution maps of transcriptional regulation by a core set of
master regulators in primary human hepatocytes.

A comprehensive collection of well-characterized transcription start sites was determined by
identifying all transcription start sites described in five different databases: RefSeq, Ensembl,
MGC, VEGA (www.vega.sanger.ac.uk) and Broad (www.broad.mit.edu).  The first three are
publicly available databases for gene annotation, the VEGA and Broad data sets are manually
annotated databases.  We identified all the transcription start sites present in any two of these five
databases from the May 2004 build of the human genome.

We then designed DNA microarrays that contain 60-mer oligonucleotide probes covering the
region from –8 kb to +2 kb relative to the transcript start sites for these 17,917 annotated human
genes (Boyer et al. 2005). Although transcription factors are known to regulate genes from
distances greater than 8 kb, most known binding sites for human transcription factors occur
within 8 kb of the transcription start site.  The sites occupied by transcription factors afforded
peaks of ChIP-enriched DNA that span neighboring probes (examples Figure S1).  These
promoter regions averaged one 60-mer for each 250 bases of sequence, and allowed identification
of in vivo binding sites to within tens of bases of position in the genome.

Identification of bound regions. To determine bound regions on the arrays, we developed an
algorithm to incorporate information from neighboring probes (described in detail in Boyer et al.
2005).  For each 60-mer, we calculated the average probability score of the 60-mer and its two
immediate neighbors.  If a feature was flagged as abnormal during scanning, we assigned it a
neutral contribution to the average probability score.  Similarly, if the nearest adjacent feature
was beyond 1000 bp, we assigned a neutral contribution.  The distance threshold of 1000 bp was
determined based on the maximum size of labeled DNA fragments hybridized to the array using
the shear distribution of the DNA amplified from the chromatin immunoprecipitation.  The
maximum fragment size ranged from 500 to 700 bp, depending on the particular experiment.

This set of averaged values gave us a distribution that was subsequently used to calculate p-
values of average probe sets.  The probe set p-value was determined for each factor based on a
number of criteria, including capture of known positives and statistical measurements of the
distribution of noise among control probes in the array data (see supporting website).
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Data availability. Complete raw data from these experiments have been deposited into the public
database ArrayExpress with accession number:        E-WMIT-9
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