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Deleted in breast cancer 1 (DBC1) has emerged as an
important regulator of multiple cellular processes, rang-
ing from gene expression to cell cycle progression. DBC1
has been linked to tumorigenesis both as an inhibitor of
histone deacetylases, HDAC3 and sirtuin 1, and as a tran-
scriptional cofactor for nuclear hormone receptors. How-
ever, despite mounting interest in DBC1, relatively little is
known about the range of its interacting partners and the
scope of its functions. Here, we carried out a functional
proteomics-based investigation of DBC1 interactions in
two relevant cell types, T cells and kidney cells. Micros-
copy, molecular biology, biochemistry, and mass spec-
trometry studies allowed us to assess DBC1 mRNA and
protein levels, localization, phosphorylation status, and
protein interaction networks. The comparison of DBC1
interactions in these cell types revealed conserved regu-
latory roles for DBC1 in gene expression, chromatin or-
ganization and modification, and cell cycle progression.
Interestingly, we observe previously unrecognized DBC1
interactions with proteins encoded by cancer-associated
genes. Among these interactions are five components of
the SWI/SNF complex, the most frequently mutated chro-
matin remodeling complex in human cancers. Addition-
ally, we identified a DBC1 interaction with TBL1XR1, a
component of the NCoR complex, which we validated by
reciprocal isolation. Strikingly, we discovered that DBC1
associates with proteins that regulate the circadian cycle,
including DDX5, DHX9, and SFPQ. We validated this inter-
action by colocalization and reciprocal isolation. Func-
tional assessment of this association demonstrated that
DBC1 protein levels are important for regulating CLOCK
and BMAL1 protein oscillations in synchronized T cells.
Our results suggest that DBC1 is integral to the mainte-

nance of the circadian molecular clock. Furthermore, the
identified interactions provide a valuable resource for the
exploration of pathways involved in DBC1-associated
tumorigenesis. Molecular & Cellular Proteomics 15:
10.1074/mcp.M115.054619, 791–809, 2016.

Deleted in breast cancer 1 (DBC1)1 was first identified by
cloning a human chromosomal region observed to be ho-
mozygously deleted in multiple breast cancers (1). Having
gained prominence as an important regulator of gene expres-
sion, DBC1 is now known to have additional functions in
chromatin remodeling, transcriptional regulation, and modu-
lation of the cell cycle through its interactions with epigenetic
modifiers, nuclear hormone receptors, and proteins impli-
cated in RNA processing (2–5). DBC1 possesses several
functional domains, in particular an N-terminal nuclear local-
ization signal, a coiled-coil region, a leucine zipper (LZ), an
inactive EF hand, an inactive Nudix hydrolase domain, and a
S1-like RNA-binding domain (Fig. 1A) that contribute to its
formation of multiple protein interactions (2, 4). Intriguingly,
these known interactions of DBC1 link its function to both the
suppression and promotion of tumorigenesis (6–9). A number
of studies have classified DBC1 as a tumor suppressor: DBC1
was found to be down-regulated in pancreatic ductal adeno-
carcinoma cell lines and in patients with squamous cell lung
carcinoma (10, 11). Furthermore, DBC1-knock-out mice are
more susceptible to tumor formation than wild-type mice, and
DBC1 was shown to directly promote p53 stability (9). Criti-
cally connected to many of its functions, DBC1 was demon-
strated to negatively regulate the human deacetylases sirtuin
1 (SIRT1) and histone deacetylase 3 (HDAC3) (Fig. 1A) (3, 12).
Comprehensive analysis of the interactions of all 11 members
of the HDAC family revealed that DBC1 associates with ad-
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ditional deacetylases, including HDAC9 (13), and other
deacetylase studies found DBC1 associated to HDAC5 and
SIRT7 (13, 14). DBC1 is further linked to regulation of histone
modifying enzymes through its inhibition of the histone meth-
yltransferase Suv39H1 (Fig. 1A), which implicates DBC1 in the
control of cell proliferation (15). Together, these reports indi-
cate that DBC1 may act as an important global regulator of
deacetylase activity, chromatin organization, and gene ex-
pression. DBC1-mediated inhibition of SIRT1 and HDAC3
further indicates a mechanism by which DBC1 may act as a
tumor suppressor. SIRT1 is overexpressed in a range of can-
cers, including prostate (16), breast (17), colorectal (18), and
acute myeloid leukemia (19). Increased HDAC3 deacetylation
activity has also been strongly linked to the development of
colon (20), renal (21), and classical Hodgkin’s lymphoma tu-
mors (22).

Intriguingly, additional evidence points to a role for DBC1 in
tumor promotion. DBC1 was observed to be up-regulated in
colorectal cancer and human hepatocellular carcinoma, as
well as in certain breast cancers (23, 24). In esophageal squa-
mous cell carcinoma patients, overexpression of DBC1 cor-
related with poor prognosis, and knockdown of DBC1 re-
duced tumor cell migration and invasion (25). Similarly,
increased expression of DBC1 has been associated with a
greater likelihood of tumor metastasis (26). The associations
between DBC1 and nuclear hormone receptors provide vari-
ous pathways by which DBC1 may act as a tumor promoter
(Fig. 1A). In particular, DBC1 interactions with nuclear recep-
tors, including the estrogen receptor � (ER�) have been as-
sociated with cell proliferation (6). Additionally, DBC1 may act
as a tumor promoter through its inhibition of the tumor sup-
pressor BRCA1, particularly in the presence of apoptosis-
inducing conditions (7).

DBC1 is connected to additional intracellular functions, for
example through the formation of the DBIRD complex (DBC1,
ZNF326/ZIRD), which is important for regulation of transcrip-
tion and RNA processing (Fig. 1A) (5). The DBIRD complex
integrates RNA polymerase II (RNAPII)-dependent transcrip-
tion and mRNP particle formation with alternative mRNA
splicing (5). Altogether, these observations indicate that the
roles of DBC1 extend beyond its functions as a direct medi-
ator of chromatin remodeling enzymes and transcriptional
activation, suggesting its involvement in a wide variety of
cellular processes through the formation of a diverse range of
protein interactions. However, the prior knowledge accumu-
lated with regard to DBC1 interactions was primarily derived
from targeted studies, in most part focused on the interaction
partner rather than on DBC1. Currently no study has focused
on characterizing DBC1 interactions in several cell types,
which would provide important insights into both house-
keeping and cell type-specific functions of DBC1.

Here, we perform the first functional proteomics study of
DBC1. To obtain insight into the activity and regulatory mech-
anisms of DBC1, we characterize DBC1 functional interaction

networks in two relevant human cell types, T cells and
HEK293 kidney cells. These cell types were selected based
on our observation that DBC1 is well expressed in these cells,
as well as on prior knowledge. The initial studies on DBC1 and
SIRT1 were performed in HEK293. Importantly, there is a need
for a better understanding of HDAC regulatory proteins, such
as DBC1, in T cells considering their promise as therapeutic
targets for treatment of T-cell lymphomas. Using microscopy
and immunoaffinity purification (IP)-mass spectrometry, we
characterized the DBC1 localization and protein interaction
networks in these two cell types. Our results discovered a
core set of interactions conserved in these cell types, likely
representative of house-keeping DBC1 functions. The most
prominent DBC1 associations were with proteins involved in
the regulation of gene expression, chromatin structure, and
cell cycle progression. We went on to validate a subset of
these interactions using reciprocal isolations. Furthermore,
we observed that proteins encoded by cancer-associated
genes were enriched within the DBC1 interactome relative to
the human proteome, pointing to pathways through which
DBC1 could be functionally linked to tumorigenesis. Interest-
ingly, we identified proteins that implicate DBC1 in a variety of
previously unrecognized functions, including the regulation of
mitotic chromosome condensation and segregation. Among
the newly discovered DBC1 interactions were proteins with
known functions in regulating the circadian cycle, including
DDX5, DHX9, and SFPQ. We validated this association using
microscopy and reciprocal isolations. Importantly, we per-
formed functional assays to demonstrate that DBC1 protein
levels are important for the regulation of CLOCK protein os-
cillations in synchronized T cells. Altogether, our results reveal
a role for DBC1 in regulating the circadian molecular clock, as
well as provide a resource for future studies of DBC1 roles in
cancer progression and transcriptional regulation.

EXPERIMENTAL PROCEDURES

Generation of DBC1-EGFP Cell Lines—DBC1-EGFP cell lines were
constructed by retroviral transduction using previously described
methods (13) and a pLXSN-DBC1-Flag-EGFP plasmid. Briefly, that
PhoenixTM retroviral transduction system (Orbigen, San Diego, CA)
was used to generate stable CEM T, HEK293, MRC5, and U2OS cell
lines expressing the pLXSN-DBC1-Flag-EGFP construct. Cells ex-
pressing the plasmid were selected using 300 mg/L G418 (EMD,
Gibbstown, NJ) for 14 days, followed by FACS analysis (Vantage S.E.
with Turbosort II, Beckton Dickinson, Franklin Lakes, NJ).

Cell Culture—Wild-type CEM T, CEM T EGFP, and CEM T DBC1-
EGFP cells were cultured in Gibco® RPMI media supplemented with
10% fetal bovine serum and 1� penicillin/streptomycin. Wild-type
HEK293, HEK293 EGFP, HEK293 DBC1-EGFP, and wild-type U2OS,
and MRC5 cells were cultured in Gibco® DMEM media supple-
mented with 10% fetal bovine serum and 1� penicillin/streptomycin.

RNA Isolation and Quantitative RT-PCR—Total cellular RNA was
isolated from wild-type HEK293, CEM T, MRC5, and U2OS, or
HEK293 and CEM T cells expressing DBC1-EGFP or EGFP, using an
RNeasy kit (Qiagen). cDNA was synthesized from RNA samples (1–1.5
�g) following the protocol described in the RETROScript kit (Thermo-
Fisher Scientific, Inc.). RT-qPCR was carried out in reactions contain-
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ing cDNA, DBC1 or actin primer pairs (supplemental Table S1), and
SYBR Green PCR Master Mix (Applied Biosystems), on an ABI
7900HT (Applied Biosystems; Microarray Core Facility, Department of
Molecular Biology, Princeton University). Relative quantification of
DBC1 PCR products was performed by calculating fold change rel-
ative to endogenous �-actin. Data were analyzed by the comparative
�Ct method or ��Ct method (27).

DBC1 mRNA expression in wild-type cells was compared using
2��Ct values. For each biological replicate, the Ct values of three
technical replicates were averaged, and average DBC1 Ct values
were normalized by the average �-actin Ct values from the same
replicate, to give the �Ct. Statistical tests were run on the transformed
values (2��Ct) in R-3.1.3 (28). To evaluate statistical significance of the
differences in mean fold change across cell types, we built a linear
model using cell type and replicate as variables, and compared the
mean fold change using ANOVA (28). We assumed normal distribution
of residuals. DBC1 mRNA expression in transformed cells was eval-
uated using the comparative 2���Ct method (27).

Immunofluorescence Microscopy—WT HEK293, HEK293-EGFP,
and HEK293-DBC1-EGFP cells were cultured on chambered slides
and fixed with 4% paraformaldehyde (v/v) in phosphate-buffered
saline (PBS) for 15 min at 4 °C. At room temperature, cells were
washed 3� with 0.1 M Glycine in PBS for 5 min, permeabilized with
0.1% Triton-X 100 in PBS for 15 min, washed 3� with 0.2% Tween in
PBS (PBS-T) for 5 min, and blocked with 2% BSA and 0.2% Tween
in PBS for 60 min. WT HEK293 cells were incubated in the dark for 1 h
with 1:1000 rabbit polyclonal �-DBC1 primary antibody (Cell Signal-
ing #5693) and incubated in the dark with goat �-mouse antibody
conjugated to Alexa-488 (ThermoFisher Scientific, Inc.) for 60 min.
Room temperature cells were incubated in the dark for 1 h with
primary antibody then with secondary antibodies conjugated to either
AlexaFuor-488 or -568 in PBS-T. Cells were stained with DAPI solu-
tion (1:1000 in PBS-T) in the dark for 30 min. After each incubation
with antibodies and DAPI solution, cells were washed for 15 min in the
dark with PBS-T. Cover slips were mounted on the slides with Aqua-
PolyMount (Polysciences, Inc.) antifade solution added to each
chamber, topped with a coverslip, sealed with nail polish, and stored
at 4 °C in the dark. Cells were visualized with a Nikon A1 confocal
microscope using (Nikon Instruments, Inc.; Confocal Microscopy
Core Facility, Department of Molecular Biology, Princeton University)
using a 60� immersion oil objective.

Analysis for DBC1 colocalization in the nucleus by microscopy was
performed with ImageJ 1.50d. Each image contained data from three
channels: DAPI, DBC1-EGFP, and either SFPQ or HCFC1. Back-
ground was subtracted for each image, and the nucleus was manually
selected as the region of interest. Pearson’s correlation coefficients
were calculated from pixel intensities between each paired combina-
tion of the three channels using the “Coloc 2” plugin. A total of 20
nuclei were selected from each experiment. To statistically determine
whether there is a difference in the correlation of one channel with
either of the other two, a paired t test was used by pairing correlation
coefficients from the same nucleus.

Immunoaffinity Purification (IP) of EGFP-tagged DBC1—DBC1-
EGFP was isolated via the EGFP tag from either CEM T or HEK293
cells. Parallel isolations of GFP were performed to assess the spec-
ificity of interactions. The IP experiments were performed in biological
replicates (n � 3 for HEK293 IPs and n � 4 for CEM T IPs) to assess
the reproducibility of the observed associations. For these studies,
CEM T EGFP, CEM T DBC1-EGFP, HEK293 EGFP, and HEK293
DBC1-EGFP cells were harvested by centrifugation for 5 min at 250
rcf; the cell pellet was twice washed with PBS and spun down for 5
min at 250 rcf, then resuspended in 1 ml/g of cells of 20 mM Na-
HEPES (pH 7.5) � 1.2% polyvinylpyrolidone (w/v) � 1:100 protease
inhibitor mixture (v/v), and frozen as pellets in liquid nitrogen. Frozen

cells were cryogenically lysed at 30 Hz for 8 cycles of 2.5 min, using
a Retsch MM 301 Mixer Mill (Retsch, Newtown, PA), as described
(13).

Magnetic beads (M-270 Epoxy Dynabeads, ThermoFisher Scien-
tific Inc.) were conjugated with in-house generated polyclonal rabbit
anti-GFP antibodies, as described (29), washed 3� in wash buffer
(1� TBT with salts, 0.5% Triton-X 100, and 200 mM NaCl), and
resuspended in 100 �l wash buffer. Ground cell powder was resus-
pended in 10 ml/g of cells of optimized lysis buffer (1� TBT with salts,
0.5% Triton-X 100, 200 mM NaCl, 1/100 (v/v) protease inhibitor mix-
ture (Sigma-Aldrich), and 10 �g/ml DNase (Sigma-Aldrich)), vortexed
for 30 s, incubated at room temperature for 5 min with agitation, then
homogenized with a Polytron PT 10–35 GT (Kinematica) for 2 cycles
of 30 s. Cell debris was precipitated by centrifugation for 10 min at
8000 rcf, at 4 °C. The lysate supernatant was incubated with anti-
body-conjugated magnetic beads for 90 mins with rotation, at 4 °C.
After immunoaffinity isolation, magnetic beads were washed 4x with
1 ml wash buffer and twice with 1 ml PBS. Isolated proteins were
eluted in 30 �l 1x NuPAGE LDS sample buffer (ThermoFisher Scien-
tific, Inc.) by shaking for 10 min at room temperature and incubation
for 10 min at 70 °C. Elution was performed twice.

Eluates were stored at �20 °C until further use. To test the effi-
ciency of DBC1 isolation, 5% or 10% of the whole cell lysate, cell
pellet (insoluble fraction after incubation with lysis buffer), flow-
through (unbound proteins after incubation with magnetic beads), and
both eluates were preserved for Western blot analysis. Proteins in the
whole cell lysate and flow-through were precipitated with 4 volumes
of ice-cold acetone for 20 min at �20 °C, collected by centrifugation
at 5000 rcf for 5 min, dried, and resuspended in 20 �l 1� LDS-Sample
Buffer.

Mass Spectrometry-based Analysis of IP-isolated Proteins—Sam-
ples were prepared for mass spectrometry analysis with protocols
modified from (30). Primary eluates from immunoaffinity solutions
were reduced with 1� NuPAGE Reducing Agent (Thermo FisherSci-
entific, Inc.) at 70 °C for 10 min and incubated in the dark at room
temperature with 100 mM iodoacetamide, for 20 min. Samples were
partially resolved (1/3-gel length) on a 4–12% NuPAGE Novex Bis-
Tris gels (ThermoFisher Scientific, Inc.) with a PrecisionPlus Dual
Color Standards (Bio-Rad Laboratories), in 1� MOPS-SDS running
buffer (ThermoFisher Scientific, Inc.); proteins were visualized using
SimplyBlueTM SafeStain (ThermoFisher Scientific, Inc.) and gels were
destained with Milli-Q water. Whole gel lanes were cut into 1-mm
slices. For additional destaining, slices were agitated at 4 °C for 10
min in 50% acetonitrile (ACN) and 50 mM ammonium bicarbonate,
then dehydrated in 100% ACN at room temperature. Destaining/
dehydration steps were performed three times. In-gel trypsin diges-
tion was carried out overnight at 37 °C, with 12.5 ng/�l trypsin (Pro-
mega) in 50 mM ammonium bicarbonate (trypsin cleaves at the C
terminus of arginine and lysine residues). Digested peptides were first
extracted from gel with equal volume 1% formic acid (FA) for 4 h at
room temperature, in the dark, then with 0.5% FA/50% ACN for 2 h
at room temperature in the dark. Both extractions were combined and
concentrated to �50 �l using vacuum centrifugation, and adjusted to
0.1% trifluoroacetic acid (TFA). To desalt peptides, samples were
loaded onto StageTips (p200 tips containing 3 M SDB-RPS Empore
Discs, Sigma-Aldrich), (31) and centrifuged at 1000 rcf to collect
�8–10 �g peptides per tip. StageTip samples were washed with 100
�l 0.2% TFA and peptides manually eluted by air-pressure with 50 �l
5% ammonium hydroxide/80% ACN. Peptide samples were concen-
trated to �1 �l by vacuum centrifugation and diluted to a final volume
of 9 �l with 1% FA/4% ACN.

Four microliters of each peptide sample were analyzed on a Dionex
UltiMate 3000 RSLCnano System coupled to an ESI-equipped linear
trap quadrupole (LTQ)-Orbitrap Velos mass spectrometer (Thermo-
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Fisher Scientific, San Jose, CA). Peptides were separated by reverse
phase chromatography (Acclaim PepMap RSLC, 1.8 �m � 75 �m �
25 cm) at a flow rate of 250 nL/min on a 90 min gradient (4–40%
ACN). The mass spectrometer was operated in a data-dependent
acquisition mode; each acquisition cycle consisted of a single full-
scan mass spectrum (m/z � 350–1700) in the Orbitrap (r � 30,000 at
m/z � 400) followed by MS/MS acquisition (collision induced disso-
ciation fragmentation) of the top 20 most abundant ions per cycle.

Raw MS/MS spectra files from each biological sample (1 gel lane
with n � 8–10 fractions) were extracted and analyzed by Proteome
Discoverer (PD1.4)/SEQUEST (v1.3, ThermoFisher Scientific), as de-
scribed in (30); peptide spectrum matches were generated by search-
ing against the forward and reverse sequences in the UniProt Swiss-
Prot database (22,630 entries containing human, herpesvirus, and
common contaminant sequences; downloaded in August 2013), as
described in (31). Search parameters were: full trypsin specificity,
maximum of two missed cleavages, ion precursor mass tolerance of
10 ppm, fragment ion mass tolerance of 0.5 Da, fixed modification
including cysteine carbamidomethylation, variable modifications in-
cluding methionine oxidation, serine, threonine, and tyrosine phos-
phorylation. Search results were analyzed by Scaffold (v3.6.5 and
4.4.1; Proteome Software) and, using the X!Tandem algorithm (Beavis
Informatics), refined for detection of the following additional modifi-
cations: deamidation of glutamine and asparagine, acetylation of
lysine, and oxidation of tryptophan. Protein and peptide confidences
were set to 99 and 95%, respectively, to achieve a protein and
peptide global false discovery rate of � 2 and 1%, respectively,
estimated based on searches against the reverse database. Sample
contaminants entries were removed and unweighted spectrum
counts were exported to Excel for additional analysis. The mass
spectrometry proteomics data have been deposited to the Pro-
teomeXchange Consortium (32) with the data set identifier
PXD002733.

To evaluate the specificity of identified interactions, unweighted
spectrum counts from DBC1-EGFP IPs were compared with EGFP
control IPs from the corresponding cell type (4 replicates for CEM T
cells or 3 replicates for HEK293 cells) with the SAINT algorithm, as
described by (33). The SAINT algorithm assigns a probability score
(ranging from 0 to 1) or specificity based on spectrum counts for
bait-prey pairs, while also taking into account protein length and the
total number of spectra identified in a single experiment. Proteins with
a SAINT score �0.9 were chosen for construction of cell-specific
interaction networks using the STRING database (34). The STRING
network was exported to xml files and visualized with Cytoscape (35).
The ratio of each protein’s normalized spectral abundance factor
(NSAF) to protein abundance (PAX) was calculated to account for the
impact of length, relative spectral abundance among co-isolated
proteins, and total cellular abundance, as reported in (14). NSAF
values were calculated as in (36). Enrichment of bait proteins was
calculated using the following equation: log2 (105 � NSAF/PAX).

Quantification of DBC1 by Selected Reaction Monitoring (SRM)
Mass Spectrometry—Total cellular protein was extracted from wild-
type CEM T, HEK 293, and cells expressing EGFP alone or DBC1-
EGFP (n � 3, 105 cells per replicate) in 20 �l of pre-heated (70 °C)
lysis buffer (0.1 M ammonium bicarbonate containing 5% sodium
deoxycholate, 50 mM TCEP (pH-neutral), and 50 mM chloroacet-
amide). Extraction and subsequent processing was performed in
triplicate. Samples were heated at 95 °C for 5 min and bath sonicated,
then cysteine was added (50 mM final concentration), incubating for
10 min at 37 °C to quench free chloroacetamide. Samples were
diluted with 80 �l of water containing 0.8 �g of MS-grade trypsin and
incubated at 37 °C for 7 h. To remove deoxycholate, a phase transfer
approach was used, as previously described (37). Briefly, samples
were diluted with an equal volume of ethyl acetate and then acidified

to 0.5% TFA. Samples were vortexed briefly, shaken for 1 min, and
centrifuged at 16,000 � g for 2 min. The aqueous phase was recov-
ered and desalted over SDB-RPS StageTips by washing sequentially
with 50:50 ethyl acetate/0.5% TFA and 0.2% TFA, then eluting in 40
�l of 80:15:5 (v:v:v) ACN/water/ammonium hydroxide (38). Samples
were immediately concentrated to near-dryness and suspended in
100 �l of 1% FA/2% ACN, except for MRC5 cells, which were
suspended in 20 �l volume.

Candidate DBC1 peptides and histone peptides for targeted SRM
quantitative analysis were selected from a spectral library of tandem
mass spectra from HEK 293 whole cell tryptic digests collected by
data-dependent acquisition. Based on a previous study using histone
proteins as normalization standards for label-free quantification (39),
six candidate tryptic peptides were screened from three histones
(H2A1A, H2B1A, and H4). The tryptic peptide sequences were se-
lected to largely avoid known sites of modifications, and in particular,
the sequences from the N-terminal “tail” regions were excluded,
where the most prominent post-translational modification are pres-
ent. For DBC1, five candidate peptides were selected from the spec-
tral library. Skyline (40) (ver. 3.1.1.9007) was used to calculate and
export theoretical masses and retention time windows (4 min) for
candidate peptides into the Xcalibur method editor.

Desalted peptides (2 �l) were analyzed by nanoliquid chromatog-
raphy-selected reaction monitoring mass spectrometry on a Dionex
Ultimate 3000 RSLC coupled directly to an Orbitrap Velos ETD mass
spectrometer equipped with an EASY-Spray ion source (Thermofisher
Scientific). Peptides were injected directly on to the analytical column
(EASY-Spray 2.0 �m, 75 �m ID x 50 cm) and separated over a 60 min
acetonitrile gradient from 4 to 40% B (A: 0.1% FA, B: 97% ACN in
0.1% FA). Full scan tandem mass spectra were acquired in the
dual-pressure linear ion trap (isolation width � 2.0, normalized colli-
sion energy � 35, maximum ion time � 150 ms, and maximum AGC
target value � 1E4) from a scheduled MS/MS mass inclusion list.
After each cycle of MS/MS, a single MS spectrum was collected in the
orbitrap analyzer (resolution � 7500, m/z � 350 - 1700).

Skyline was used to extract fragment ion intensities (QIT resolu-
tion � 0.7 m/z) from the ThermoRAW files, and the reproducibility of
fragment ion detection and integration boundaries were manually
inspected. After refinement, two histone peptides (AGLQFPVGR from
H2A1A and LLLPGELAK from H2B1A) and three DBC1 peptides
(VQTLSNQPLLK, SPAPPLLHVAALGQK, VLLLSSPGLEELYR) were
selected (3–5 transitions with dotp 	 0.90) to represent total protein
abundance as these candidates had the highest chromatographic
(�RT � 20 s) and integrated area reproducibility across biological
replicates and cell types. The total fragment ion area measurements
were exported to Excel, and for each biological replicate, DBC1
fragment ion areas were summarized at the protein level and normal-
ized to the respective sum of histone H2 fragment ion areas. For
DBC1-EGFP and EGFP control cell lines, the relative increase in
DBC1 abundance was expressed versus the respective wild-type
cells. Skyline data was published to the Panorama Public server
accessible at https://panoramaweb.org/labkey/DBC1.url

Reciprocal Co-immunopurifications and Western Blot Analysis—A
0.2 g sample of cryogenically lysed HEK293 or CEM T DBC1-EGFP or
EGFP cell powder was resuspended in 2 ml of cold-optimized lysis
buffer (1� TBT with salts, 0.5% Triton-X 100, 200 mM NaCl, 1/100
(v/v) protease inhibitor mixture (Sigma-Aldrich), and 10 �g/ml DNase
(Sigma-Aldrich)). Ten percent of lysate was saved for input analysis
and the remainder was divided into two separate isolations (IgG and
target protein), and incubated with rotation for 1.5 h at 4 °C with 2 �g
primary antibody: mouse �-TBL1XR1 (Santa Cruz Biotechnology),
mouse �-DNAPKCS (Santa Cruz Biotechnology), rabbit �-DDX5 (Ab-
cam), and either rabbit or mouse IgG (Santa Cruz Biotechnology).
Samples were incubated with 20 �l Protein A/G beads per isolation at
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4 °C with gentle rotation for 2.5 h. Beads were washed twice with lysis
buffer and twice with PBS, then resuspended in 25 �l LDS sample
buffer and eluted by heating at 95 °C for 5 min. Co-isolated proteins
were analyzed by Western blot.

To evaluate protein expression and IP efficiency, samples were
analyzed by Western blotting. To measure IP efficiency, 5% or 10% of
flow-through (unbound proteins), cell pellet (insoluble fraction after
cell lysis), beads (following elution of bound protein), and primary
elution from immunoaffinity solutions were reduced with 1� NuPAGE
Reducing Agent (ThermoFisher Scientific, Inc.) at 70 °C for 10 min and
incubated in the dark at room temperature with 100 mM iodoacet-
emide, for 20 min; to measure protein expression, whole cell lysates
were prepared in the same way. Samples underwent SDS-page elec-
trophoresis (5%-acrylamide stacking gel, 10%-acrylamide resolving
gels) with PrecisionPlus Dual Color Standard ladder (Bio-Rad Labo-
ratories) and transferred to a PVDF membrane. Proteins were visual-
ized by antibody staining and exposure with Amersham Biosciences
ECL Western blotting Detection Reagents (GE Healthcare).

Circadian Synchronization of CEM T Cells—CEM T cells expressing
DBC1-EGFP or EGFP alone were synchronized by treatment with
dexamethasone (Sigma Aldrich). Cells were incubated for 20 min with
standard culture media supplemented with 300 nM dexamethasone.
Dexamethasone-containing media was aspirated and replaced with
standard culture media to release cells from treatment, and cells were
plated into separate wells to allow for collection over a time-course.
Cells were harvested and snap frozen at 12 h intervals, beginning at
0 h post treatment (t0) to 24 h. Cell lysates were analyzed by Western
blotting to detect expression of circadian cycle-associated proteins
using anti-CLOCK antibodies (Abcam).

Next, a more comprehensive analysis of circadian rhythm was
performed. CEM T cells were incubated with gentle shaking at 37°C
for 2 h with 300 nM dexamethasone, followed by a PBS wash and
incubation in standard culture media on separate culture plates. Cells
were harvested and snap frozen at 4 h intervals starting at 2 h post
treatment to 50 h post treatment. Cells were lysed and analyzed by
Western blotting to determine the expression of another core clock
component, BMAL1, using rabbit anti-BMAL1 antibodies (Abcam
#ab140646) and �-Actin as loading control. In our hands, the anti-
BMAL1 antibody gave better signal-to-noise ratio than the anti-
CLOCK antibody, and was preferred for more accurate quantification.
BMAL1 abundance was calculated by densitometry using �-actin for
normalization. A sine wave function was fit to normalized BMAL1
abundance as a function of time:

y
t� � Asin
2�ft � 	� � C

Parameters were estimated by minimizing the residual sum of
squares while penalizing for large frequency (f) parameters to avoid
overfitting. Periodicity was obtained from the estimated parameter f.

Experimental Design and Statistical Rationale—IP-MS experiments
of DBC1-EGFP from HEK 293 and CEM T cells were performed in
three and four biological replicates, respectively. For each replicate, a
control IP-MS experiment was performed with an EGFP-expressing
cell line. In total 18 biological samples were subjected to GeLC-
MS/MS analysis. EGFP and DBC1-EGFP samples from the same
replicate were analyzed sequentially by mass spectrometry. For
DBC1 SRM experiments, three biological replicates and no more than
three cell types/lines were processed in parallel. For quantification of
DBC1 levels in DBC1-EGFP overexpression cell lines, EGFP control
cell lines and wild-type cells were used as controls. Samples were
analyzed in a block design, where each block was a different biolog-
ical replicate that consisted of three condition/samples analyzed se-
quentially (wild type, EGFP, and DBC1-EGFP). Sample blank and
instrument QC standards were analyzed between blocks. Statistical
significance of DBC1 protein abundance was assessed by one-way

ANOVA with a Bonferroni post-test (p � 0.05). For the protein colo-
calization experiments by microscopy, 20 nuclei were visualized for
each sample. Pearson’s correlation coefficients were calculated from
pixel intensities, and paired t-tests were used to statistically deter-
mine differences between correlations.

RESULTS AND DISCUSSION

DBC1 mRNA Expression and Protein Abundance Varies
Across Cell Types—Given the anticipated range of DBC1
functions and its absence in certain cancer tissues, under-
standing DBC1 expression patterns in different cell types is a
necessary starting point for determining relevant cell types for
assessing DBC1 interactions and tissue-specific regulatory
roles. First, we used quantitative RT-PCR to determine the
mRNA levels of endogenous DBC1 in T (CEM T), embryonic
kidney (HEK293), fibroblast (MRC5), and osteosarcoma
(U2OS) cells (Fig. 1B). These cells were selected to represent
cell types previously used in DBC1 studies (HEK293) (3, 41,
42), cells in which the lysine deacetylases targeted by DBC1
(SIRT1 and HDAC3) have been functionally investigated (CEM
T and MRC5) (13, 43), and an example of a cancer cell line
(U2OS). We used R-3.1.3 to build a linear model using cell
type and biological replicates as variables, and determined
that 2��Ct values varied significantly across cell types (p �

0.0427). Using the Tukey Honest Significant Differences test
(44), we found that MRC5 and CEM T 2��Ct values were
significantly different (p � 0.0297). Overall, as the highly abun-
dant �-actin mRNA was present at �30- to �70-fold greater
levels than DBC1 in the sampled cells, our results indicate that
DBC1 mRNA is relatively abundant within these cell types,
particularly in CEM T and HEK293 cells. We next assessed the
relative protein levels of endogenous DBC1 using Western
blotting (Fig. 1C). Actin levels are shown as a comparison, as
this control was used in previous studies. However, these
cells have different amounts of cytoplasm and cytoskeleton;
therefore the normalization was performed by loading equal
number of cells for each sample. The protein abundance of
DBC1 displayed similar relative levels to those observed for its
mRNA levels, illustrating higher levels of DBC1 in CEM T and
HEK293 cells when compared with MRC5 cells. Because both
DBC1 mRNA and protein levels varied across the cell types
investigated, its expression may be regulated on a cell type-
specific basis.

DBC1-EGFP is Nuclear, Functionally Modified by Phosphor-
ylation, and retains Its Interaction with SIRT1—Attempts to
study DBC1 interactions using commercially available anti-
DBC1 antibodies has resulted in inefficient isolation of the
DBC1 bait protein. Therefore, in order to investigate DBC1
interactions we had to adopt a tagging approach. We opted to
generate a DBC1 construct with a C-terminal EGFP tag, which
we previously used for effective �-EGFP IP-MS studies and
for characterization of novel protein functions (13, 45). Al-
though tagging can significantly improve the efficiency of
protein isolation, the addition of the tag can interfere with the
localization, interactions, and function of the protein of inter-
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est. Therefore, first, to avoid an excessive overexpression of
DBC1, we used retroviral transduction to generate CEM T and
HEK293 cell lines stably expressing DBC1-EGFP or an EGFP-
only control. We selected these two cell types for our inter-
action studies based on the functional relevance of these cell
types and on our observation that DBC1 is well expressed in
these cells (Fig. 1B and 1C). Specifically, HEK293 cells were
selected because of their use in the initial functional studies
implicating DBC1 in the regulation of SIRT1 activity (3, 41, 42).
Additionally, given the ability of DBC1 to negatively regulate
HDAC3, we further selected CEM T cells as a relevant cell

type for investigating DBC1 functions. Small molecule pan-
HDAC inhibitors are currently in use for the treatment of T-cell
lymphomas, and we have previously characterized the func-
tions and interactions of HDACs in T cells (13). We confirmed
the stable expression of DBC1-EGFP in HEK293 and CEM T
cells at the mRNA level using qRT-PCR (Fig. 2A). Next, we
assessed the protein levels using both Western blotting (Fig.
2B) and selected reaction monitoring mass spectrometry
(SRM-MS) (Fig. 2C). The Western blotting using an anti-DBC1
antibody allowed distinguishing between the endogenous
DBC1 and the tagged DBC1-EGFP in HEK293 and CEM T
cells (Fig. 2B). The SRM-MS analysis was performed using
three unique DBC1 tryptic peptides (see Methods), and af-
forded a more accurate quantification of the total DBC1 pro-
tein levels in these cells (Fig. 2C). Our results showed that the
overexpression of DBC1-EGFP increased the total cellular
abundance of DBC1 by only �20 to 40% in HEK293 and CEM
T cells, respectively. These results are consistent with the
retroviral LTR-driven expression of DBC1-EGFP, which limits
profound overexpression often induced with other promoters
(e.g. CMV). We further assessed the GFP protein levels in
these cells, either as free GFP or as DBC1-EGFP. DBC1
retained the GFP tag, as no prominent GFP cleavage was
evident (Fig. 2D).

Next, we verified the subcellular localization of EGFP-
tagged DBC1 using confocal immunofluorescence (IF) mi-
croscopy. DBC1-EGFP localized primarily to the nucleus in
both HEK293 and CEM T cell lines (Fig. 2E). This phenotype is
consistent with previous reports on DBC1 subcellular local-
ization (46) and with our observations of endogenous DBC1
localization in wild-type HEK293 and CEM T cells (Fig. 2E,
DBC1 in WT cells). Conversely, cells expressing EGFP alone
displayed free EGFP localization to both the nuclear and
cytoplasmic compartments (Fig. 2E, EGFP). Additionally, us-
ing small-scale IP-Western blotting studies, we confirmed that
the tagged DBC1-EGFP can still form its known functional
interactions with SIRT1 and HDAC3 under the lysis buffer
conditions selected for subsequent experiments (supplemen-
tal Fig. S1A). Lastly, recent studies have indicated that DBC1
is phosphorylated at numerous residues throughout its amino
acid sequence (47–50). One critical modification is the phos-
phorylation at T454 within its Nudix hydrolase domain (Fig.
1A), a modification shown to be important for its binding to
SIRT1 (50). Therefore, to further verify that DBC1-EGFP is
functional, we tested whether it retains these functional phos-
phorylations. Mass spectrometry analysis of immunoaffinity
purified DBC1-EGFP (Fig. 3A) led to the identification of 11
phosphorylation sites in both HEK293 cells and CEM T cells
(red nodes, Fig. 3D). As all these sites have been previously
observed in other cell types, these results indicate that the
tagged DBC1-EGFP can be regulated at the post-translational
level by phosphorylation similarly to endogenous DBC1 (51).
Importantly, the functional T454 phosphorylation was identi-
fied in our study of DBC1-EGFP. Overall, our assessment of

FIG. 1. DBC1 domains, regulatory functions, and relative mRNA
levels in different cell types. A, Model of DBC1 structure with
predicted domain boundaries and direct interacting partners. Num-
bers indicate amino acid positions. Functionally characterized post-
translational modifications (PTMs) are indicated. B, Endogenous
mRNA expression of DBC1 in wild-type HEK 293, CEM T, U2OS, and
MRC5 cells determined by qRT-PCR, was normalized to endogenous
�-actin (�Ct) for each cell type. Fold change (2��Ct) is plotted for each
cell type. Mean fold change (solid circle) and 95% confidence inter-
vals (error bars) are indicated. n � 10 biological replicates and n � 3
technical replicates for each biological replicate. C, Endogenous
DBC1 protein levels in wild-type HEK 293, MRC5, and CEM T cells
assessed by Western blotting. Loading was normalized by equal cell
number (75,000 cells/sample).
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DBC1-EGFP shows that the tagged protein retains its nuclear
localization, the interaction with SIRT1 and HDAC3, and the
functional phosphorylation sites previously observed, provid-
ing a suitable model for studying DBC1 protein interactions.

Identification of DBC1 Protein Interactions—Having vali-
dated the localization, known functional interactions, and
modification state of DBC1 in our generated T cells and
HEK293 cells, we next performed immunoaffinity purifications

of DBC1-EGFP from these two cell lines using magnetic
beads conjugated to in-house generated anti-GFP antibodies,
and analyzed the interacting proteins by mass spectrometry
(Fig. 3A). To ensure an efficient isolation of DBC1 with its
functional interactions, we first performed a series of optimi-
zation experiments (supplemental Figs. S1, S2). We aimed to
find a lysis buffer condition that provided sufficient stringency
for effective isolation of DBC1, while still being mild enough to

FIG. 2. Expression and localization of DBC1-EGFP in T cells and kidney cells. A, DBC1 mRNA expression was measured by qRT-PCR
in HEK 293 (left) or CEM T (right) cells stably expressing DBC1-EGFP or EGFP alone relative to wild-type (WT). B, Relative protein levels of
endogenous DBC1 versus DBC1-EGFP assessed by Western blotting in HEK 293 (left) or CEM T (right) cells; �-actin levels are used as loading
controls. C, DBC1 protein abundance was measured by selected reaction monitoring (SRM) mass spectrometry using three unique DBC1
tryptic peptides (see Materials and Methods). Experiments were performed in HEK 293 (left) and CEM T (right) cells stably expressing
DBC1-EGFP or EGFP alone and in their respective WT cells. The abundance of total DBC1 (endogenous � overexpressed) was increased
DBC1-EGFP cell lines, but not in the GFP control, compared with wild type cells (one-way ANOVA, HEK293: p � 0.011, CEM: p � 0.0001,
mean � S.E., n � 3). D, DBC1-EGFP and EGFP protein expression in HEK 293 or CEM T cells by Western blotting. E, DBC1 protein localization
shown for the endogenous (DBC1 in WT cells) or the tagged protein (DBC1-EGFP) in HEK293 or CEM T cells. The localization of free GFP is
illustrated in the control HEK293 and CEM T cell lines (EGFP, green); Nucleus, (DAPI, blue); Scale bar, 10 �m; 60x oil immersion lens.
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retain its interactions. We used DBC1’s known association to
SIRT1 as a test for maintenance of interactions (supplemental
Fig. S1). Furthermore, we confirmed the efficient recovery of
DBC1-EGFP by verifying that the majority of the protein is in
the immunoaffinity purified fraction (elution) when compared
with the remaining cell pellet, the flow through, and the ma-
terial left on the beads after elution (Fig. 3B, 3C). The proteins
co-isolated with DBC1 were next analyzed by nLC-MS/MS.

To assess the specificity of the observed DBC1 interac-
tions, we used the Significance Analysis of Interactome
(SAINT) algorithm (33) to compare proteins identified in the
biological replicates of DBC1-EGFP isolations with those
found in EGFP control isolations. We selected a stringent
SAINT score cutoff (SAINT p � 0.9) for inclusion of a prey
protein in the DBC1 interaction network. This score is more
stringent than the scores commonly used in previous func-
tional protein interaction network studies (13, 30). However,
given the limited knowledge regarding DBC1 interactions, we

selected this SAINT cutoff to focus only on the high-confi-
dence interactions of DBC1. From this set of DBC1 protein
associations predicted as highly specific, we constructed in-
teraction networks using information regarding the localiza-
tion and cellular functions of these proteins (curated by Uni-
ProtKB and STRING-db) (34, 52). To further determine which
proteins are most enriched in the DBC1 interaction network,
we calculated the ratio between the normalized spectrum
abundance factor (NSAF) and proteome abundance (PAX) for
each interacting protein. We have previously shown that this
analysis aids in the selection of the most prominent interac-
tions for further validation and characterization (14); PAX val-
ues (http://www.pax-db.org) describe the total estimated cel-
lular abundance of proteins, whereas NSAF values (53) reflect
the relative abundance of each protein within the IP. The
log2(105*NSAF/PAX) values are depicted in the interaction
networks by the relative sizes of the nodes (Figs. 4, 5). Protein
subcellular localization (UniProtKB Database) is denoted us-

FIG. 3. Workflow for investigating DBC1 protein interactions and phosphorylation sites. A, Proteomic workflow for immunoaffinity
purifications (IP) of DBC1-EGFP and EGFP from stable CEM T and HEK293 cell lines. Immunoisolates were subjected to label-free IP-MS
analysis with interaction specificity determined by SAINT. DBC1 protein interaction networks were constructed and specific DBC1 interactions
were functionally clustered (using GO annotations, the UniProt database, and literature searches). B–C, Representative Coomassie-stained gel
lanes of DBC1-EGFP isolations, and assessment of the isolation efficiency by Western blotting (10% of each fraction was loaded). B, CEM T
DBC1-EGFP cell line and C, HEK 293 DBC1-EGFP cell line. *, nonspecific band. D, DBC1 phoshorylation sites identified in this study following
DBC1-EGFP isolation from both CEM T and HEK293 cells.
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FIG. 4. Functional DBC1 interaction network in HEK 293 cells. A, DBC1 interaction network of 95 SAINT-filtered (SAINT p 	 0.90) protein
interactions identified in HEK293 cells (n � 3 biological replicates). Nodes indicate individual proteins; edges, known protein interactions
(curated by STRING-db); bold edge, previously known DBC1 interactions). Node color depicts subcellular localization. Node size indicates
NSAF/PAX values. Nodes with black borders indicate proteins causally associated with cancer (COSMIC database). B, Reciprocal isolation of
DBC1-EGFP with DNAPKcs and TBL1XR1. IgG is shown as negative control.
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ing node color, and proteins that have been causally linked to
cancer (COSMIC database, Genome Research Ltd.) are de-
picted as black-outlined nodes.

DBC1-EGFP Interacts Primarily with Proteins Implicated in
Gene Expression and Cell Cycle Progression in HEK293
Cells—We first investigated the DBC1-EGFP interactions in
HEK293 cells. The co-isolation of SIRT1 and additional re-
ported DBC1 interactions (CDK9, HNRPLL, CEP170, Fig. 4A,
thick edges) (54–56) demonstrated successful isolation of
functional DBC1 protein complexes. HDAC3 was also present
specifically in our DBC1 isolations (and not in control isola-
tions), but with low spectral counts. This is in agreement with
our previous observation that HDAC3 is not always well de-
tected by mass spectrometry, possibly because of the low
ionization efficiency of HDAC3 peptides or the high abun-
dance of proteins present in the same �50 kDa region of the
gel. These low spectral counts (covering up to 12% of its
amino acid sequence) precluded HDAC3 from passing our
stringent SAINT filter, even if it was not detected in the control
isolations. Given that the DBC1-HDAC3 is a known functional
interaction and that we confirmed it by both Western blotting
(supplemental Fig. S1A) and mass spectrometry, we manually
included this association in our interaction network. Consis-
tent with the predominately nuclear localization of DBC1 (Fig.
2E), a majority of the observed DBC1 interactions are reported
to localize to the nucleus or have dual nucleo-cytoplasmic
localization (Fig. 4A, blue and green nodes).

One dominant functional group among DBC1 interactions
was formed by proteins involved in cell cycle regulation. For
example, several previously unrecognized DBC1 associations
function in chromosome condensation and segregation (Fig.
4A). These included members of the condensin complex
(NCAPG2 and SMC4), which is responsible for establishing
mitotic chromosome architecture and regulating chromo-
some segregation (57). The microtubule organizer, CEP170, is
known to associate with the centrosome during interphase
and with the spindle apparatus in mitosis (58). NUMA1 helps
tether spindle microtubules to the centrosomes (59). CHTF18,
PDS5A, PDS5B, POGZ, and STAG2 are all implicated in sister
chromatid cohesion, which is critical in chromosome segre-
gation and DNA repair (60, 61). Further strengthening the
functional association of DBC1 with proteins involved in DNA
repair, we validated the observed interaction with DNAPKcs

by reciprocal isolation of the endogenous protein (Fig. 4B).
Interestingly, both HDAC8 and HDAC9 have been shown to
associate with members of the cohesin complex. Although
HDAC8 and HDAC9 were not co-isolated with DBC1 in this
study, possibly because of the low abundances of these
proteins, DBC1 has been shown to interact with HDAC9 upon
immunoaffinity isolation of HDAC9-EGFP (13). Furthermore,
HDAC8 is known to regulate acetylation levels of cohesin
complex members, promoting turnover of the cohesin com-
plex (62). Cohesin removal from chromatin is essential for
sister chromatid segregation, and deacetylation of cohesin
complexes facilitates release (63, 64). DBC1 may coordinate
its activity with HDAC8 and HDAC9 to regulate acetylation
levels of these proteins, cohesin complex turnover, and chro-
mosome segregation. To our knowledge, DBC1 has not pre-
viously been linked to sister chromatid cohesion or chromo-
some segregation.

Maybe not surprisingly, proteins that function in the regu-
lation of gene expression represented the largest contingent
within DBC1 associations. Within this group were proteins
with roles in mRNA processing and splicing, including the
TREX complex proteins THOC2 and THOC5. The TREX com-
plex is thought to couple transcription with RNA processing
and export (65), and deletion of THOC2 is associated with
reduced transcription elongation in yeast (66). It is possible
that DBC1’s transcriptional regulatory and mRNA processing
activities are coupled through this association with the TREX
complex. In agreement with the known role of DBC1 in reg-
ulating gene expression as a cofactor for nuclear hormone
receptors (Fig. 1A), our interaction study revealed its interac-
tion with multiple nuclear hormone receptor transcription fac-
tors. These factors included SAFB2 (estrogen receptor core-
pressor), PELP1 (estrogen receptor co-activator), and PSPC1
(mediator of androgen receptor transcriptional activity). The
presence of additional transcriptional regulatory elements,
TLE1 and TLE3, further implicates DBC1 in multiple signal
transduction pathways, including the Wnt/�-catenin and mi-
togen-activated signaling pathways.

Of particular interest was the identified DBC1 interaction
with TBL1XR1 (Fig. 4A–4B), a component of the HDAC3-
containing NCoR complex (67). In view of the known inhibitory
function of DBC1 on HDAC3, we further investigated this
association. Indeed, we validated this interaction by recipro-

FIG. 5. Functional DBC1 interaction network in CEM T cells. A, DBC1 interaction network of 82 SAINT-filtered (SAINT p 	 0.90) protein
interactions identified in CEM T cells (n � 4 biological replicates). Nodes indicate individual proteins; edges, known protein interactions (curated
by STRING-db); bold edge, previously known DBC1 interactions). Node color indicates subcellular localization. Node size indicates NSAF/PAX
values. Nodes with black borders indicate proteins causally associated with cancer (COSMIC database). B, Representative immunofluores-
cence microscopy images of fixed DBC1-EGFP HEK293 cells stained for HCFC1 (red), DBC1-EGFP (EGFP, green), and DAPI (nucleus, blue).
Scale bar, 10 �m. C, Additional assessment of HCFC1 and DBC1-EGFP colocalization within subnuclear regions. Pearson’s correlation
coefficients were calculated from pixel intensities between each paired combination of the three channels (DAPI, DBC1-EGFP, and HCFC1).
n � 20 cells for each experiment. The points in each box represent the correlation coefficients between one of the channels (base channel)
and two other channels individually. The coefficients obtained from the same cell are connected by a line to represent the difference in
correlation from the base channel to the other two other channels. Paired t test p values assess whether there is a significant difference in
correlation between the base channel and the other two channels.
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cal immunoaffinity isolation of endogenous TBL1XR1 (Fig.
4B). It is possible that TBL1XR1 facilitates recruitment of
DBC1 to the NCoR complex to promote inhibition of HDAC3.
As the NCoR complex is known to repress ER� and AR-de-
pendent transcription (68, 69), TBLX1R1-mediated recruit-
ment could provide a mechanism for DBC1-associated co-
activation of estrogen and/or androgen receptors (6, 70) .

The Functional Associations of DBC1 with Gene Expression
and Cell Cycle Progression are Retained in T Cells—Given the
relevance of T cells in HDAC biology and cancer develop-
ment, we next investigated DBC1 interactions in T cells. Sim-
ilar to our studies in HEK293 cells, we constructed an inter-
action network for predicted specific DBC1 interaction in
CEM T cells (82 proteins with SAINT p � 0.90) (Fig. 5A). As
expected, the group of proteins that passed this stringent
criteria included SIRT1 and other known DBC1 interactions—
p53, ZNF326, and PRMT5 (5, 9, 71), and most identified
proteins had nuclear or nucleo-cytoplasmic annotations.
Among the DBC1 interactions that appeared to be unique or
enriched in T cells when compared with HEK293 cells were
proteins involved in RNA processing and splicing, as well as in
the control of the circadian cycle. However, despite these
cell type-dependent differences in interactions, one striking
feature was again the prominent association of DBC1 with
proteins involved in the regulation of gene expression, chro-
matin structure, and cell cycle progression (Fig. 5A). To de-
termine the subset of proteins that maintained their interac-
tions with DBC1 within these broad functional categories, we
constructed an interaction network from proteins found in
both T cells and HEK293 cells (supplemental Fig. S3). In
performing this comparison between cell types, in addition to
our initial analysis at a SAINT probability cutoff of 0.9 (Figs. 4,
5), we also performed an analysis with a lower filtering cutoff
(� 0.75) to try to partially compensate for the likely differences
in protein abundances in these two cell types (supplemental
Fig. S3). The identified overlap in interactions with proteins
regulating gene expression and the cell cycle aligns well with
the previously reported functions of DBC1, and points to core
interactions that may be associated with the house-keeping
roles of DBC1 in various cell types. Therefore, future investi-
gation of these previously unrecognized interactions can help
to shed light on mechanisms modulating DBC1 functions. For
example, the interaction with SPIN1 links DBC1 to chromatin
binding, Wnt signaling, and cancer cell proliferation (72). Sim-
ilarly, the identified interaction with host-cell factor HCFC1
strengthens the link between the roles of DBC1 in regulating
the cell cycle and chromatin remodeling. HCFC1 is required
for cell cycle progression, as well as an important regulator of
transcription through its functional association with chromatin
modifying enzymes, including deacetylases (Sin3-HDAC
complex), acetyltransferases (p300), and methyltransferases
(Set1/Ash acting on H3K4) (73–75). Indeed, we observed the
colocalization of DBC1 and HCFC1 within the nucleus (Fig.
5B). However, both of these proteins display disperse sub-

nuclear localizations, making it challenging to qualitatively
determine the level of colocalization. Therefore, we next as-
sessed their subnuclear colocalization using Pearson’s corre-
lation coefficient. At the subnuclear level, DBC1-EGFP and
HCFC1 show similar distribution, as evident by the intensity
pattern of these proteins in the nucleus (Fig. 5C, top panel). In
contrast, the nuclear marker DAPI, which is not expected to
localize with these proteins, shows a distinct and more diffuse
distribution. This observation was quantified using Pearson’s
correlation of pixel intensities in 20 cell nuclei. The average
correlation coefficients of DBC1-EGFP and HCFC1 (0.87)
were higher to those of DAPI to either DBC1-EGFP (0.64) or
HCFC1 (0.59). The statistical significance was assessed using
paired t-tests (Fig. 5C, bottom panel), showing that DBC1-
EGFP correlation is significantly higher to HCFC1 than to
DAPI (p � 2.7 � 10–7) and HCFC1 correlation is significantly
higher to DBC1-EGFP than to DAPI (p � 6.7 � 10–7). In
contrast, the coefficients of DAPI correlation to either DBC1-
EGFP or HCFC1 are not significantly different (p � 0.22). This
analysis suggests that these proteins have the opportunity to
interact within the nucleus, further supporting DBC1 coordi-
nated regulation of multiple types of chromatin modifying
enzymes and remodeling events.

The DBC1 Interactome is Enriched in Proteins Causally
Associated with Cancer—To further explore the connection
between cancer development and functional DBC1 interac-
tions, we used the COSMIC database (Wellcome Trust
Sanger Institute, Genome Research Ltd.) to identify proteins
within the interaction networks that are causally associated
with cancer (black outlined nodes in Figs. 4, 5 and supple-
mental Fig. S3). Currently, according to the COSMIC data-
base, �1% of the genome (572 human genes) has been
causally implicated in cancer. These cancer-associated genes
were enriched within the DBC1 interactome relative to the
human proteome (Table I): 9.4% of specific interactions in
HEK293 cells, 9.8% of specific interactions in CEM T cells,
and 11.4% of shared interactions in HEK293 and CEM T cells
are causally linked to cancer. In agreement with prior reports
that DBC1 can both inhibit and promote tumorigenesis, the
observed interacting proteins are characterized as both tumor
promoters and tumor suppressors (Table I). The observed
variation in DBC1-EGFP interactions and function across cell
types highlights the complex and multifaceted roles for DBC1
in tumorigenesis, as it implies that DBC1 has multiple cell-
specific functions and behaviors.

One particularly relevant DBC1 interaction identified in our
study was that with the SWI/SNF (SWItch/Sucrose Nonfer-
mentable) complex (Fig. 4). Five SWI/SNF components were
identified in DBC1 isolations in HEK293 cells: ADNP, ARID1A,
SMARCA2, SMARCA4, and SMARCC2. Strikingly, the SWI/
SNF is the most frequently (�20%) mutated chromatin re-
modeling complex in human cancers (76, 77). Moreover,
SMARCA4 has been shown to be a tumor suppressor through
its role in regulating nuclear receptor-dependent gene expres-

Regulatory Roles of DBC1 Revealed by Protein Interactions

802 Molecular & Cellular Proteomics 15.3

http://www.mcponline.org/cgi/content/full/M115.054619/DC1
http://www.mcponline.org/cgi/content/full/M115.054619/DC1
http://www.mcponline.org/cgi/content/full/M115.054619/DC1
http://www.mcponline.org/cgi/content/full/M115.054619/DC1
http://www.mcponline.org/cgi/content/full/M115.054619/DC1


sion (78). As DBC1 is already known to modulate gene ex-
pression associated with nuclear receptors (6, 70, 79), its
interaction with SMARCA4 may indicate a regulatory role for
DBC1 in SMARCA4-mediated tumor suppression.

A DBC1 interacting partner observed in both HEK293 and T
cells (supplemental Fig. S3), STAG2, was reported in a study
of 21 human cancer types as one of 12 genes frequently
mutated in more than four tumor types (80). Mutations of
proteins associated with sister chromatid cohesion have been
found within multiple cancer genomes, and may be linked
with aneuploidy in some cancers (81). Through its interaction
with STAG2, it is possible that the role of DBC1 in regulating
sister chromatid cohesion and segregation can be associated
with tumorigenesis.

Aberrant DBC1 expression has been associated with mul-
tiple cancer types, and consequently, it is not surprising that
the DBC1 interactomes are enriched in cancer-associated
genes. However, the identification of specific DBC1 interac-
tions that are already linked to tumorigenesis or tumor sup-
pression (Table I) provides promising targets for future studies
in a therapeutic context and further deciphering of the role of
DBC1 in cancer progression.

DBC1 Interactions in T Cells Point to a Role in Regulating
the Circadian Cycle and Alternative Splicing—Despite the
overlap in DBC1 interactions in T cells and kidney cells, nu-
merous SAINT-filtered proteins were only observed to asso-
ciate with DBC1 in a single cell type (Figs. 4, 5, supplemental
Fig. S3). The relatively small degree of overlap between these
interaction networks implies that DBC1 participates in a range
of cellular pathways through interactions that vary on a cell-
by-cell basis.

An intriguing DBC1 interaction enriched in T cells was that
with proteins known to regulate RNA processing (in particular
splicing) and the circadian cycle (Fig. 5A). Nine of the isolated
proteins belong to the spliceosomal C and the U4/U5/U6
tri-snRNP complexes: PNN, DDX5, SF3B3, SNRNP200,
SF3B1, ZCCHC8, PRPF8, SFPQ, and CDC5L (82, 83). SF1,
UPF1, and ADAR also belong to the spliceosome or supraspli-
ceosome machinery (84, 85). These interactions with mem-
bers of the spliceosome complex are likely linked to DBC1’s
role as a component of the DBIRD complex, which integrates
transcript elongation and mRNA splicing (5). Indeed, ZNF326,
the other known component of the DBIRD complex, was also
present in our interaction network in T cells. However, our
finding that DBC1 interacts with multiple components of the
spliceosome complex suggests that DBC1 may have a role in
the integration of transcription with alternative splicing be-
yond the promotion of exon exclusion. RNAPII-dependent
transcription is functionally coupled to the assembly of the
spliceosome (86). The spliceosome is a large and dynamic
ribonucleoprotein (RNP) complex, consisting of the U1, U2,
U4/U6, and U5 small nuclear (sn) RNPs, as well as over a
hundred non-snRNP proteins (87). Notably, protein acetyla-
tion and deacetylation plays a role in cotranscriptional spli-
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ceosome assembly (88). For example, histone post-transla-
tional modifications create binding sites for proteins that
promote spliceosome assembly (89). Moreover, one study
has found that the deletion of HDACs limits the recruitment
and rearrangement of snRNPs downstream of U2, inhibiting
the formation of a fully functional spliceosomal complex (90).
HDAC inhibitors, both of classical HDACs and of sirtuins, as
well as HAT inhibitors, lead to the formation of stalled com-
plexes that represent intermediates of spliceosomal assembly
and block pre-mRNA splicing (88). DBC1 may modulate spli-
ceosomal assembly through the regulation of chromatin re-
modeling and protein acetylation levels.

Sharing oscillatory features with cell cycle progression, the
circadian cycle emerged as another interesting functional cat-
egory for DBC1 interactions in T cells. We identified several
proteins belonging to the human circadian clock PERIOD
(PER) complex (SFPQ, DDX5, and DHX9), which suggests a
regulatory role for DBC1 at the interface of chromatin remod-
eling and the circadian cycle. The PER complex mediates
repression of circadian gene targets, while SFPQ recruits the
SIN3-HDAC complex, promoting histone deacetylation and
transcriptional repression (91). DDX5 (p68) has been found
within spliceosomal B and C complexes, is necessary for the
transition between the prespliceosomal and the spliceosomal
complex, and co-immunoprecipitates with the PER complex
component, PER2 (83, 91). Given the potential significance of
this DBC1 association, we performed further studies to vali-
date it. Using reciprocal isolation of the endogenous RNA
helicase DDX5 from T cells, we indeed confirmed this inter-
action by observing the co-isolation of DBC1 only in the DDX5
IP and not in the parallel IgG control isolation (Fig. 6A). Fur-
thermore, we also confirmed the pan-nuclear colocalization of
DBC1 with DDX5 (Fig. 6C) by immunofluorescence micros-
copy. We observed a similar colocalization of DBC1 with
SFPQ (Fig. 6D), but were not able to obtain an antibody
suitable for additional validation by reciprocal isolations.
Therefore, we further assessed the subnuclear colocalization
of these proteins. DBC1-EGFP and SFPQ displayed good
colocalization as shown by zoomed images of the nucleus
(Fig. 6E, top panel) and averaged Pearson’s correlation coef-
ficient of 20 nuclei (0.79). This correlation is significantly
higher than the averaged coefficients of DAPI correlation to
either DBC1-EGFP (0.47) or SFPQ (0.45), as shown by paired
t-tests (Fig. 6E, bottom panel). DBC1-EGFP and SFPQ corre-
lation is significantly higher than the correlation of either of
these proteins to DAPI (p � 8.8 � 10�9 and p � 1.2 � 10�7).
In contrast, the correlation of DAPI to either of these proteins
is not significantly different (p � 0.58). Altogether, these anal-
yses indicate that DBC1 has the potential to interact with
members of the circadian clock PER complex within the nu-
clear compartment.

By integrating our findings with previous reports, we pro-
pose a model for DBC1 functions in the regulation of the
circadian cycle (Fig. 6H). DBC1 has been previously shown to

directly regulate the circadian receptor Rev-erb� by promot-
ing Rev-erb� stability and transcriptional repression of
BMAL1 expression (92), which is mediated by NCoR-HDAC3
(93). Conversely, the CLOCK-BMAL1 complex promotes tran-
scription of circadian genes, in part through HAT-mediated
acetylation of CLOCK (94) and through physical association
with SIRT1 (95). Cyclic SIRT1-dependent deacetylation of
BMAL1 promotes BMAL1 stability and CLOCK-BMAL1 activ-
ity, whereas SIRT1-mediated histone deacetylation likely re-
presses expression of CLOCK-BMAL1 target genes (95, 96).
The DBC1-mediated regulation of SIRT1 activity further links
DBC1 function to the circadian cycle (3, 4). Furthermore, if
DBC1-mediated inhibition of HDAC activity extends to SIN3-
HDAC complexes, DBC1 may also control repression of PER
complex activity and promotion of CLOCK-BMAL1 target
gene expression.

Given the potential for DBC1 to regulate the expression of
proteins associated with the circadian cycle and our identifi-
cation of a specific association with PER complex compo-
nents, we next tested whether DBC1 levels can impact
CLOCK functions. Toward this goal, we synchronized CEM T
cells with dexamethasone, a glucocorticoid agonist, and as-
sessed the impact of DBC1-EGFP overexpression on the
oscillation of CLOCK protein expression relative to EGFP
control cells (Fig. 6F). The EGFP cell line was selected as the
control in this experiment to both account for any potential
impact of the EGFP tag on circadian cycling, as well as to
provide a matched cell line that underwent the same trans-
formations (e.g. retrovirus transduction) as the DBC1-EGFP
cell line. As expected, upon circadian clock synchronization in
EGFP control cells, CLOCK protein levels were decreased at
0 h, increased at 12 h, and then decreased again at 24 h. In
contrast, we observed loss of CLOCK protein oscillation in
cells expressing DBC1-EGFP (Fig. 6F). Our results suggest
that DBC1 protein expression is important for the temporal
regulation of CLOCK protein levels.

To further support this proposed role of DBC1 in the regu-
lation of circadian rhythm, we performed a more temporally
comprehensive analysis by looking at the regulation of an-
other core clock component, BMAL1. A 50-h time course with
4 h intervals was collected from dexamethasone-synchro-
nized CEM T EGFP control and DBC1-EGFP overexpressing
cells. BMAL1 abundance was measured throughout this time
course (Fig. 6G). In EGFP control cells, BMAL1 oscillated with
a periodicity of 20.6 h, as expected for the circadian clock.
Interestingly, DBC1-EGFP overexpressing cells showed
BMAL1 oscillations with an apparently slowed clock of 53.9 h
periods. The oscillations of this slowed clock could only be
observed by looking at this longer time-course, whereas a
shorter time-course (�24 h) only showed an apparent loss of
circadian oscillations (as observed in Fig. 6F). Our results
suggest that DBC1 protein abundance is important for the
temporal regulation of two core clock components, BMAL1
and CLOCK.
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FIG. 6. DBC1 interacts with regulatory components of the circadian cycle. A, Isolation of DBC1-EGFP in immunoaffinity purifications of
endogenous DDX5 using rabbit anti-DDX5 antibodies or rabbit IgG (IgG); loading represents 10% of each sample (IgG IP, DDX5 IP, and Input).
B, Confirmation of bait (DDX5) isolation using rabbit anti-DDX5 antibodies, when compared with control isolation; loading represents 1% of
input, 10% for flow through (FT), and 10% for IP elution. C–D, Representative immunofluorescence images of fixed DBC1-EGFP CEM T cells
stained for PER complex components DDX5 (panel C, red) and SFPQ (panel D, red) and, DBC1-EGFP (green), and DAPI (nucleus, blue). Scale
bar, 10 �m. E, Additional assessment of the subnuclear colocalization of DBC1-EGFP with SFPQ, as in Fig. 5C. Pearson’s correlation
coefficients were calculated from pixel intensities between each paired combination of the three channels (DAPI, DBC1-EGFP, and SFPQ). n �
20 cells for each experiment. F, CLOCK protein levels by immunoblotting (anti-Clock) following circadian cycle synchronization by dexameth-
asone treatment (300 nM) at 0, 12, and 24 h post-treatment in control EGFP overexpression (EGFP Ctrl) or DBC1-EGFP overexpression (DBC1
OE) CEM T cell line backgrounds. Values represent relative levels as assessed by densitometry. G, BMAL1 relative protein levels as quantified
by Western blot densitometry after circadian cycle synchronization. BMAL1 levels were measured every 4 h from 2 to 50 h after dexamethasone
treatment in EGFP control (EGFP Ctrl) and DBC1-EGFP overexpression (DBC1 OE). BMAL1 levels normalized to actin are shown as points in
the graph, and a fitted sine curve is displayed as a line. The periodicity was calculated from the parameters of the fitted sine curve
(representative of two biological replicates). H, Model for an expanded role for DBC1 in the regulation of the circadian cycle. Protein interactions
known to have direct roles in regulation of the circadian cycle are shown as solid gray lines. Known impact of DBC1 interactions that have not
been previously linked to the circadian cycle are shown as solid orange lines. Proposed regulatory roles for DBC1 are shown as dashed orange
lines. HDAC corepressor complexes are shown in red.
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DBC1 may also regulate PER complex activity as a com-
ponent of the DBIRD complex. Whereas the PER complex
(DDX5 and DHX9) acts to inhibit transcript termination and to
reduce the rate of transcription, the DBIRD complex promotes
elongation (5, 91). As both the PER complex and DBIRD
complex are known to interact with RNAPII and are found in
our study to be DBC1 interactions, DBC1 may counteract the
PER-dependent inhibition of RNAPII transcription. Altogether,
by revealing these DBC1 interactions with components of the
PER complex, the DBIRD complex, chromatin remodeling
proteins, and transcriptional regulatory factors, our results
point to several mechanisms through which DBC1 can con-
tribute to regulating the human circadian cycle.

CONCLUSIONS

Here we present the first proteomics study of DBC1 inter-
actions in HEK293 and CEM T cells. These interactomes point
to both shared and unique DBC1 functional protein associa-
tions in these diverse cell types. We demonstrate conserved
regulatory roles for DBC1 in gene expression, chromatin or-
ganization and modification, and cell cycle progression. We
further observed that numerous newly identified interactions
of DBC1 are causally associated with cancer progression.
Among these are the interactions with five components of the
SWI/SNF complex, which is the most frequently mutated
chromatin remodeling complex in human cancers. Another
important example is our identified DBC1 interaction with
STAG2, a protein associated with sister chromatid cohesion
and found to be mutated in multiple cancer genomes.
Of particular interest was the identified interaction with
TBL1XR1, a component of the NCoR complex, which we
validated by reciprocal isolations. Our results implicate DBC1
activity in transcriptional regulation through its association
with HDAC-containing corepressor complexes and in main-
tenance of DNA strand integrity via specific interaction with
the DNA repair protein DNAPKcs.

Interestingly, we discover that DBC1 associates with mul-
tiple proteins involved in the circadian cycle. We show that
DBC1 interacts with multiple components of the PER complex
(DDX5, DHX9, and SFPQ), a critical regulator of the circadian
cycle. We validate this interaction by colocalization and recip-
rocal isolation. Importantly, we demonstrate that DBC1 pro-
tein levels are important in the regulation of CLOCK and
BMAL1 protein oscillations in T cells during circadian cycling.

Altogether, these interactions support and further expand
our knowledge of DBC1 as both a specific regulator of histone
deacetylation and a broad regulator of chromatin remodeling.
Our results lead us to propose that DBC1 functions are inte-
gral to the maintenance of coordinate circadian cycle pro-
gression. It is possible that DBC1-mediated transcriptional
events and epigenetic modifications are regulated in a tem-
poral manner through its participation in circadian clock-
associated complexes. In addition to our functional insights
into the roles of DBC1, we expect that our broad interaction

networks will provide a resource for future investigations of
DBC1 roles in cancer progression and transcriptional
regulation.
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