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Targeted and Interactome Proteomics
Revealed the Role of PHD2 in Regulating BRD4
Proline Hydroxylation*□S

Luke Erber, Ang Luo, and Yue Chen‡

Proline hydroxylation is a critical cellular mechanism reg-
ulating energy homeostasis and development. Our previ-
ous study identified and validated Bromodomain-contain-
ing protein 4 (BRD4) as a proline hydroxylation substrate
in cancer cells. Yet, the regulatory mechanism and the
functional significance of the modification remain un-
known. In this study, we developed targeted quantifica-
tion assays using parallel-reaction monitoring and
biochemical analysis to identify the major regulatory
enzyme of BRD4 proline hydroxylation. We further per-
formed quantitative interactome analysis to determine
the functional significance of the modification pathway
in BRD4-mediated protein-protein interactions and gene
transcription. Our findings revealed that PHD2 is the key
regulatory enzyme of BRD4 proline hydroxylation and
the modification significantly affects BRD4 interactions
with key transcription factors as well as BRD4-mediated
transcriptional activation. Taken together, this study
provided mechanistic insights into the oxygen-depend-
ent modification of BRD4 and revealed new roles
of the pathway in regulating BRD4-dependent gene
expression. Molecular & Cellular Proteomics 18: 1772–
1781, 2019. DOI: 10.1074/mcp.RA119.001535.

Oxygen availability governs the energy homeostasis and
development of living organisms. Cellular adaptation to the
changes of the oxygen concentration is regulated by diverse
signaling and transcriptional mechanisms (1–5). Proline trans-
4-hydroxylation (Hyp)1 is an evolutionarily conserved post-
translational modification (PTM) directly involved in oxygen
sensing (6–9). The decrease in oxygen concentration de-
creases the abundance of proline hydroxylation on the sub-
strate proteins, which further alters the protein-protein inter-
actions, downstream signaling and gene expression (10).
Such regulatory mechanisms are known to play central roles
in diverse cellular pathways including erythropoiesis, angio-
genesis, and the activation of cellular survival responses
(11–14).

Prolyl hydroxylase domain proteins (PHDs) are one of the
major enzyme families that regulate proline hydroxylation in

cells (15–17). The enzymatic activity of the PHDs require
cofactors including oxygen, iron (Fe2�), and alpha-ketogl-
utarate, which makes PHDs an ideal sensor for cellular met-
abolic states. There are three major PHD family proteins
PHD-1, 2, 3 (also known as EGLN-2, 1, 3 respectively) in
mammals. PHD2 is usually more abundant than PHD1 and
PHD3 in cells and tissues, whereas PHD1 predominates in
testis and PHD3 is highly expressed in the heart (18). The
�-subunits of the hypoxia-inducible factor (HIF) complex are
important targets of PHD proteins. PHD-mediated hydroxyla-
tion of HIF-� proteins promotes its interaction with ubiquitin
E3 ligase von-Hippel-Lindau (pVHL), which leads to HIF-�

poly-ubiquitination and rapid degradation by proteasome un-
der normoxia conditions (19–22). Low oxygen concentration
under hypoxia conditions inhibits PHD enzyme activity and
further inhibits hydroxylation-dependent degradation of HIF-�

proteins. Stabilized HIF-� subunits form a complex with HIF-�

proteins and activate the transcription of nearly one hundred
genes as central cellular responses to hypoxia (23–25).

Recent functional and system-wide studies have identified
several Hyp targets regulated by PHD enzymes including
PKM2, AKT, NDRG3, ACC2, FOXO3a, and p53, that regulate
diverse cellular pathways involving signaling and energy ho-
meostasis (26–31). Through proteomics-based screening, we
previously identified Bromo-domain containing protein 4
(Brd4) as a new Hyp target with a high modification stoichi-
ometry (�60%) at an evolutionarily conserved site P536 (sup-
plemental Fig. S1) (32). In the present study, we applied
label-free targeted proteomics analysis with parallel reaction
monitoring (PRM) to identify the regulatory enzyme of Brd4
proline hydroxylation and then performed quantitative inter-
actome analysis to reveal the functional significance of the
modification on Brd4-mediated transcriptional pathways.

EXPERIMENTAL PROCEDURES

Cell Culture and Transient Transfection—HeLa and 293T cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo-
Fisher Scientific, Waltham, Massachusetts). Media was supple-
mented with 10% FBS (Sigma, St. Louis, Missouri), 100IU penicillin,
100 �g/ml streptomycin (Bethyl, Montgomery, Texas). Cells were
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grown at 37 °C in a 5% CO2 incubator. Transfection in HeLa and
HEK293T cells was performed using 1 mg/ml polyethyleneimine (PEI).
Transfection was conducted with a 1:3 ratio (�g DNA: �g PEI) in 500
�l OptiMEM (ThermoFisher Scientific).

Plasmids, siRNAs, and Peptides—pFlag-CMV2-Brd4 (1–1362) was
a gift from Eric Verdin (Addgene plasmid # 22304, Watertown, Mas-
sachusetts). The plasmid containing flag-BRD4 P536A has been pre-
viously described (32). c-myc promoter luciferase vector was a gift of
Bert Vogelstein (Addgene plasmid #16601). pcDNA-RLuc8 was a gift
from Sanjiv Sam Gambhir (Addgene plasmid # 87121). The pc-DNA
plasmid vectors containing HA-tagged PHD1, HA-tagged PHD2, and
myc-tagged PHD3 were gifts of Do-Hyung Kim. The pLKO.1-puro
vector encoding shRNA targeting PHD2, HIf1a, BRD4, and control
were purchased from IDT, Coralville, Texas (TRCN0000001045,
TRCN0000003810, TRCN0000021424 and respectively). The previ-
ously described PHD2 siRNA sequence was purchased from Dhar-
macon (5�-GACGAAAGCCAUGGUUGCUUG-3�) (33). Control siRNA
was MISSION® siRNA Universal Negative Control (Sigma, SIC001).
siRNA transfection was performed using with DharmaFECT 1 Trans-
fection Reagent according to the manufacturer’s instructions (Dhar-
macon, Lafayette, Colorado).

Generation of Stable Knockdown Cell Lines—To establish stable
cell lines, shRNA plasmids were cotransfected into 293T cells or HeLa
cells together with psPAX2 and pMD2.G at the ratio of 4:3:1. Forty-
eight hours after transfection, the cell medium containing the lentivi-
rus was filtered and used to infect the target cells with the help of
polybrene (8 �g/ml). Twenty-four hours after infection, the cells were
transferred into medium containing 2 �g/ml puromycin for selection.
When most of the cells became resistant to puromycin, the concen-
tration of the drug was reduced to 1 �g/ml and the cells were used for
further experiments. Knockdown was validated by Western blotting
and PCR.

Immuno-purification and Western Blot Analysis—293 T cells were
grown to 60% confluence and transfected with expression plasmids.
Sixteen hours after transfection, cells were treated with or without
dimethyloxalylglycine (DMOG) (Cayman Chemical, Ann Arbor, Mich-
igan) for 6 h. Twenty-four hours post-transfection, cells were washed
with PBS and lysed with 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1%
Triton X-100, 150 mM NaCl and protease inhibitor (Sigma). Cell ly-
sate’s protein concentration was measured using Bradford assay
(ThermoFisher Scientific). To conduct immunoprecipitation, cell ly-
sates were incubated with antibody-coupled beads, either anti-FLAG
M2 affinity gel (Sigma) or anti-HA magnetic beads (ThermoFisher
Scientific), for 16 h at 4 °C. Subsequently, the beads were washed 3
times with 0.1% Tween-20 in 1� PBS. Elution was performed with
sample loading buffer (62.5 mM Tris-HCl pH 6.8, 2% sodium dodecyl
sulfate, 0.05% bromphenol blue, 10% glycerol, and 5% beta-mer-
captoethanol) and boiling for 5 min. For Western blotting, equal
amounts of input and immunoprecipitation protein were separated by
SDS-PAGE, transferred to PVDF membranes (Millipore, Burlington,
Massachusetts) and detected using anti-flag, anti-tubulin, anti-Hif1�

(Sigma), anti-HA (Biolegend, San Diego, California), anti-myc (Ther-
moFisher Scientific), anti-actin (VWR, Radnor, Massachusetts), anti-
CDK9 (Cell Signaling, Danvers, Massachusetts), anti-PHD2 (Novus
Biologicals, Centenial, Colorado), anti-mcm5 and anti-CDK1 (Bethyl)
antibodies according to the manufacturer instructions.

BRD4 MS-based Interactome Analysis—Hela cells stably express-
ing siControl or siPHD2 were transiently transfected with wild-type
BRD4 or BRD4 P536A. To ensure reproducibility, three biological
replicate samples were prepared for each condition and empty vector
controls were included to filter out false positive bait interactors. After
transfection, cell lysis and immunoprecipitation were carried out and
the immunoprecipitation elutions were loaded into SDS-PAGE gel for
protein separation followed by in-gel trypsin (Promega, Madison,
Wisconsin) digestion as previously described (34).

Peptides of each biological replicate were injected into the na-
no-LC Proxeon (Easy-nLC 1000, Thermo Scientific) coupled to an
Orbitrap Fusion mass spectrometer (Thermo Scientific). The peptides
were loaded onto an in-house packed C18 column (15 cm � 75 �m,
ReproSil-Pur Basic C18, 2.5 �m, Dr. Maisch GmbH, Ammerbuch,
Germany) and separated with a 60-min gradient using HPLC buffer A
(0.1% formic acid) and buffer B (acetonitrile, 0.1% formic acid). The
LC-MS analysis was performed in a data-dependent mode. The sur-
vey scan was acquired with a resolution setting of 60,000 at 200 m/z.
Dynamic exclusion was enabled with an exclusion duration for 15 s.
The 12 most intense precursor ions were selected for HCD fragmen-
tation using activation energy of 35% in the ion trap.

The raw mass spectrometry data was searched with MaxQuant
(version 1.5.3.12) using default parameters (35), against the human
Uniprot database (downloaded on 2014/04/14, with 69,081 se-
quences) with trypsin selected as the protease that cleaves peptide
bonds at the C terminus of lysine and arginine and allows for a
maximum of two missing cleavages. Variable modifications of methi-
onine oxidation, protein N-terminal acetylation and the fixed modifi-
cation of cysteine carbamidomethylation were selected. The precur-
sor ion and fragment ion mass tolerance of 4.5 ppm and 0.5 Da were
selected, respectively. The False Discovery Rate (FDR) was set to 1%
at the protein, peptide and site levels with a minimum peptide length
of 6 and a minimum Andromeda score of 40. For protein identification,
a minimum of two peptides was required. Default label-free quantifi-
cation (LFQ) parameters were selected for label-free quantification
with normalized protein intensities as the output.

The protein LFQ intensities were processed using the Perseus
software suite (36). The data was Log2 transformed and filtered (37).
A two-tailed, two-sample t test was performed to compare protein
abundance among groups (38). Statistically, significant enrichment
was determined with a Benjamini-Hochberg corrected FDR cutoff of
0.05. To further reduce false positive identifications, we filtered these
interactions, removing any identifications that also presented in the
control immunoprecipitation samples.

Targeted Quantification of BRD4 Proline Hydroxylation—To meas-
ure the change in proline hydroxylation abundance, the Flag-BRD4
vector was expressed in 293T cells and cotransfected with either
HA-PHD1, HA-PHD2 or myc-PHD3 vectors or treated with 1% oxy-
gen using a hypoxia chamber (Biospherix Ltd, Parish, NY). To meas-
ure the change in proline hydroxylation on PHD2 knockdown, 293T
cells stably expressing control shRNA and PHD2 shRNA were gen-
erated as previously described (31). Cells were lysed and BRD4 was
immunoprecipitated using either anti-flag agarose beads or with 1 �g
BRD4 antibody (Millipore) and protein A/G beads as previously de-
scribed (32). Protein was separated with SDS-PAGE, stained with
Coomassie blue (National Diagnostics, Atlanta, Georgia) and digested
with trypsin as previously described (34).

Tryptic peptides were analyzed by LC-MS/MS as previously de-
scribed (32). Peptides were injected into the nano-LC Proxeon (Easy-
nLC 1000, Thermo Scientific) coupled to an Orbitrap Fusion mass
spectrometer (Thermo Scientific). The peptides were loaded onto an
in-house packed C18 column (15 cm � 75 �m, ReproSil-Pur Basic
C18, 2.5 �m, Dr. Maisch GmbH) and separated with a 60-min gradi-
ent using HPLC buffer A (0.1% formic acid) and buffer B (acetonitrile,

1 The abbreviations used are: Hyp, proline trans-4-hydroxylation;
BRD4, bromodomain-containing protein 4; PTM, post-translational
modification; PHDs, prolyl hydroxylase domain proteins; HIF, hypoxia
inducible factor; pVHL, von-Hippel-Landau; PRM, parallel reaction
monitoring; DMOG, dimethyloxalylglycine; LFQ, label-free quantifica-
tion; AML, acute myeloid leukemia.
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0.1% formic acid). Label-free Parallel Reaction Monitoring (PRM) was
used to monitor precursor ions to determine specific HPLC elution
peaks (Tier 3) (39). The precursor ions with the mass to charge ratios
of 663.0288 and 668.3604 with the transition states of 244.1656 and
260.1605, corresponding to the unmodified and hydroxylated BRD4
peptides respectively, were selected for targeted HCD fragmentation
using activation energy of 35%. Precursor and fragment ion spectra
were acquired in the Orbitrap (39). HPLC chromatogram peak areas
of targeted ions were calculated to determine the prevalence of
modified peptides using the default ICIS algorithm in Qual Browser
with 9-points Gaussian smoothing. The stoichiometry was calculated
with the following formula: %Hyp modified � (Peak area of Hyp
peptide)/(Peak area of Hyp peptide � Peak area of Unmodified pep-
tide). Three biological replicates were analyzed under each condition
and two-tailed unpaired Student’s t test was applied to determine
statistical significance.

Bioinformatic Analysis—The functional annotation enrichment
analysis for the proteins enriched with BRD4 was performed with the
online tool DAVID Bioinformatics Resources 6.8 (40, 41). The BRD4
interaction map was generated using Cytoscape (version 3.7) (42).

Luciferase Assay—293 T cells in 24-well plates were transiently
transfected with c-Myc Firefly luciferase reporter vector together with
a Renilla luciferase vector and siRNA for BRD4. After 48 h, two sets of
cells were transfected with either wild-type BRD4 or BRD4 P536A
vectors, whereas one set of cells was treated with 50 �M JQ1 for 24 h
before harvesting. Luciferase activity was measured using the Dual-
GloLuciferase Assay on the GloMax Microplate Reader (Promega).

Quantitative Real-time PCR—Total RNA from three biological rep-
licates for each treatment condition was isolated from cells using
TRIzol Reagent (Invitrogen, Carlsbad, California) according to the
manufacturer’s instructions. For each sample, 2 �g raw RNA was
reverse-transcribed into cDNA with M-MLV Reverse Transcriptase
(Promega) in a 25 �l reaction system. The reverse-transcription prod-
uct was further diluted to 150 �l. Two �l was used as a template for
each qRT-PCR reaction. The reaction was performed on CFX96
Touch™ Real-Time PCR Detection System (BioRad, Hercules, Cali-
fornia) and the reagent was Luna® Universal qPCR Master Mix (New
England Biolabs, Ipswich, Massachusetts, M3003). qRT-PCR data
were collected for each primer pair in triplicate and was analyzed for

RNA expression. GAPDH was used as the reference gene for normal-
ization. All reactions were run in triplicate. The primers for qRT-PCR
are listed in the Supplementary Information (supplemental Table S5).

Experimental Design and Statistical Rationale—For the Quantitative
real-time PCR, luciferase assays, targeted quantification of BRD4
proline hydroxylation, samples from at least three biological replicates
were isolated to account for biological variability. Data were collected
in triplicate to account for technical variation. For quantification, each
experiment was normalized to vehicle control and the normalized
values were averaged. Statistical significance was calculated using
two-tailed Student’s t test, as described in each figure legend.

For MS-based interactome analysis, empty vector controls were
included as sham controls to filter out false positive bait interactors.
To ensure reproducibility, three biological replicate samples were
prepared for each experimental condition to account for biological
variation. Sample processing for all conditions was performed in
parallel and with the same batch of reagents for maximal reproduc-
ibility of protein enrichment, peptide digestion and data acquisition by
mass spectrometry. All mass spectrometry data were analyzed using
the same database FASTA file (Uniprot Human proteome database
downloaded on 2014/04/14, with 69,081 sequences) and the same
MaxQuant version (1.5.3.12).

RESULTS

Candidate Screening Analysis of BRD4-PHD Interac-
tions—To identify the PHD enzyme that regulates BRD4 prolyl
hydroxylation, we first performed a candidate screen to iden-
tify the prolyl hydroxylase that preferentially interacts with
BRD4. By expressing individual PHD family proteins with
BRD4, we performed coimmunoprecipitation (IP) and Western
blot analysis. Our data showed that BRD4 preferentially inter-
acted with PHD2 compared with PHD1 or PHD3 (Figs. 1A–
1C). The interaction between BRD4 and PHD2 was further
confirmed by a reciprocal coimmunoprecipitation (Fig. 1D). To
determine if the interaction between BRD4 and PHD2 was
dependent on PHD2 enzymatic activity, we applied a sub-

FIG. 1. Screening for BRD4 interac-
tions with Prolyl Hydroxylase Domain
proteins. A–C, Western blot analysis
showing flag-IP results following coex-
pression of Flag-tagged BRD4 with HA-
tagged PHD1, PHD2, and myc-tagged
PHD3. Only co-IP in 1B is significant,
suggesting BRD4 bind preferentially to
PHD2. D, Western blot analysis showing
HA-IP results following coexpression of
HA-tagged PHD2 with Flag-tagged
BRD4. E, Western blot analysis showing
HA-tag IP results following coexpression
of Flag-tagged BRD4 with HA-tagged
PHD1, HA-tagged PHD2, and treat-
ment with 2 mM DMOG. Co-IP following
DMOG treatment reveals a significant
increase in BRD4 binding to PHD2.
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strate-trapping strategy as previously reported (43). This strat-
egy used dimethyloxalylglycine (DMOG) treatment to stabilize
the PHD enzyme-substrate intermediate complex and there-
fore enabled the identification of new PHD interactions that
depend on PHD enzymatic activities. Our data showed that
treatment with DMOG indeed resulted in a dramatically in-
creased affinity of PHD2 with BRD4 (Fig. 1D, supplemental
Fig. S2). These observations indicate that PHD2 is the major
prolyl hydroxylase that interacts with BRD4 in vivo.

Site-specific Regulation of BRD4 Proline Hydroxylation—To
determine the site-specific dynamics of BRD4 Hyp536, we
developed a targeted quantification assay with parallel reac-
tion monitoring (PRM) (32). This approach selectively monitors
the abundance of the BRD4 Hyp peptide (containing Hyp536)
and its corresponding unmodified peptide based on targeted
fragmentation in LC-MS analysis and then compares that
stoichiometric dynamics of BRD4 proline hydroxylation under
different conditions. Using this strategy, we first aimed to
determine whether changes in the cellular microenvironment
regulated the site-specific dynamics of BRD4 proline hy-
droxylation. To this end, 293T cells were cultured under 1 and
20% oxygen conditions and Flag-tagged BRD4 were purified,
followed by tryptic digestion and PRM-based targeted LC-MS
analysis. Our data showed that hypoxia treatment (1% O2)
significantly reduced BRD4 P536 Hyp stoichiometry by about

60% (Fig. 2A), confirming that oxygen is required for BRD4
proline hydroxylation. To determine the PHD protein that reg-
ulates BRD4 proline hydroxylation, we performed overexpres-
sion of individual PHD proteins and then measured the
changes in BRD4 Hyp stoichiometry with PRM-based tar-
geted LC-MS analysis. Our data showed that only overex-
pression of PHD2 resulted in a significant increase of BRD4
proline hydroxylation by 2-fold. Interestingly, overexpression
of PHD1 and PHD3 led to a nearly 2-fold decrease in the
abundance of BRD4 proline hydroxylation (Fig. 2B). These
data suggest that PHD2 is the main prolyl hydroxylase that
regulates BRD4 proline hydroxylation. Next, we tested
whether BRD4 hydroxylation on P536 is dependent on PHD2
protein. To this end, we knocked down PHD2 using shRNA,
enriched for endogenous BRD4 through immunoprecipitation
and monitored P536 proline hydroxylation through PRM-
based targeted LC-MS analysis. Indeed, we observed a sig-
nificant decrease in BRD4 Hyp stoichiometry on PHD2 knock-
down (Fig. 2C). In conclusion, these data suggest that PHD2
is the major regulatory enzyme of BRD4 P536 hydroxylation
in vivo.

Hydroxylation of P536 Does Not Affect BRD4 Stability—To
determine the functional significance of BRD4 P536 hydroxy-
lation, we first investigated whether proline hydroxylation af-
fects BRD4 protein abundance. To this end, HEK293 cells

FIG. 2. Stoichiometric dynamics and site-specific regulation of BRD4 proline hydroxylation. A, Targeted analysis of BRD4 Hyp536
abundance in response to the hypoxia treatment. The Hyp536 peptide precursor ion peak area of each sample was normalized. Protein
expression after oxygen treatment was confirmed by Western blotting. BRD4 Hyp536 abundance changes in response to oxygen deficiency.
B, The dynamics of BRD4 P536 hydroxylation abundance following the overexpression of PHD1, PHD2, and PHD3. Only overexpression of
PHD2 leads to a significant increase in BRD4 P536 hydroxylation. C, The dynamics of BRD4 P536 hydroxylation abundance following the
knockdown of PHD2 indicates PHD2 inhibition leads to decreased BRD4 P536 hydroxylation. * p � 0.05, *** p � 0.001, Student’s t test
assuming unequal variance.
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were treated by prolyl hydroxylase inhibitor DMOG or hypoxia
(1% O2 for 6 and 16 h). The Western blot analysis showed that
neither hypoxia nor PHD inhibition treatment led to a change
in BRD4 protein abundance (supplemental Fig. S3A, S3B).
This data suggested that changes in BRD4 proline hydroxy-
lation by chemical treatment or hypoxia does not affect its
protein stability.

Prolyl Hydroxylation Regulates BRD4 Function Through Dis-
tinct Protein-Protein Interactions—Given the well-established
role of proline hydroxylation in regulating protein folding and
protein-protein interactions, we hypothesized that BRD4 pro-
line hydroxylation may affect its interactions with other bind-
ing partners and result in changes in downstream activities.
To test the hypothesis, we performed a quantitative analysis
of the BRD4 interactome and measured proline hydroxylation
dependent BRD4 interactions. We performed two orthogonal
experiments and used both site-specific mutation and en-
zyme-mediated inhibition to identify proline hydroxylation de-
pendent interactors. To mimic site-specific inhibition of BRD4
proline hydroxylation, we followed previous studies and pre-
pared a plasmid expressing a BRD4 P536A mutant using
site-directed mutagenesis (26–31). To study enzyme-medi-
ated, inhibited BRD4 interactions we generated two stable
HeLa cell lines. Transfection and selection were performed to
prepare both PHD2 knockdown and mock knockdown HeLa
cells. Both sets of HeLa cell lines were transfected with either
Flag-tagged wild type BRD4, Flag-tagged BRD4 P536A and
Flag-tagged empty vector. Following immunoprecipitation,
we conducted a label-free analysis of the BRD4 interactome
by mass spectrometry. To ensure confident and reproducible
quantifications, we confirmed that BRD4 was similarly ex-
pressed and enriched in all biological replicates (supplemental
Fig. S4A, S4B).

We used intensity-based label-free quantification to com-
pare the relative abundance of BRD4 interactors and deter-
mined significant BRD4 interactors with the Student’s t test.
From this approach, our analysis identified 437 BRD4-specific
interacting proteins over the Flag-tagged empty-vector con-
trol immunoprecipitation (supplemental Table S1). We re-
moved all proteins commonly identified under both BRD4 and
control immunoprecipitations as stringent filtering criteria to
reduce false positive nonspecific BRD4 interactors. After fil-
tering, we identified 61 proteins uniquely enriched with wild-
type BRD4. Previously well-known BRD4 interactors such as
CDK9, CCNT1, RSF1, Histone H4, and WHSC1 were found to
be significantly enriched in our dataset with a high degree of
reproducibility, indicating an efficient coverage of BRD4-spe-
cific interactomes (supplemental Fig. S5A, supplemental Ta-
ble S2).

To characterize BRD4 interactome, we performed annota-
tion enrichment analysis with Gene Ontology. Our results
showed that BRD4 interactors were highly enriched in biolog-
ical processes including translational initiation (adj �log10p �

65.01), mRNA splicing (adj �log10p � 40.65), gene expres-

sion (adj �log10p � 15.90), viral process (adj �log10p � 7.06),
nucleosome assembly (adj �log10p � 5.63), DNA repair (adj
�log10p � 3.64) and cell division (adj �log10p � 3.19) (Fig.
3A). Enrichment of these biological processes among the
BRD4 interactors agreed well with the current knowledge of
BRD4 function in regulating gene transcription and RNA proc-
essing (44).

We further performed quantitative interactome analysis to
compare the dynamic changes in interactions between BRD4
WT and P536A mutant. Our data showed that over 70% of
BRD4 interacting proteins interacted with both BRD4 WT and
BRD4 P536A, indicating that the majority of the interactome
was not affected by BRD4 site-specific substitution. Interest-
ingly, when we quantitatively compared the wild-type BRD4
and BRD4 P536A interactomes, we found 9 proteins were
significantly enriched with wild-type BRD4 and a similar num-
ber of proteins were enriched with BRD4 P536A mutant (Fig.
3B). To assess whether the interactome differences between
BRD4 WT and BRD4 P536A were because of change in
protein binding partners rather than inherent batch-to-batch
variability, we assessed inter- and intra-sample correlation.
The protein LFQ intensities for BRD4 WT and BRD4 P536A
replicate samples had greater R-squared correlation values
than when comparing sample correlation between BRD4 WT
and BRD4 P536A (supplemental Fig. S6A–S6D). This data
suggests that site-specific mutation of BRD4 P536 signifi-
cantly altered its interactions with specific groups of binding
proteins and likely resulted in changes in downstream activi-
ties. Gene ontology classification showed that interacting pro-
tein that had a significant loss in interactions with BRD4 on
site-specific substitution of P536 were highly enriched with
transcription-related factors (Fig. 3C).

To conclusively determine the critical function of site-spe-
cific hydroxylation on BRD4 P536, we performed quantitative
interactome analysis with enzyme-mediated inhibition of
BRD4 proline hydroxylation. We demonstrated above that
PHD2 is the major regulatory enzyme that is required for
BRD4 proline hydroxylation. We reasoned that if the changes
observed between BRD4 WT and BRD4 P536A were because
of site-specific proline hydroxylation and not simply the pres-
ence of proline itself, PHD2 knockdown should obliterate the
differences in interactomes between BRD4 WT and BRD4
P536A mutant. On the other hand, under PHD2 knockdown,
the BRD4 WT interactome should change, whereas BRD4
P536A interactome should be unaffected. To test this hypoth-
esis, we first performed quantitative analysis to compare the
BRD4 WT interactomes between control Hela cells and Hela
cells with PHD2 knockdown, we found that PHD2 knockdown
significantly affected BRD4 interactions with a small group of
proteins (Fig. 3D, supplemental Fig. S5B, supplemental Table
S2–S4). Many of these proteins showed a significant change
in interaction with BRD4 in the interactome analysis of BRD4
P536A mutant versus WT (Fig. 3D). Importantly, among thir-
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teen transcription factors that significantly lost interactions
with BRD4 on PHD2 knockdown, most of them were also
found to have significantly reduced interactions with BRD4
P536A mutant (Fig. 3E). To further demonstrate the site-spe-
cific role of BRD4 proline hydroxylation in BRD4-mediated
protein-protein interaction, we performed quantitative analy-
sis to compare the interactomes of BRD4 WT and P536A
mutant under PHD2 knockdown. In contrast to the control
cells, our data showed that PHD2 knockdown largely elimi-
nated the difference in BRD4 interactions between BRD4 WT

and P536A mutant with interacting proteins including the
transcription factors (supplemental Fig. S5C, supplemental
Table S6). In agreement with this finding, we found that unlike
the BRD4 WT interactome, the BRD4 P536A interactome was
unaffected by PHD2 knockdown (supplemental Fig. S5D,
supplemental Table S7). These findings with site-specific and
enzyme-mediated inhibitions of BRD4 proline hydroxylation
synergistically demonstrated the functionally important role of
BRD4 proline hydroxylation on BRD4-mediated protein-pro-
tein interactions.

FIG. 3. BRD4 interactome analysis and its dynamics in response to the regulation of proline hydroxylation pathway. A, Gene Ontology
Analysis of the BRD4 interactome with statistical enrichment for biological function (Benjamini-Hochberg adjusted p value). B, Volcano plot for
quantitative analysis of BRD4 WT and P536A mutant interactome at a false discovery rate (FDR) of 0.05 and a minimal coefficient of variation
(S0) of 0.1. Proteins on the right side of the volcano plot were significantly enriched with wild-type BRD4 and proteins on the left side were
significantly depleted. Proteins having transcription functions were highlighted in red. C, BRD4 interaction network that showed differential
interactions between WT and mutant BRD4. Transcription factors that were significantly enriched with wild-type BRD4 were highlighted in red.
D, Volcano plot for quantitative analysis of BRD4 interactome in response to the PHD2 knockdown. E, A Venn diagram of transcription factors
that significantly lost interaction with BRD4 in the interactome analysis of either BRD4 mutant or PHD2 knockdown experiments.
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It is well-known that BRD4 interacts and recruits P-TEFb, a
complex consisting of CDK9 and CCNT1, to gene promoters
and activate RNA polymerase II (RNAPII)-mediated transcrip-
tional activity (45). In our data set, we observed that the BRD4
interactions with CDK9 and CCNT1 reduced significantly for
BRD4 P536A mutant or on PHD2 knockdown (Fig. 3B–3D,
Supplemental Fig. S5B). More importantly, the difference in
BRD4 interactions with CDK9 and CCNT1 between BRD4 WT
and P536A mutant was obliterated on PHD2 knockdown
(supplemental Fig. S5C). And unlike the BRD4 WT, the inter-
action of BRD4 P536A mutant with the P-TEFb complex was
unaffected by PHD2 knockdown (supplemental Fig. S5D).
Such consistent observations from the analysis of both en-
zyme-mediated inhibition of BRD4 proline hydroxylation and

site-specific mutations suggested that PHD2-BRD4 regula-
tory axis promotes BRD4 interactions with key transcription
factors and therefore, likely affect BRD4-dependant gene
transcription.

To validate these findings, we performed coimmunoprecipi-
tation and Western blot analysis. Comparing to the wild-type
BRD4, both site-specific inhibition of proline hydroxylation
with BRD4 mutant and chemical inhibition of prolyl hydroxyl-
ase activity with DMOG significantly decreased the interaction
of BRD4 with CDK9, CDK1, and MCM5, respectively (Fig. 4A).
We further confirmed that specific inhibition of PHD2 via
shRNA knockdown also led to a significant decrease of the
BRD4 interaction with specific binding protein CDK9. Overall,
these data confirmed the findings from the quantitative inter-

FIG. 4. Functional validation of the role of proline hydroxylation pathway in regulating BRD4 interactions and BRD4-mediated
transcriptional activity. A, Western blotting of BRD4 interactors after DMOG treatment and coimmunoprecipitation with either wild-type BRD4
or BRD4 P536A. Compared with wild-type BRD4, both co-IP with BRD4 mutant and treatment with DMOG exhibit significantly reduced
interaction with CDK9, CDK1, and MCM5. B, Western blotting of BRD4 interactors with control and PHD2 knockdown. Compared with sham
knockdown, co-IP after PHD2 knockdown exhibits significantly reduced interaction between BRD4 and CDK9. C, Luciferase assay with a
c-Myc responsive reporter constructs presented as fold change compared with the empty vector control treatment. 293T cells were transfected
with c-Myc luciferase reporter vector together with a renilla vector, siRNA for BRD4 or cotransfected together with wild-type BRD4 or BRD4
P536A vectors. BRD4 P536A mutant was unable to rescue c-Myc luciferase signal to the same extent as wild-type BRD4. D, The quantitative
real-time PCR analysis of CCND1 using 293T cells with stable BRD4 knockdown and expression of either wild-type or BRD4 P536A mutant.
Data were normalized by GAPDH expression. BRD4 P536A mutant was unable to rescue CCND1 expression to the same extent as wild-type
BRD4. E, Quantitative real-time PCR analysis showing that knockdown of PHD2 significantly decreased the expression of CCND1. Data were
normalized by GAPDH expression. * p � 0.05, ** p � 0.01, *** p � 0.001.
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actome analysis and demonstrated that site-specific proline
hydroxylation regulates BRD4 interactions with key transcrip-
tion factors.

Proline Hydroxylation-mediated BRD4 Transcriptional Ac-
tivity—To determine the role of site-specific proline hydroxy-
lation in BRD4 transcriptional activity, we developed a lucif-
erase reporter assay. The assay involved the expression of a
luciferase plasmid with a promoter of the endogenous c-myc
gene and quantification with a Dual-Luciferase reporter sys-
tem. As positive controls, we showed that the treatment of
293T cells with JQ1 (a known bromodomain inhibitor) (46) or
specific inhibition of BRD4 with siRNA led to significantly
reduced c-myc promoter activity and luciferase expression
through luciferase assays. Then we performed a rescue ex-
periment by overexpression of WT or mutant BRD4 P536A
with a concomitant knockdown of endogenous BRD4. Our
results showed that expression of BRD4 mutant failed to
enhance the luciferase assay activity to the same extent com-
pared with the BRD4 wild-type, suggesting that site-specific
inhibition of BRD4 P536 hydroxylation strongly affected BRD4
transcriptional activity (Fig. 4C). To further validate the role of
site-specific proline hydroxylation in BRD4 transcriptional ac-
tivity in vivo, we applied quantitative PCR assay. We first
screened several known BRD4 targets through BRD4 shRNA
knockdown and qPCR assay. We found CCND1, a cell cycle
regulatory protein, was the most representative BRD4 target
in 293T cells and Hela cells. Then we performed a rescue
experiment by overexpression of wild-type or mutant BRD4
P536A in the 293T cells with the concomitant knockdown of
endogenous BRD4. Our results showed that the expression of
WT BRD4 partially rescued the expression of CCND1 but not
BRD4 P536A mutant (Fig. 4D). Accordingly, knockdown of
PHD2, the regulatory enzyme of BRD4 proline hydroxylation
led to a significant reduction in CCND1 gene expression (Fig.
4E). These data confirmed that inhibition of BRD4 proline
hydroxylation strongly affected BRD4-dependent transcrip-
tional activity in vivo.

DISCUSSION

In the present study, we applied PRM-based targeted
quantitation and in vivo enzymatic assays to identify PHD2 as
the major regulatory enzyme of BRD4 proline hydroxylation. In
contrast to the well-known Hyp targets such as HIF-�, we
found that proline hydroxylation on BRD4 does not affect its
degradation or protein abundance. Using label-free quantita-
tive interactome analysis, we determined that PHD2-depend-
ent site-specific proline hydroxylation on BRD4 mediates pro-
tein-protein interactions of BRD4 with key transcription
factors and inhibition of site-specific BRD4 proline hydroxy-
lation reduced BRD4-mediated transcriptional activation.
Taken together, our findings established PHD2-BRD4 regula-
tory axis as a functionally significant pathway for BRD4-de-
pendent gene activation and cell proliferation.

Proline hydroxylation is an essential posttranslational mod-
ification that mediates the metabolic sensing pathways in
eukaryotic cells. Hydroxylation of proline at C-4 affects the
cis-trans isomerization of proline peptide bonds because of the
gauche effect and therefore regulates the secondary structure
of the substrate proteins (10). Our studies revealed that BRD4
proline hydroxylation regulates BRD4 interactions with specific
binding proteins, and potentially affects BRD4-mediated gene
transcription. Interestingly, the hydroxylation site on BRD4 is
located at a junction between the phosphorylation-rich NPS
domain and lysine-rich BID domain (47). Although the exact
mechanism remains to be determined, it is reasonable to spec-
ulate that BRD4 Hyp modification may regulate the folding or
the interdomain interactions of BRD4, which may affect down-
stream protein-protein interactions and signaling.

Chemical inhibition of prolyl hydroxylases is a promising
strategy to regulate proline hydroxylation pathways in cells
and tissues. Our previous analysis found that specific chem-
ical inhibition of PHD-mediated proline hydroxylation pathway
significantly inhibited the expression of BRD4-target c-Myc
and cell proliferation in Acute Myeloid Leukemia (AML). Ac-
cordingly, gene expression analysis of TCGA database (http://
cancergenome.nih.gov/) showed that PHD2 but not PHD1 or
PHD3 is significantly overexpressed in AML patient (supple-
mental Fig. S7). Patient with rapid progression of AML also
shows significantly higher levels of PHD2 expression (supple-
mental Fig. S7). This evidence suggest that PHD2-mediated
proline hydroxylation is a potential oncogenic pathway in AML
that drives BRD4-mediated gene expression, as well as can-
cer cell proliferation and specific inhibition of PHD2 activity
with chemical inhibitors, may serve as a new alternative strat-
egy in AML treatment. Indeed, recent clinical applications of
prolyl hydroxylase inhibitors for the treatment of ischemic
diseases (48–50) and anemia (51) suggest that prolyl hydrox-
ylase inhibitors are generally safe in humans. Therefore, our
identification of PHD2-BRD4 regulatory axis may provide new
insights to develop more potent and effective chemical inter-
ventions for therapeutic applications and treatment of dis-
eases such as AML.
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