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Abstract 

Oxygen and iron homeostasis are a critical components for the maintenance 

of cellular biology. These metabolites are essential substrates in cellular 

metabolism, signaling and bioenergetics, thereby inseparably linked to the 

normal physiology of all metazoans. 

To adapt to changes in the microenvironment, cells dynamically modulate 

hypoxia response pathways. Lack of oxygen reduces the post-translational 

modification proline hydroxylation and altering key transcription factors such 

as hypoxia-inducible factor 1alpha and prevents its hydroxyproline-dependent 

degradation. Stabilized HIF proteins activate the expression of hypoxia-

response genes to sustain growth under hypoxia condition. The studies herein 

focus on the hypothesis that post-translational modifications of hydroxylation 

and phosphorylation are a mechanistic link between oxygen and iron 

availability and the cellular physiological response. 

This research has focused on the characterization of oxygen and iron-sensing 

pathways dependent on proline hydroxylation and phosphorylation. Through a 

system-wide proteomics survey, I identified Brd4 as a novel proline 

hydroxylation protein substrate in cancer cells. Specific prolyl hydroxylase 

activity significantly regulates the Brd4-mediated transcriptional function and 

strongly induced acute myeloid leukemia cell proliferation and apoptosis. This 

study integrates molecular biology and quantitative proteomics approaches to 

discover and characterize cellular oxygen and iron-sensing physiology and 

reveal novel cellular pathways that may have broad impact in cancer biology 

and metabolic diseases.  
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Summary 

 

Proline hydroxylation is a critical cellular mechanism regulating oxygen-response 

pathways in tumor initiation and progression. Yet, its substrate diversity and functions 

remain largely unknown. Here, we report a system-wide analysis to characterize proline 

hydroxylation substrates in cancer cells using an immunoaffinity-purification assisted 

proteomics strategy. We identified 562 sites from 272 proteins in HeLa cells. 

Bioinformatic analysis revealed that proline hydroxylation substrates are significantly 

enriched with mRNA processing and stress-response cellular pathways with canonical 

and diverse flanking sequence motifs. Structural analysis indicates a significant 

enrichment of proline hydroxylation participating in the secondary structure of substrate 

proteins. Our study identified and validated Brd4, a key transcription factor, as a novel 

proline hydroxylation substrate. Functional analysis showed that the inhibition of proline 

hydroxylation pathway significantly reduced the proline hydroxylation abundance on 

Brd4 and affected Brd4-mediated transcriptional activity as well as cell proliferation in 

AML leukemia cells. Taken together, our study identified a broad regulatory role of 

proline hydroxylation in cellular oxygen-sensing pathways and revealed potentially new 

targets that dynamically respond to hypoxia microenvironment in tumor cells. 
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Introduction 

Proline hydroxylation (Hyp) is a key oxygen-sensing posttranslational modification that 

is dynamically modulated during tumor cell proliferation and angiogenesis1–6. The 

modification is mediated by the evolutionarily conserved prolyl hydroxyalses that add a 

single oxygen to the carbon on the proline pyrrolidine ring and form an (S)-configured 

hydroxyl group at the gamma position. O2-dependent nature of hydroxylation reaction 

renders prolyl hydroxylases as key oxygen sensors that are dynamically responsive to the 

hypoxia microenvironment of the cells or organisms. The modification subtly affects the 

protein structures, activities and the properties of protein-protein interactions in the cell 

and plays a pivotal role in cancer development and disease progression7–11. 

The most well-known proline hydroxylation substrate is collagen, an essential structural 

molecule to support cell matrix and skeleton structures12–15. The hydroxylation on the 

conserved PG motif is required for the proper folding of the collagen polypeptide chain 

and the release of mature collagen proteins from endoplasmic reticulum. Proline 

hydroxylation is also known to regulate hypoxia-inducible-factor-1 alpha (HIF-1) 

protein, an important transcription factor11. Under normoxia condition, hydroxylated 

HIF-1 protein is specifically recognized by von Hippel-Lindau (pVHL) E3 ubiquitin 

ligase, which leads to rapid HIF-1 protein degradation2. Hypoxia microenvironment, on 

the other hand, reduces the hydroxylation abundance on HIF-1 and prevents its rapid 

degradation. Stabilized HIF-1 leads to transcriptional activation of nearly 100 proteins 

in the key hypoxia-response cellular pathways, which are critical for cancer cell survival 

under low O2 environment11. Recent biochemical studies with high resolution mass 

spectrometry have identified and validated a number of other proline hydroxylation 
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substrates including FOXO3a, Argonaute 2, ATF-4 and PKM16–22, which revealed 

diverse HIF-independent oxygen-sensing activities in RNA interference and 

transcriptional regulation. These evidence suggest that the hypoxia-response mechanism 

mediated through proline hydroxylation regulates diverse cellular pathways and signaling 

processes in cells and may play a much wider role in regulating cellular physiology and 

protein functions. 

Despite these advances, only limited number of proline hydroxylation substrates have 

been identified and validated in cancer cells, which hinder the effort to fully understand 

the cellular response to the hypoxia microenvironment. To address this challenge, we 

have developed an immunoaffinity-purification assisted approach to system-wide identify 

proline hydroxylation substrates in cancer cells. Our analysis revealed a broad range of 

Hyp substrate proteins and essential cellular pathways targeted by this important protein 

modification. 

Results 

System-wide analysis of proline hydroxylation proteome 

We first developed and validated a pan-antibody recognizing peptides containing trans-4-

hydroxylated proline (Figure 1A-B, S1). Using this antibody, we performed an initial 

proteomic analysis to systematically identify proline hydroxylation targets in HeLa cells 

(Figure 1C, S2). The cells were lysed following a standard protocol, and the proteins 

were digested by trypsin into short peptides. The peptides were subject to immunoaffinity 

purification using the custom-made antibody to enrich peptides bearing proline 

hydroxylation. Peptides with or without immunoaffinity enrichment were then 
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fractionated using strong-cation exchange chromatography into 6 fractions and analyzed 

by nano-HPLC/MS/MS for deep proteomic analysis to identify hydroxyproline-

containing peptide substrates. The LCMS data were processed by MaxQuant and 

Andromeda search engines for peptide and protein identifications. The database search 

against human UniProt sequences revealed over 1000 candidate proline hydroxylation 

sites. However, careful manual inspection of peptide-spectrum matches suggested that 

some of the identifications are ambiguous hits with incomplete peptide backbone 

fragmentation and questionable site localizations. In such cases, common chemical 

oxidation artifacts such as methionine and tryptophan oxidation could confuse the search 

engine and erroneously assign the modification to the nearby proline, which has been 

considered as a significant technical challenge in the confident identification of proline 

hydroxylation sites22. To address this issue, we developed an in-house script to analyze 

the MS/MS fragmentation patterns of peptide-spectrum matches and required that at least 

two distinct peptide fragment ions in each spectrum must be annotated to confidently 

assign the mass shift to Pro comparing to the nearest Met and Trp amino acids at both 

peptide N-terminal and C-terminal sides (see Materials and Methods). Although such 

filtering also removed some potentially true proline hydroxylated peptides, it 

significantly improved the confidence and quality of the dataset, which are essential for 

the bioinformatics analysis of the proline hydroxylation proteome. After careful 

screening, we identified 562 proline hydroxylation sites from 272 proteins in HeLa cells 

(Table S1). Nearly 20% Hyp peptides contain at least four hydroxylation sites (Figure 

1D). About one-third of the sites were identified only by immunoaffinity purification, 

suggesting that the application of this strategy contributed to the complementary 
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coverage for Hyp peptide identification. Our results identified many previously well-

known proline hydroxylation targets including collagen, actin and FKBP10 proteins22–25, 

while at the same time, the majority of proline hydroxylation substrates have not been 

reported before (Figure 1E). The dataset provides a rich resource to reveal the diverse 

cellular pathways involved in proline hydroxylation-mediated oxygen sensing 

mechanisms in cancer cells.  
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Figure 1. Systematic analysis of proline hydroxylation proteome with 

immunoaffinity purification and exhaustive LC-MS/MS analysis.  

(A) Dot-blot assay for antibody specificity validation. Pro- and Hyp-containing peptide 

libraries were dotted on the nitrocellulose membrane with 0.125 µg, 0.5 µg and 2 µg on 

each dot from top to bottom, respectively. Pan-anti Hyp antibody was incubated with the 

membrane for two hours at room temperature prior to detection.  

(B) Competition assay. Pan-anti Hyp antibody was incubated with Hyp-containing 

peptide library for 16 hours at 4 °C. Western blotting of two lanes with equal amounts of 

Hela whole cell lysate was performed with pan-anti Hyp antibody with or without prior 

incubations with Hyp peptides.  

(C) Schematic diagram of the proteomics workflow. Hela cells were lysed and proteins 

were digested by trypsin. Peptides were subject to immunoaffinity purification and 

exhaustive LC-MS/MS analysis with fractionation for identification.  

(D) Distribution of the number of Hyp sites identified per peptide. Over 30% of the 

peptides were identified with more than two Hyp sites.  

(E) The scatterplot of Hyp peptide identifications with Maxquant scores and intensities. 

 

Flanking sequence and secondary structural preference of proline hydroxylation sites 

We first performed flanking sequence analysis using all +/- 15 amino acids in protein 

sequences surrounding the proline hydroxylation sites. The data showed that proline is 

one of the most frequently appearing amino acids surrounding hydroxylated proline, 

suggesting that many of the Hyp modifications occur in proline-rich sequence regions. 

Interestingly, we found 59% of Hyp peptides identified in our dataset bearing more than 

two Hyp modifications per peptide (Figure 1D) and such percentage is much higher than 

we typically observe in lysine acetylation proteomics analysis. We notice that amino 

acids with short side chains such as Gly and Ala appear very frequently in the immediate 

vicinity of hydroxylated proline. This observation agrees well with the knowledge that 



9 
 

proline hydroxylation sites on collagen are often followed by Gly to form PG motifs. Our 

dataset revealed 65 sites sharing common PG motifs, suggesting that the enzyme, prolyl-

4-hydroxylases that regulate collagen proline hydroxylation, may regulate the 

hydroxylation on diverse protein substrates. Motif enrichment analysis using Motif-x 

program26 identified PP, PxP and PGxP as highly enriched motifs among proline 

hydroxylation sites (Figure S3). 

Proline hydroxylation is known to be essential for stabilizing collagen secondary 

structures. We want to ask whether the localization of identified proline hydroxylation 

sites have strong association with substrate protein’s secondary structures. Towards this 

goal, we extracted the manually-curated UniProt secondary structural information for 

each identified proline hydroxylation sites and for all the proline sites in each Hyp 

substrate proteins. We found 217 Hyp sites whose proteins have UniProt annotated 

structural information. Surprisingly, among these sites, 134 proline hydroxylation sites 

(62%) are located in one of the annotated secondary structures (STRAND, HELIX and 

TURN), while in the corresponding proteins, only 6% of total proline residues locate in 

one of these secondary structures. When considering all amino acids, only 18% were 

involved in the secondary structure among these proteins. The lower percentage of Pro 

sites participated in the secondary protein structural is expected and agree well with 

previous knowledge on the characters of proline imino peptide backbone27,28. The 

significant enrichment of Hyp sites locating in the secondary structure comparing to the 

distribution of Pro (HyperG test P<1.6×10-108) and total amino acids (HyperG test 

P<7.5×10-47), suggest that proline hydroxylation likely specifically targets those Pro sites 
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involved in the protein secondary structure and may have important contribution to the 

protein folding and structural stability for diverse substrate proteins. 

Carbamoyl phosphate synthase (CPS1) is a rate-limiting enzyme in the urea biosynthesis 

and ammonia metabolic pathways. In our dataset, we identified CPS1 as a novel proline 

hydroxylation substrates with hydroxylation on Pro265 that locates within the glutamine 

amidotransferase domain of CPS1. Using structural analysis, we showed that 

hydroxylation on Pro265 may form a strong hydrogen bond between the Pro265 hydroxyl 

group and the alpha carboxyl group of Pro87 at the neighboring peptide backbone, 

potentially affecting the structural stability or enzymatic function of the protein (Figure 

2D-E). 

Stoichiometric analysis of proline hydroxylation substrates 

Site-specific PTM stoichiometry is a key metric to quantitatively understand the 

physiological importance of individual protein modification sites to the substrate 

protein’s function and activity. To systematically estimate proline hydroxylation site 

stoichiometry, we extracted all sites identified by the direct LCMS analysis without 

enrichment and compared the precursor ion intensities of both modified and unmodified 

peptides. Interestingly, over three-quarters of these proline hydroxylated peptides were 

identified only in modified form without the identification of the corresponding 

unmodified counterpart (Figure 2F), which include all the poly-proline hydroxylated 

peptides (the peptides with more than two sites per peptide). Site-specific stoichiometries 

were successfully calculated for seventy-two proline hydroxylation sites using the 

summed precursor ion intensities for the pair of modified and unmodified peptides for 

each site (Figure 2G and Table S2). Our data showed an average stoichiometry of 
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proline hydroxylation about 13%, with nearly 20% percent of sites having more than 20% 

stoichiometry. Comparing to recently published data, proline hydroxylation has much 

higher stoichiometry than lysine acetylation29–31. However, considering a large portion 

(>75%) of Hyp sites not quantifiable without the identification of unmodified counterpart 

including the poly-Hyp peptides from collagen (Figure 2F) and a priori knowledge that 

collagen hydroxylation is essential for its structure and function8,12,32,33, it is likely that 

the average of 13% proline hydroxylation stoichiometry based on quantifiable sites 

significantly under-estimated the overall proline hydroxylation abundance in cells.  
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13 
 

Figure 2. Analysis of the structural and functional characteristics of proline 

hydroxylation proteome in Hela cells.  

(A) Flanking sequence distributions of proline hydroxylation sites identified in this study.  

(B) Flanking sequence distributions of proline hydroxylation sites from peptides 

identified with less than three Hyp sites. Flanking sequences were visualized with 

WebLogo34.  

(C) The distribution of the secondary structures of proline hydroxylation sites (blue bars) 

comparing to proline (orange bars) and all amino acids (grey bars).  

(D) and (E) structural illustrations showing that the hydroxylation of Pro265 on CPS1 

may form a hydrogen bond with the alpha-oxygen of the nearby Pro87 (PDB: 5DOU).  

(F) The percentage distribution of Hyp peptides identified with and without the 

identification of the unmodified counterparts.  

(G) The distribution of the calculated stoichiometries of Hyp sites with an average 

stoichiometry of 13%.  

(H) Gene ontology annotation analysis of proline hydroxylation proteome with statistical 

enrichment in biological processes (upper panel) and cellular compartments (lower panel) 

(BH corrected P<0.05). 

 

Functional annotation analysis of proline hydroxylation proteome 

To systematically study the physiological significance of proline hydroxylation 

substrates, we performed pathway enrichment analysis with Gene Ontology annotation 

analysis. Our results showed that proline hydroxylation substrates are highly enriched in 

the biological processes including multi-organism processes (adj P=2.9×10-6), 

macromolecular assembly (adj P=1.4×10-4), RNA splicing (adj P=2.4×10-4) and 

regulation of response to stress (adj P=2.8×10-2) (Figure 2H upper panel). In cellular 

compartment enrichment analysis, we found that proline hydroxylation substrates are 

widespread across different compartments but have the most apparent enrichment in 
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extracellular vesicle (adj P=3.6×10-12), macromolecular complex (adj P=2.0×10-8), 

nuclear lumen (adj P=1.0×10-5) and cytosol (adj P=3.6×10-4) (Figure 2H lower panel). 

Gene classification by PANTHER system35 showed cytosol proteins account for nearly 

half of the total Hyp proteome (~42%) while ~28% of Hyp proteome is from the cell 

organelles which mostly consist of cytoskeleton (~43%) and nucleus (~43%) proteins 

(Figure S4). Few mitochondria proteins were identified to be proline hydroxylated, 

which agrees well with the current knowledge and cellular compartment annotations of 

prolyl hydroxylases mostly in the cytosol and nucleus36–38, though it remains likely that 

mitochondria protein proline hydroxylation may be mediated by the radical-induced 

mechanism as previously suggested39. 

To investigate how proline hydroxylation substrates involve in the macromolecular 

assembly, we performed protein complex enrichment analysis with manually-curated 

CORUM database. We found that proline hydroxylation substrates were highly enriched 

in over 80 protein complexes, including spliceosome (P=6.9×10-10), 60s APC containing 

complex (P=8.0×10-5), EIF3 core complex (P=1.1×10-3) and 20S proteasome (P=1.4×10-

2) (Table S3). Analysis of proline hydroxylation proteome with protein-protein 

interaction database STRING showed that Hyp substrates formed vast and highly 

connected interaction networks (Figure 3A). Using subnetwork connectivity analysis, we 

identified several representative subnetworks including RNA spliceosome complex, 

cytoskeleton tubulin and collagen interaction networks (Figure 3B-G). 

Using online disease association database and annotation enrichment tool40,41, we 

performed disease enrichment analysis. Our data revealed the significant enrichment of 

proline hydroxylation substrates in stress and shock associated cellular pathways (adj 
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P=1.3×10-8) as well as diseases associated with viral infections such as HIV (adj 

P=7.1×10-6). The hydroxylation substrate proteins identified in this pathway include heat 

shock proteins (HSP90AA1, HSP90AB1, HSPA5), NUAK family kinase (NUAK2), 

stress-induced phosphoprotein (STIP1) (Table S4). The data suggested that proline 

hydroxylation may directly involve in regulating key protein activities in the stress-

response cellular pathways, which are critical to cellular survival and function under 

stress conditions.  
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Figure 3. Protein interaction network analysis of proline hydroxylation proteome in 

Hela cells.  

(A) The interaction network of proline hydroxylation proteins identified in this study and  

(B-G) an example list of the sub-networks of proline hydroxylation proteins with high 

interconnectivity. 

  



17 
 

Validation of proline hydroxylation substrates with synthetic peptides 

We performed validation experiments for 6 peptides using fragmentation of synthetic 

peptides bearing the same peptide sequences and modifications. These identifications 

included Brd4 (Uniprot: O60885) Hyp536 (Figure 4 and S5), histone H2B 2-E (UniProt: 

Q99879) Hyp51 (Figure S6A), proteasome subunit alpha-5 (UniProt: P28066) Hyp222  

(Figure S6B) and alpha7 (UniProt: O14818) Hyp149 (Figure S6C), Serpin H1 (UniProt: 

P50454) Hyp30 (Figure S6D), and FKBP10 (UniProt: Q96AY3) Hyp36 (Figure S6E). 

Comparison of the MS/MS spectra between the in vivo peptides and synthetic peptides 

showed excellent matches, suggesting the high confidence of the proteomic identification 

of Hyp targets. 

Functional analysis of Brd4 proline hydroxylation 

Brd4 is a key transcription factor that has been recently identified to play an important 

role in leukemia cell proliferation42–44. In our dataset, we identified Brd4 as a novel Hyp 

substrate with Pro536 hydroxylation at the junction between phosphoserine-rich NPS 

domain and the lysine-rich BID domain (Figure 4A-C). Recent studies showed that the 

interaction between phosphorylated NPS domain and BID domain is essential for full 

Brd4 transcriptional activity and interaction with chromatin-binding proteins45. 

To further understand the physiological significance of the proline hydroxylation on 

Brd4, we performed functional analysis. First, we asked whether the proline 

hydroxylation abundance on Brd4 is enzymatically regulated. We treated the cells with 

DMOG, a well-established inhibitor of prolyl hydroxylases, and applied parallel reaction 

monitoring (PRM) in mass spectrometry to monitor the relative abundance of the Brd4 
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Hyp peptide (containing Hyp536) and its corresponding unmodified counterpart in Hela 

cells (Figure 4D). The data showed that DMOG treatment, which inhibits prolyl 

hydroxylase activities and mimic hypoxia condition, led to significantly decreased prolyl 

hydroxylation abundance on Brd4 relative to its unmodified peptide (Hyp stoichiometry 

from 59% to 24%), suggesting that Brd4 proline hydroxylation is enzymatically regulated 

by prolyl hydroxylases. 

Next, we want to ask whether the inhibition of proline hydroxylation impairs Brd4 

transcriptional activity. We selected MV-4,11 cells as a model, which is a leukemia cell 

line highly dependent on Brd4 transcription activity and very sensitive to Brd4 inhibitor 

JQ146. We performed qRT-PCR to monitor the transcription of several of known Brd4 

transcriptional targets, c-Myc, Ran and Rad2147,48. Our data showed that inhibition of 

prolyl hydroxylase activities using DMOG strongly reduced the abundance and 

transcriptional expression of Brd4 targets, suggesting that Brd4 transcriptional activity is 

potentially regulated by proline hydroxylation (Figure 5A-B). To probe the possible 

mechanism of DMOG-regulated Brd4 transcription activity, we performed Chromatin 

ImmunoPrecipitation coupled with quantitative PCR (ChIP-qPCR) analysis and evaluated 

the dynamics of Brd4 chromatin binding under DMOG treatment in MV4;11 cells. Our 

data showed that DMOG treatment significantly reduced Brd4 binding to the c-Myc 

promoter in AML leukemia cells (Figure 5C). Since Brd4 transcriptional activity has 

been shown to be critical for AML cell proliferation and survival, we next asked whether 

the altered Brd4 transcription activity by prolyl hydroxylase inhibitors will affect 

leukemia cell growth. Towards this goal, we performed cell proliferation assay under the 

control and DMOG treatment condition. Our data showed that the growth of MV4;11 
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cells was significantly inhibited upon DMOG treatment, while the growth of the model 

cell line, Hela cell, is much less sensitive to DMOG treatment (Figure 5D-E).  

Since DMOG is a competitive inhibitor mimicking alpha-ketoglutarate (-KG), it may 

have off-target effects on enzymes that require -KG as cofactors other than prolyl 

hydroxylases. To address this issue, we repeated the assay with IOX249–51, a recently 

developed compound that is highly specific to PHD prolyl hydroxylases comparing to 

other enzymes that require -KG as co-factors. Our data confirmed that inhibition of 

prolyl hydroxylases by IOX2 also strongly reduced the expression of c-Myc in MV4;11 

cells and inhibited leukemia cell growth (Figure 5D and 5F). These data demonstrated 

that the enzymatically catalyzed trans-4-hydroxyproline modification is essential for 

MV4;11 cell proliferation. To further demonstrate the site-specific role of proline 

hydroxylation on leukemia cell activity, we generated a Brd4 mutant plasmid with P536A 

through site-directed mutagenesis and identified an shRNA targeting 3’UTR to knock 

down the endogenous Brd4 (Figure 5G). Knockdown of Brd4 has been previously shown 

to significantly inhibit AML cell proliferation44. We found that expression of mutant 

Brd4 with the concurrent knockdown of endogenous Brd4 led to the significantly reduced 

MV4;11 cell proliferation comparing to the expression of the wild-type Brd4, suggesting 

that site-specific proline hydroxylation is critical for MV4;11 cell growth and function 

(Figure 5H). 

Since the treatment of prolyl hydroxylase inhibitor is known to stabilize hypoxia-

inducible factor1 alpha and previous studies showed that overexpression of HIF1 may 

lead to the growth arrest of leukemia cells52, we wanted to ask whether the growth 

inhibitory phenotype induced by prolyl hydroxylase inhibitors is dependent on HIF1. 
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Towards this goal, we generated a stable MV-4;11 cell line with HIF-1 significant 

knockdown using lentivirus-mediated shRNA transfection (Figure 5I). With this cell 

line, we repeated the cell proliferation assay and our data showed that the growth 

inhibitory effect of leukemia cells by prolyl hydroxylase inhibitors is HIF-1 

independent (Figure 5J). 

  



21 
 

 
Figure 4. Identification and validation of Brd4 proline hydroxylation at Pro536.  

(A) Brd4 proline hydroxylation Hyp536 locates at the junction between NPS and BID 

domain.  

(B) in vivo and (C) synthetic peptide fragmentation and precursor ion mass spectra 

comparison. “b” and “y” ions designate peptide backbone fragment ions containing 

peptide N- and C-terminus respectively.  

(D) HPLC elution profile analysis of the Brd4 peptides bearing Hyp536 (red line) and 

Pro536 (blue line) under control and 800 µM DMOG-treated conditions.  
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Figure 5. Functional characterization of proline hydroxylation pathway on Brd4 

transcriptional activities and cell proliferation in MV4;11 cells.  

(A) Western blotting analysis showing that the DMOG treatment of MV4;11 cells (800 

µM, 24 hrs) significantly decreased the protein abundance of c-Myc.  

(B) Quantitative real-time PCR analysis showing that the DMOG treatment of MV4;11 

cells significantly decreased the transcriptional expression of known Brd4-targeted genes.  

(C) Chromatin immunoprecipitation coupled with quantitative PCR (ChIP-qPCR) 

analysis of Brd4 binding to the c-Myc promoter in MV4;11 cells with or without DMOG 

treatment.  

(D) Cell proliferation assay of MV4;11 cells under control, DMOG and IOX2 treatment. 

Statistical analysis was performed between treated and control cells at 72 hrs.  

(E) The relative proliferation of Hela and MV4;11 cells under DMOG (400 µM, 800 µM) 

and IOX2 (10 µM, 50 µM) treatments for 24 hrs comparing to the vehicle-treated control.  

(F) Western blotting analysis showing that IOX2 treatment (10 µM, 16 hours) 

significantly decreased the protein abundance of c-Myc.  

(G) Western blotting analysis showing that Brd4 shRNA treatment significantly reduces 

Brd4 protein abundance. 

(H) Cell proliferation assay of MV4;11 cells with shRNA knockdown of endogenous 

Brd4 and expression of WT Brd4 and Brd4 with P536A mutation.  

(I) Western blotting analysis showing that HIF1 was significantly knocked down in a 

stable MV4;11 cell line.  

(J) Cell proliferation assay demonstrating that the growth of MV4;11 cells with and 

without HIF1 knocked down were both strongly inhibited by DMOG treatment (400 

µM). All statistical analysis were performed with three biological replicates (Student’s t-

test, * p<0.05, ** p<0.01). 
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Discussion 

Proline hydroxylation is an ancient posttranslational modification first discovered in 

190253. However, the enzymatic regulatory pathways of this modification were 

understood only recently3–6,12. As an irreversible modification, the proline hydroxylation 

is catalyzed by prolyl hydroxylases which require oxygen as co-substrate and iron, alpha-

ketoglutarate and ascorbate as co-factors. Such requirements intimately link the 

prevalence of proline hydroxylation with key cellular metabolic states including oxygen 

availability, iron concentration as well as energy homeostasis. In recent years, advances 

in high resolution mass spectrometry led to the identification of an increasing number of 

proline hydroxylation targets16–22These recently identified substrates involved in the 

transcriptional activation or maintenance of diverse hypoxia-response cellular pathways 

that are critical for tumor initiation and proliferation, including angiogenesis, glycolysis, 

DNA damage response and inflammation. Despite such advances, the functional and 

substrate diversity of proline hydroxylation proteome in cancer cells remain largely 

unknown and the precise identification of proline hydroxylation sites still suffer from 

ambiguous site-localizations in the large-scale proteomics data analysis22. To address 

these challenges and fill in this important knowledge gap, we performed a systematic 

study to expand the proline hydroxylation proteome and applied stringent criteria for the 

identification and validation of candidate Hyp targets. We integrated immunoaffinity 

enrichment with exhaustive HPLC-mass spectrometry analysis and identified 562 proline 

hydroxylation sites on 272 protein substrates in HeLa cells. Other than collagen 

hydroxylation sites, most of the sites identified in our study have not been reported 
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before, giving us a unique opportunity to study the functional diversity of proline 

hydroxylation proteome and its critical roles in cancer cell activities and survival. 

Proline is a nonpolar, aliphatic amino acid with a unique secondary amine and a 

pyrrolidine side chain. The structural specifications give proline an exceptional 

conformational rigidity which can play characteristic roles in the secondary structure of a 

protein54. Proline is frequently found in turns and non-repetitive secondary protein 

structures27. It is a structural disruptor in alpha helix and beta sheet and usually exists at 

the ends of alpha helices and the edge of beta-sheets28,55. Our analysis of annotated PDB 

structures showed that only 6% Pro tend to locate within the regular secondary structures, 

which is in accordance with previous studies, while surprisingly, 62% of proline 

hydroxylation with structural annotations identified in this study occur in the regular 

secondary structures, strongly suggesting that hydroxylation preferentially targets proline 

sites involved in the secondary structure and potentially promote the stabilization of the 

substrates’ protein structure. Mechanistically, hydroxylation of proline may promote the 

hydrophilic interactions and induce stereo electronic effect, which contribute to the stable 

helix in collagen. Studies have shown that proline hydroxylation may increase the 

residue’s polarity and serve as a substitution in forming H-bond to compensate for the 

lack of hydrogen in the backbone nitrogen33,56. In addition, proline hydroxylation induces 

characteristic stereoelectronic effect due to the electron-withdrawing ability of OH. The 

gauche effect and n-π* interaction can strengthen X-Hyp dihedral angels and stabilize 

helical structure57. Proline also plays an important role in regulating protein-protein 

interactions58,59. Hydroxylation of the proline’s hydrophobic pyrrollydine ring on the 
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protein surface may fine-tune the surface polarity and potentially alter the properties of 

protein-protein interactions60–62.  

Analysis of flanking sequence of proline hydroxylation sites showed strong preference of 

the Hyp modification sites with Gly, Ala and poly-proline as neighboring amino acids. 

Indeed, nearly one-third of the tryptic peptides with proline hydroxylation (82/262) 

contain at least three Hyp modification sites. Such percentage is much higher than the 

typical analysis of phosphorylation and lysine acetylation proteome (data not shown). 

The preference of small non-polar amino acids like Gly as neighboring residues also 

agree well with the knowledge on proline hydroxylation sites on collagen, which is 

considered as a key motif for the prolyl-4-hydroxylase that mediates collagen proline 

hydroxylation. The prevalence of the peptides containing the PG motif suggests that 

prolyl-4-hydroxylase likely have more diverse targets than previously thought. 

Cellular stress response pathways are strongly enriched with proline hydroxylation 

substrates, including key structural molecules and chaperone proteins. Such finding 

suggests that this oxygen-sensing modification could serve as a direct regulatory 

mechanism that mediates the activities of these pathways under hypoxia 

microenvironment. In addition, as trans-4-hydroxylproline plays a critical role in 

stabilizing trans-peptide bond and secondary protein structure, the lack of oxygen could 

strongly impact the folding and proper maintenance of diverse protein structures and the 

accumulation of incorrectly folded proteins may induce cellular stress responses. Indeed, 

unfolded protein response (UPR) in ER is one of the major hypoxia-induced cellular 

response pathways63–66. The hyperactivated UPR pathways are important for cancer cells 

to adapt to the hypoxia states and have become novel targets for cancer treatment. The 
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identification of a wide range of structural and chaperone proteins with proline 

hydroxylation in stress-response pathways demonstrate a potentially critical role of 

proline hydroxylation in mediating protein folding and ER stress in cancer cells. 

Messenger RNA processing and RNA splicing processes are some of the most enriched 

cellular pathways with proline hydroxylation substrates in Hela cells, which agrees with 

previous studies that have linked alternative RNA splicing and microRNA processing 

with hypoxia and oxygen sensing20,21,67,68. Our data suggests a potentially critical role of 

proline hydroxylation pathways on the RNA processing in cancer cells. The identification 

and validation of proline hydroxylation site (Hyp50) on histone H2B further expands the 

inventory of histone marks. The location of the Hyp50 site at the junction between 

acetyllysine-rich N-terminal tail and the C-terminal histone globular domain indicates a 

potentially direct oxygen-dependent regulation of chromatin structure and epigenetic 

regulation. Despite the identification of novel Hyp targets, there are plenty of room to 

improve the proteomics analysis workflow through strategies with higher sensitivities and 

specificities. Comparing to the site-specific antibodies, we found that the custom-

developed polyclonal pan-specific Hyp antibodies have varied affinities and specificities 

against sites with different flanking sequences and therefore limit its application in the 

Western blotting or the affinity enrichment of low abundance Hyp targets such as HIF1. 

In addition, proline hydroxylation is known to promote the degradation of many 

substrates such as HIF1, HIF2, Foxo3a and ATF-417–19, which were not identified in 

our initial proteomics screen. Inhibition of protein degradation pathways prior to the 

enrichment analysis may allow the identification of these important substrates with rapid 

turnover.  
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Recently, bromodomain-containing proteins have emerged as novel targets for cancer 

treatments42–44,69. Brd4 is one of the most well-studied bromodomain-containing proteins 

playing critical roles in c-Myc hyperactivation and leukemia cell proliferation. Our study 

identified Brd4 as a novel proline hydroxylation substrate with nearly 60% stoichiometry 

under normoxia states. Its hydroxylation level is enzymatically regulated by prolyl 

hydroxylases and inhibition of these enzymatic activities significantly diminished the 

expression of Brd4-targeted genes as well as the proliferation of leukemia cells. Although 

the detail mechanisms of hydroxylase-regulated Brd4 transcriptional activities require 

further investigation, it demonstrates that the oncogenic proline-hydroxylation-dependent 

pathways may potentially serve as new targets for the development of therapeutic 

strategy in leukemia. 

Materials and Methods 

Cell culture 

Hela cell was cultured in Dulbecco's Modified Eagle Medium (DMEM, Fisher Scientific) 

supplemented with 10% fetal bovine serum (FBS) (Sigma), 100 IU penicillin and 100 

µg/ml streptomycin (Fisher Scientific) at 37 oC in a 5% CO2 incubator. MV 4;11 cell line 

(a kind gift from Jianjun Chen at the University of Chicago) was maintained in RPMI 

1640 media (Fisher scientific) (with 10% FBS and 100 IU penicillin, 100 µg/ml 

streptomycin) at 37 oC in a 5% CO2 incubator. 

Generation and validation of pan-hydroxyproline antibody 

Randomized hydroxyproline-containing peptide library “CXXXXXX(Hyp)XXXXXX” 

(“X” refers to any amino acid except for Cys, and “Hyp” indicates trans-4-
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hydroxyproline) was conjugated to Keyhole Limpet Hemocyanin protein (KLH) and 

subject to the immunization of rabbit following a standard protocol (SDIX Inc). The 

antibody was purified with the agarose beads conjugated with hydroxyproline-containing 

peptide library. For immunoaffinity purification, pan-hydroxyproline antibody was 

covalently linked to the protein A agarose beads for the immunoaffinity purification 

using amine-reactive crosslinker as previously described70. 

Cell lysis and proteolytic digestion for proteomics analysis 

Hela cells were lysed on ice in the cell lysis buffer (100 mM NaCl, 20 mM Tris-HCl, 10 

mM EDTA, 0.5% (v/v) Nonidet P-40 (NP-40) and 1 mM phenylmethylsulfonyl fluoride 

(pH 8.0)) followed by sonication. Protein concentration was determined by the Bradford 

assay (Biorad). For proteolytic digestion, the proteins in the cell lysate were first reduced 

and alkylated with a final concentration of 5 mM tris(2-carboxyethyl)phosphine (TCEP) 

and 5 mM iodoacetamide to block cysteine residues. Proteins were then precipitated with 

10% trichloroacetic acid (v/v, final concentration), washed three times with cold acetone. 

The pellet was resuspended in 100 mM NH4HCO3. The protein solution was adjusted to 

pH 8.0 and digested by trypsin (Promega) at an enzyme-to-substrate ratio of 1:50 (w/w) 

at 37 oC overnight. The digestion was repeated for the second time for 3 hours at 37 oC 

with an enzyme-to-substrate ratio of 1:100. The digestion was finally quenched by TFA 

(final concentration 1%, v/v).  

Immunoprecipitation of Hyp-containing peptides 

Tryptic peptides were desalted by Sep-Pak C18 column (Waters, 100 mg) following the 

manufacture’s protocol. The eluted peptides were dried by Speed Vac (Thermofisher) and 
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then resuspended in 50 mM NH4HCO3 buffer. Antibody-bound protein A beads were 

added to the peptide solution and incubated for overnight at 4 oC with rotation. Then the 

beads were washed twice with the sample buffer and eluted with 0.1% TFA. 

Peptide fractionation and LC-MS/MS analysis 

The peptides were fractionated and desalted by Stage-tips packed with Empore 

membranes (3M) as previously described71. Briefly, the peptides were reconstituted in 

5% ACN, 0.1% FA (formic acid) in water and loaded onto a Stage-tip packed with 

Empore Cation Exchange-SR membranes (3M). The Stage-tip was washed with 0.1% FA 

and sequentially eluted with the following six buffers that contain 0.1% FA (v/v), 20% 

ACN (v/v) and NH4OAc with a respective concentration of 50, 75, 125, 200, 300, 500 

mM. Peptides in each fraction were subsequently desalted with C18 Stage-tips and dried 

in Speed-Vac (Thermofisher). For LC-MS/MS analysis, each sample was resolubilized in 

2.5 µl of HPLC buffer A (0.1% formic acid in water, v/v) and loaded onto an in-house 

packed C18 column (15 cm × 75 µm, ReproSil-Pur Basic C18, 2.5 µm, Dr. Maisch 

GmbH) through a Proxeon Easy nLC 1000 Nano-UPLC system connecting on-line to an 

Orbitrap Fusion mass spectrometer (ThermoFisher). Peptides were eluted with a gradient 

of 5-30% of HPLC buffer B (0.1% formic acid in acetonitrile, v/v) at a flow rate of 200 

nl/min. Full mass spectra were acquired with a resolution of 120,000 at m/z 200. 

Dynamic exclusion was enabled to allow for one fragmentation in 60 seconds. Isolation 

window for MS/MS analysis was 1.2 m/z. Precursor ions were fragmented using high-

energy collision dissociation (HCD) with 35% collision energy in ion trap.  

MaxQuant 1.5.2.8 was used to identify peptides from spectra in the raw data. 

Hydroxylation on proline (+15.9949 Da), protein N-terminal acetylation and methionine 
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oxidation were specified as variable modifications. Carbamidomethylation of cysteine 

was specified as a fixed modification. Trypsin was specified as the proteolytic enzyme 

with a maximum of 2 missing cleavages. In silico identification of co-eluting peptides 

from the same spectra was disabled. The precursor ion tolerance was 4.5 ppm and the 

fragment ion mass tolerance was 0.5 Da. The database search was performed against 

UniProt human database (downloaded at 2014/04/14 with a total of 69078 sequences) 

with a cutoff threshold at 1% False Discovery Rate (FDR) at peptide, protein and site 

levels. Modified peptides were required to have a minimum Andromeda score of 40. 

To ensure high confidence identification of hydroxyproline peptides and avoid false 

identification of peptides containing neighboring Met and Trp oxidation due to 

ambiguous localization of the modification sites, we applied an in-house developed 

software script to analyze the fragmentation match pattern of each hydroxyproline 

peptide identification. For confident localization, the software requires a minimum 

number of two non-redundant ions in MS/MS spectra that represent peptide fragments 

between Pro and the closest Met or Trp on both N- and C- terminal side of each peptide. 

The minimum of two non-redundant fragment ions was specified because the closest 

possible position of Pro with Met and Trp in the same peptide is that they are next to each 

other, in which case, only two ions (the b and y ions that fragment between them) can 

specifically determine whether the mass shift can be localized on Pro or the neighboring 

Met/Trp residues. The specification of the minimum of two non-redundant fragment ions 

for the site localization enabled the removal of potentially false positive identifications 

with very high stringency. All peptide identifications that passed through the 

fragmentation pattern analysis were further evaluated manually to ensure high confidence 
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of the peptide-spectrum matches. LCMS data are publically accessible through 

ProteomeXchange Consortium and PRIDE partner repository (accession: PXD005018). 

To estimate site-specific Hyp stoichiometry from the analysis of Hyp identifications 

without affinity enrichment, all the peptide forms containing the Hyp sites were analyzed 

based on Maxquant search results. The total intensities of modified and their 

corresponding unmodified peptide forms were summed up respectively to calculate site-

specific Hyp stoichiometries. 

Bioinformatic analysis  

The pathway and functional annotation enrichment analysis for proline hydroxylation 

proteome was performed in GOstats software package72 in R using hypergeometric test 

for Gene Ontology annotations73. The enrichment with a Benjamini-Hochberg74 corrected 

P<0.05 was considered to be statistically significant. 

Protein-protein interactions were extracted from STRING database75 with a cutoff 

interaction score above 700. Protein interaction network was visualized with Cytoscape76 

and highly interconnected protein clusters were identified by MCODE plugin77. Human 

protein complexes were extracted from CORUM database78 and significantly enriched 

proline hydroxylation complexes were identified with hypergeometric test with P>0.05. 

Protein secondary structure information were manually curated from the PDB data 

deposited in the UniProt database79. Individual protein structures were visualized by 

Pymol (The PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC) with 

PyTMs plugin80.  
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Synthetic peptide validation 

Synthetic peptides were acquired from GL Biochem Ltd (Shanghai, China). The peptides 

were reconstituted with HPLC buffer A and analyzed by Proxeon nanoLC-Orbitrap 

Fusion mass spectrometer as described above. Mass-to-charge ratios (m/z ratios) of each 

peptide based on the endogenous peptide identifications from HeLa cells were specified 

to acquire targeted HCD MS/MS spectra in ion trap. The data was analyzed by 

MaxQuant to confirm the peptide identification and evaluated manually for validation.  

Targeted quantification of Brd4 proline hydroxylation 

MV4;11 cells were plated at 2×104-2×105/mL and treated for 24 h with 800µM DMOG 

(Cayman Chemical Company).  The cells were lysed in urea lysis buffer (2 mM HEPES 

pH 8.0, 9.0 M Urea, 12.5 mM EDTA, and 1× HALT protease inhibitor cocktail (Fisher)) 

followed by sonication. Cysteine was reduced with 5 mM tris(2-carboxyethyl) phosphine 

(TCEP) (Sigma) and alkylated with 5 mM iodoacetamide (Sigma). The lysate was diluted 

to 1M urea with 50 mM NH4HCO3 and adjusted to pH 8.0. The protein solution was 

digested by trypsin (1:50) overnight, and by a second batch of trypsin (1:100) for 

additional two hours. The digestion was finally quenched with TFA (final concentration 

of 1%, v/v).  

The tryptic peptides from both control and DMOG-treated cells were analyzed by LCMS 

as previously described. The precursor ions with the mass-to-charge ratios of 668.3604 

and 663.0288, corresponding to hydroxylated and unmodified Brd4 peptides, 

respectively, were targeted for fragmentation. The mass spectrometry data were acquired 

with Orbitrap in high resolution for both MS and MS/MS analysis. Specific HPLC 
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elution peaks for each peptide were determined with Parallel Reaction Monitoring (PRM) 

of multiple product ions81. The peak areas of the precursor ions were calculated to 

determine the abundance of modified and unmodified peptide isoforms. The 

stoichiometry was estimated with the following formula: Hyp% = (Peak area of Hyp 

peptide) / (Peak area of Hyp peptide + Peak area of Pro peptide). 

Cell proliferation assay 

MV4;11 cells were cultured in RPMI 1640 media with L-glutamine (Fisher) 

supplemented with 10% FBS (Sigma), 100IU penicillin and 100 µg/ml streptomycin 

(Fisher). Cells were split at an initial density of 2×104-2×105/mL for proliferation 

analysis. The chemical treatment began after 24 hours with DMOG or IOX2 (ApexBio). 

The cell densities were determined every 24 hours in triplicate with a hemacytometer 

(Spencer). Hela cell proliferation was measured by MTT assay (Sigma) following the 

manufacture’s instruction. 

Western blotting analysis 

Proteins were resolved on SDS-PAGE gel and immunoblotted to PVDF membrane 

(BioRad). Bd4, c-Myc, actin, Hif1α were detected by anti-Brd4 (GeneTex), anti-c-Myc 

(Cell Signaling), anti-actin (VWR), anti-Hif1α (Millipore) antibodies following the 

manufacturer’s instructions.  

Hela cells blank or treated with 200 µM CoCl2 for 16 hours were harvested using 2X 

SDS lysis buffer (125 mM Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 5% β-

mercaptoethanol). For the competition assay with the pan-anti Hyp antibody, equal 

amounts of the Hela whole cell lysate were loaded onto two lanes in gel and transferred 
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onto a PVDF membrane. The membrane was blocked with 3% BSA in TBST (0.1% 

tween 20, in 1X tris-buffered saline, pH 7.6) for one hour at room temperature. Prior to 

the incubation with the membrane, the pan-anti Hyp antibody was diluted to a final 

concentration of 2 µg/ml in 1.5% (w/v) BSA and incubated with 1 µg/ml Hyp- or Pro-

containing peptide libraries for 16 hours at 4 oC. Then, the antibody solutions were 

incubated with the membrane at 4 oC overnight. The secondary antibody (1:20000) was 

dissolved in 3% BSA and incubated with the membrane at the room temperature for one 

hour. 

Dot blot assay was performed as previously described82. Briefly, peptides in the amounts 

of 0.125 µg, 0.5 µg and 2 µg were dotted onto the nitrocellulose membrane and dried in 

air. The membrane was blocked with 5% milk at the room temperature for 1 hour. The 

pan-anti Hyp antibody was diluted in 2% BSA for a final concentration of 2 µg/ml and 

incubated with the membrane at the room temperature for 2 hours followed by the 

secondary antibody incubation. The dot blot was visualized with the VisiGio Prime HRP 

kit (Amresco). 

Quantitative real-time PCR 

MV4;11 cells were treated with 800 µM DMOG for 24 hours with an initial cell density 

of at 2×106/mL. Control and DMOG-treated MV4;11 cells were subject to qRT-PCR 

analysis (ARQGenetics Inc., Bastrop, TX). To quantify the levels of c-Myc, Ran, and 

Rad21 transcripts in MV4;11, standard curves were generated using serial dilutions of 

each target transcript. The actin was used as the reference gene for normalization. All 

reactions were run in triplicate. The primers for qRT-PCR are listed in the Supplemental 

Information (Table 1). 
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Generation of stable MV-4;11 cell line with HIF-1 knockdown 

The pLKO.1-puro vector encoding shRNA targeting Hif1α was purchased from Sigma 

(TRCN 0000003810). Lentivirus for Hif1α knockdown was packaged by the Minnesota 

Obesity Center (University of Minnesota, MN). To generate the stable knockdown cell 

line, MV4;11 cells were infected with the lentivirus for four hours in the presence of 

polybrene (Sigma). Stable transfectants were selected in an RPMI medium containing 10 

μg/ml puromycin (EMD Millipore), and about 104 puromycin-resistant cells were pooled 

and expanded. Knockdown of Hif1α in the stable MV4;11 cells were validated by 

Western blotting. 

Transient transfection of leukemia cells with Brd4 WT, mutant plasmids and shRNA 

The pFlag-CMV2-Brd4 (1-1362) plasmid was a gift from Eric Verdin (Addgene plasmid 

# 22304)83. Brd4 plasmid with P536A mutation was obtained using QuikChange 

Lightning Site-Directed Mutagenesis Kit (Agilent) following the manufacturer’s 

instructions. The primers are:  

5'- GCCCCAGCAGAACAAACGCAAGAAAAAGGAGAAAGAC -3' (forward) and  

5'- GTCTTTCTCCTTTTTCTTGGCTTTGTTCTGCTGGGGC -3' (reverse).  

The Brd4 shRNA targeting 3’-UTR (sequence: CCGCCAAATGTCTACACAGTA) was 

provided by the Genomics Center (University of Minnesota). Transient transfection of 

MV4;11 cells was performed with the Neon Transfection System (Thermofisher) 

following the manufacturer’s instructions. 
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ChIP-qPCR 

MV-4;11 cells were washed with PBS and crosslinked in 1% formaldehyde (Sigma) for 

10 min, followed by quench with 2.5 M glycine for 5 minutes at room temperature.  The 

cells were washed with PBS, resuspended in cell lysis buffer (10 mM NaCl, 10 mM Tris-

HCl (pH 8), 0.4% NP-40, and protease inhibitors (Sigma)) and incubated on ice for 10 

minutes.  The lysate was centrifuged at 800 g for 10 min. The pellet was washed with 

PBS and resuspended with 1 mL buffer containing 10 mM EDTA, 0.5 mM EGTA, 10 

mM HEPES, and 0.25% Triton X-100 for 10 minutes on ice.  After centrifugation, the 

pellet was resuspended with SDS lysis buffer containing PMSF and incubated on ice for 

30 minutes.  The lysate was sonicated at 25% power for 10 cycles of 10 sec on and 30 sec 

off (Sonic Dismembrator Model 500, Thermofisher). After centrifugation, the supernatant 

was diluted to less than 0.1% SDS with ChIP buffer (150mM NaCl, 50mM Tris-HCl (pH 

7.5), 5mM EDTA, 0.5% NP-40, 1% Triton X-100, and protease inhibitors).  Four µg 

ChIP grade BRD4 antibody (Abcam) was incubated with the sample and rotated 

overnight at 4 °C.  After clearing the chromatin by centrifugation, the chromatin was 

incubated with 40 ul (25% slurry) of Protein A/G agarose beads (Santa Cruz) by rotation 

at 4 °C for one hour. The beads were washed three times with cold ChIP buffer.  To 

isolate the input DNA, the input lysate was incubated with 2.5-3x volume of ethanol for 

precipitation.  This sample was washed with 70% ethanol and dried.  To isolate input and 

immunoprecipitated DNA, 10% (wt/vol) Chelex 100 slurry (Bio-Rad) was added to dried 

pellets or washed beads84,85.  The sample was boiled for 10 minutes and then incubated 

with 20 ug Proteinase K (Sigma) at 55 °C for 30min.  The digested sample was boiled 

again for 10 minutes and the supernatant was transferred to a new tube.  The input DNA, 
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immunoprecipitated DNA and Protein A/G-only immunoprecipitated DNA were 

subjected to real time PCR (primer forward: TACTCACAGGACAAGGATGCGGTT, 

primer reverse: TGAATTAACTACGCGCGCCTACCA86 (Table 1)) 

Abbreviations and Acknowledgements 

Acknowledgements 

We would like to thank Do-Hyung Kim, David Bernlohr, Timothy Griffin and the 

members of the Chen lab for helpful discussion and suggestions. We also thank Jeongsik 

Yong for the access of Neon Transfection System for electroporation. We greatly 

appreciate the Center for Mass Spectrometry and Proteomics for LCMS instrument 

access and support. 

Abbreviations 

Hif1a – Hypoxia inducible factor 1 alpha; pVHL – von Hippel Lindau; HPLC/MS/MS – 

High Performance Liquid Chromatography tandem Mass Spectrometry; LCMS – Liquid 

Chromatography Mass Spectrometry; BRD4 – Bromodomain-containing protein 4; NPS 

– N-terminal cluster of Phosphorylation Sites; BID – Basic residue-enriched Interaction 

Domain; DMOG - Dimethyloxaloylglycine; ATF4 – Cyclic AMP-dependent 

Transcription Factor; PKM – Pyruvate Kinase; CPS1 – Carbamoyl Phosphate Synthase 1; 

APC – Adenomatous Polyposis Coli protein; EIF3 – Eukaryotic Translation Initiation 

Factor 3; STP1 – Sulfotransferase 1.  



39 
 

Supplemental Table 1. q-RT-PCR primer pairs 
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Supplemental Figure S1: Western blotting for validation of pan anti-Hyp antibody 

Western blotting with the pan anti-Hyp antibody comparing the untreated Hela cells (in 

Figure 1B) and the cells treated with 200 μM CoCl2, a hypoxia-mimic chemical, for 16 

hours.  
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Supplemental Figure S2: Pie charts for the replicate analysis of Hyp proteome with 

affinity enrichment.  

The Hyp sites identified in sample 1 and 2 were grouped by the identifications in 

triplicate analysis (blue color), duplicate analysis (orange color) and single analysis (grey 

color). 
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Supplemental Figure S3: Motif enrichment analysis of proline hydroxylation sites 

identified in this study.  

Flanking sequence motifs were identified with motif-x program14 with Bonferroni 

corrected P<0.05. 
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Supplemental Figure S4: Gene classification annotation of Hyp proteome in Hela 

cells with PANTHER system.  

(A) Classification of the Hyp proteome based on the Gene Ontology cellular 

compartment annotations and (B) the classification of Hyp proteome that belongs to the 

category of Organelle (GO:0043226). 
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Supplemental Figure S5: Validation of Brd4 Hyp peptide identification with the 

synthetic peptide analysis and high- resolution HCD fragmentation.  

“b” and “y” ions designate peptide backbone fragment ions containing peptide N- and C-

terminus respectively. 
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(A)

(B)
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Supplemental Figure S6: Validation of Hyp peptide identification with synthetic 

peptide CID fragmentation.  

“b” and “y” ions designate peptide backbone fragment ions containing peptide N- and C-

terminus respectively. (A) Histone H2B type 2-E (UniProt: Q99879) Hyp51. (B) 

Proteasome subunit alpha type-5 (UniProt: P28066) Hyp222. (Continued ) 
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(C)

(D) 
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Supplemental Figure S6: Validation of Hyp peptide identification with synthetic 

peptide CID fragmentation.  

“b” and “y” ions designate peptide backbone fragment ions containing peptide N- and C-

terminus respectively. (C) Proteasome subunit alpha type-7 (UniProt: O14818) Hyp149. 

(D) Serpin H1 (UniProt: P50454) Hyp30. (Continued ) 
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(E)

 

Supplemental Figure S6: (Continued) Validation of Hyp peptide identification with 

synthetic peptide CID fragmentation.  

“b” and “y” ions designate peptide backbone fragment ions containing peptide N- and C-

terminus respectively. (E) Peptidyl-prolyl cis-trans isomerase FKBP10 (UniProt: 

Q96AY3) Hyp36. 
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Summary 

 

Proline hydroxylation is a critical cellular mechanism regulating energy homeostasis and 

development. Our previous study identified and validated Bromodomain-containing 

protein 4 (BRD4) as a proline hydroxylation substrate in cancer cells. Yet, the regulatory 

mechanism and the functional significance of the modification remain unknown. In this 

study, we developed targeted quantification assays using parallel-reaction monitoring and 

biochemical analysis to identify the major regulatory enzyme of BRD4 proline 

hydroxylation. We further performed quantitative interactome analysis to determine the 

functional significance of the 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 affects BRD4 interactions with 

specific proteins in transcriptional processes as well as BRD4-mediated transcriptional 

activation. Analysis of BRD4-dependent AML cells showed that PHD2-BRD4 regulatory 

axis is an oncogenic pathway that promotes the proliferation of AML cells and chemical 

inhibition of prolyl hydroxylases may be an effective strategy to develop potential 

therapeutic treatment in AML. Overall, our study provided new insights into the 

regulation and biological functions of BRD4 proline hydroxylation in gene expression 

and revealed the potentials to target proline hydroxylation pathway in AML for clinical 

applications. 
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Introduction 

Oxygen availability governs the cellular energy homeostasis and development. Cellular 

adaptation to the changes of the oxygen concentration are regulated by diverse signaling 

and transcriptional mechanisms17,87–90. Proline trans-4-hydroxylation (Hyp) is an 

evolutionarily conserved posttranslational modification (PTM) directly involved in 

oxygen sensing5,6,91,92. Decrease in oxygen concentration decreases the abundance of 

proline hydroxylation on the substrate proteins, which further alters the protein-protein 

interactions, downstream signaling and gene expression8. Such regulatory mechanisms 

are known to play central roles in diverse cellular pathways including erythropoiesis, 

angiogenesis, and the activation of cellular survival responses93–96. 

Prolyl hydroxylase domain proteins (PHDs) are one of the major enzyme families that 

regulate proline hydroxylation in cells3,4,97. The enzymatic activity of the PHDs require 

co-factors including oxygen, iron (Fe2+) and alpha-ketoglutarate, which makes PHDs an 

ideal sensor for cellular metabolic states. The expressions of the major PHD family 

proteins PHD1-3 (also known as EGLN-2, 1, 3) are generally ubiquitous across different 

mammalian cells and tissues. PHD2 is usually more abundant with the exceptions that 

PHD1 predominates in the testis and PHD3 is highly expressed in heart98. The -subunits 

of the hypoxia-inducible factor (HIF) complex are important targets of PHD proteins. 

PHD-mediated hydroxylation 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 under normoxia conditions2,99–101. Low oxygen 

concentration under hypoxia conditions inhibits PHD enzyme activity and further inhibits 

hydroxylation-dependent degradation of HIF- proteins. Stabilized HIF-a subunits form 
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complex with HIF-b proteins and activate the transcription of nearly one hundred genes 

as central cellular responses to hypoxia102–104.  

Recent functional and system-wide studies have identified a number of Hyp targets 

regulated by PHD enzymes including PKM2, AKT, NDRG3, ACC2, FOXO3a and p53, 

that regulates diverse cellular pathways involving signaling and energy 

homeostasis16,18,105–108. Through a proteomics-based screening, we previously identified 

Bromo-domain containing protein 4 (Brd4), a key transcription factor, as a new Hyp 

target with a high modification stoichiometry at P536 (>60%)109. In the present study, we 

applied molecular biology strategies with parallel reaction monitoring (PRM)-based 

targeted quantification to identify the regulatory enzyme of Brd4 proline hydroxylation 

and then further applied quantitative analysis of Brd4 interactome to reveal the functional 

significance of the modification on Brd4-mediated transcriptional pathways. 

Results 

Interaction analysis of BRD4 and prolyl hydroxylase domain proteins 

To identify the PHD enzyme that regulates BRD4 prolyl hydroxylation, we first 

performed a candidate screen to identify the prolyl hydroxylase that preferentially 

interacts with BRD4. By co-expressing individual PHD family proteins with flag-tagged 

BRD4, we performed immunoprecipitation (IP) and Western blotting analysis. Our data 

showed that BRD4 preferentially interacted with PHD2 compared to PHD1 or PHD3 

(Figures 1A-1C). The interaction between BRD4 and PHD2 was further confirmed by a 

reciprocal co-immunoprecipitation (Figure 1D). To determine if the interaction between 

BRD4 and PHD2 was dependent upon PHD2 enzymatic activity, we applied a substrate-



54 
 

trapping strategy as recently reported110. This strategy applied dimethyloxalylglycine 

(DMOG) treatment to stabilize the PHD enzyme-substrate intermediate complex and 

therefore enabled the identification of new PHD interactions that depend on PHD 

enzymatic activities. Our data showed that treatment with DMOG indeed resulted in an 

increased BRD4 affinity for all three PHD enzymes, with PHD2 exhibiting the greatest 

interaction with BRD4 (Figure 1D, Supplemental Figure 1). These observations 

indicate PHD2 is the major prolyl hydroxylase that interacts with BRD4 in vivo and with 

a specificity that is dependent on enzymatic prolyl hydroxylase activity. 
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Figure 1. BRD4 Interaction with Prolyl Hydroxylase Domain Proteins 

(A-C) Western blotting analysis showing flag-IP results following co-expression of flag-

tagged BRD4 with HA-tagged PHD1, PHD2 and myc-tagged PHD3. (D) Western 

blotting analysis showing HA-IP results following co-expression of HA-tagged PHD2 

with flag-tagged BRD4. (E) Western blotting analysis showing HA-tag IP results 

following co-expression of flag-tagged BRD4 with HA-tagged PHD1, HA-tagged PHD2 

and treatment with 2mM DMOG. 
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Site-specific regulation of BRD4 proline hydroxylation 

To determine the site-specific dynamics of BRD4 Hyp536, we developed a targeted 

quantification assay with parallel reaction monitoring (PRM)109. This approach 

selectively monitors the abundance of the BRD4 Hyp peptide (containing Hyp P536) and 

its corresponding unmodified peptide based on targeted fragmentation in LCMS 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 

hydroxylation. To this end, HEK293 cells were cultured under 1% and 20% oxygen 

conditions and flag-tagged BRD4 were purified, followed by tryptic digestion and PRM-

based targeted LCMS analysis. Our data showed that hypoxia treatment (1% O2) 

significantly reduced BRD4 P536 Hyp stoichiometry by about 60% (Figure 2A), 

confirming that oxygen is required for BRD4 proline hydroxylation. To determine the 

PHD protein that regulates BRD4 proline hydroxylation, we performed overexpression of 

individual PHD proteins and then measured the changes in BRD4 Hyp stoichiometry 

with PRM-based targeted LCMS analysis. Our data showed that only overexpression of 

PHD2 resulted in a significant increase of BRD4 proline hydroxylation by two folds. 

Interestingly, overexpression of PHD1 and PHD3 led to a nearly two-fold decrease in the 

abundance of BRD4 proline hydroxylation (Figure 2B). These data suggested 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 
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targeted LCMS analysis. Indeed, we observed a significant decrease in BRD4 Hyp 

stoichiometry upon PHD2 knockdown (Figure 2C). In conclusion, these data suggested 

that PHD2 is the major regulatory enzyme of BRD4 P536 hydroxylation in vivo. 
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Figure 2. BRD4 P536 Hydroxylation Abundance under Physiological and Prolyl 

Hydroxylase Treatment  

(A) Hydroxylation level of BRD4 Hyp P536 peptide following oxygen treatment, Flag-

BRD4 immunoprecipitation and analysis by mass spectrometry. The Hyp536 peptide 

precursor ion peak area of each sample was normalized to the amount to total BRD4 

P436 peptide peak area detected. Protein expression after oxygen treatment is observed 

by western blotting. (B) Hydroxylation level of BRD4 Hyp P536 peptide following 

overexpression of PHD1, PHD2 and PHD3 as observed by western blotting. (C) 

Hydroxylation level of BRD4 Hyp P536 peptide following knockdown of PHD2 as 

observed by PCR. * p<0.05, *** p<0.001. 
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Hydroxylation of P536 Hyp does not affect BRD4 stability 

To determine the functional significance of BRD4 P536 hydroxylation, we first 

investigated whether prolyl hydroxylation affects BRD4 protein abundance. To this end, 

HEK293 cells were treated by prolyl hydroxylase inhibitor DMOG or hypoxia (1% O2 

for 6 and 16 hours). Western blotting analysis showed that neither hypoxia nor PHD 

inhibition treatment led to a change in BRD4 protein abundance (Supplemental Figure 

2A, 2B). This data suggested that changes in BRD4 proline hydroxylation by chemical 

treatment or hypoxia does not affect its protein stability.  

Prolyl hydroxylation regulates BRD4 function through distinct protein-protein 

interactions 

Given the well-established role of proline hydroxylation in regulating protein folding and 

protein-protein interactions, we hypothesized that BRD4 proline hydroxylation may 

affect its interactions with other binding partners and result in changes of downstream 

activities. To test the hypothesis, we performed a quantitative analysis of the BRD4 

interactome and measured proline hydroxylation dependent BRD4 interactions. To mimic 

site-specific inhibition of BRD4 proline hydroxylation, we followed previous studies and 

prepared a plasmid expressing a BRD4 P536A mutant using site-directed 

mutagenesis16,18,105–108. HeLa cells were co-transfected with either flag-tagged wild type 

BRD4 or BRD4 P536A. Following immunoprecipitation, we conducted label-free 

analysis of the BRD4 interactome by mass spectrometry. To ensure confident and 

reproducible quantifications, we confirmed that BRD4 was similarly expressed and 

enriched in all biological replicates (Supplemental Figure 3A, 3B). We utilized 
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intensity-based label-free quantification (LFQ) to compare the relative abundance of 

BRD4 interactors across all sample sets and determined significant BRD4 interactors 

with the Student’s t-test. Comparing to the control immunoprecipitation, our analysis 

identified 442 BRD4-specific interacting proteins. After careful screening to remove false 

positive identifications, we identified 61 proteins uniquely enriched with wild-type BRD4 

compared to control immunoprecipitation (Supplemental Figure 4A). Previously well-

known BRD4 interactors such as CDK9, p53, CCNT1 and NPM1 were found to be 

significantly enriched in our dataset with a high degree of reproducibility, indicating an 

efficient coverage of BRD4-specific interactomes (Supplemental Figure 5A-D).  

To characterize BRD4 interactome, we performed annotation enrichment analysis with 

Gene Ontology. Our results showed that BRD4 interactors were highly enriched in 

biological processes including translational initiation (adj –log10 P=65.01), mRNA 

splicing (adj –log10 P=40.65) gene expression (adj –log10 P=15.90), viral process (adj –

log10 P=7.06), nucleosome assembly (adj –log10 P=5.63), DNA repair (adj –log10 

P=3.64) and cell division (adj –log10 P=3.19) (Figure 3A). Enrichment of these 

biological processes amongst the BRD4 interactors agreed well with the current 

knowledge of BRD4 function in regulating gene transcription and RNA processing111. 

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 proline hydroxylation. 

Interestingly, when we quantitatively compared the wild-type BRD4 and BRD4 P536A 

interactomes, we found 9 proteins were significantly enriched with wild-type BRD4 and 
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9 proteins were enriched with BRD4 P536A mutant (Figure 3B, Supplemental Table 1), 

suggesting that inhibition of BRD4 P536 hydroxylation significantly altered its 

interactions with specific groups of binding proteins and likely resulted in changes in 

downstream activities. Gene ontology classification showed that interacting proteins that 

had significant changes in interactions with BRD4 upon site-specific inhibition of P536 

hydroxylation were highly enriched with transcription and RNA processing related 

proteins (Figure 3C).  

To further confirm our findings, we performed quantitative interactome analysis with 

enzyme-mediated inhibition of BRD4 proline hydroxylation. We have demonstrated 

previously that PHD2 is the major regulatory enzyme that is required for BRD4 proline 

hydroxylation. By comparing BRD4 interactome 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. Interestingly, many of these proteins 

were common comparing to the previous pool of significantly changed proteins in the 

interactome analysis of BRD4 mutant (Figure 3D, Supplemental Table 2). Importantly, 

among thirteen transcription factors that significantly reduced interactions with BRD4 

upon PHD2 knockdown, eight were also found to have a significantly reduced 

interactions with BRD4 mutant (Figure 3E). 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 transcriptional activity46. In our dataset, 

we observed that the BRD4 interactions with CDK9 and CCNT1 reduced significantly 

for BRD4 P536A mutant or upon PHD2 knockdown. Such consistent observations from 

the analysis of both enzyme-mediated inhibition of BRD4 proline hydroxylation and site-
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specific mutations suggested that PHD2-BRD4 regulatory axis promotes BRD4 

interactions with key transcription factors and therefore, likely affect BRD4-dependant 

gene transcription (Supplemental Figure 4B). 
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Figure 3. BRD4 P536 Hydroxylation dependent Interactome  

(A) Gene Ontology Analysis of the BRD4 interactome with statistical enrichment for 

biological function (Benjamini-Hochberg adjusted P-value). (B) Volcano plot of flag-

BRD4 immunoprecipitation with and without site-specific inhibition of P536A 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 are significantly enriched with wild-type BRD4 and 

proteins were significantly depleted on the left side. Proteins having transcription 

functions are highlighted in red. (C) BRD4 association diagram; nodes outlined in red are 

significantly enriched with wild-type BRD4 (Cytoscape 3.7) (D) Volcano plot of flag-

BRD4 immunoprecipitation with and without PHD2 KD (E) Overlap of proteins enriched 

with wild-type BRD4 and siControl treated BRD4. 
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To validate these findings, we performed co-immunoprecipitation and Western blotting 

analysis. Comparing to the wild-type BRD4, both site-specific inhibition of proline 

hydroxylation with BRD4 mutant or chemical inhibition of prolyl hydroxylase activity 

with DMOG decreased the interaction of BRD4 with CDK9, CDK1 and MCM5, 

respectively (Figure 4A). We further confirmed that specific inhibition of PHD2 via 

shRNA knockdown also led to the significant decrease of the BRD4 interaction with 

specific binding proteins including CDK9 (Figure 4B). Overall, these data confirmed the 

findings from the quantitative interactome analysis and demonstrated that site-specific 

proline hydroxylation regulates BRD4 interactions with key transcription factors. 

Proline hydroxylation-mediated BRD4 transcriptional activity 

To determine the role of site-specific proline hydroxylation in BRD4 transcriptional 

activity, we developed a luciferase 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 system. As positive controls, we showed that the treatment of 

HEK293 cells with JQ1 (a known bromo-domain inhibitor)48 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 experiment by 

concomitant overexpression of WT or mutant BRD4 P536A with a specific knockdown 

of endogenous BRD4. Our results showed that expression of BRD4 mutant failed to 

enhance the luciferase assay activity to the same extent comparing to the BRD4 wild-

type, suggesting that site-specific inhibition of BRD4 P536 hydroxylation strongly 

affected BRD4 transcriptional activity (Figure 4C). To determine the role of site-specific 

proline hydroxylation in BRD4 transcriptional activity in cell culture, we adopted a real-
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time quantitative PCR assay.  This assay involved the generation of stable BRD4 

knockdown cell line in HEK293T using shRNA against BRD4 and selection with 

puromycin. As a positive control we showed that the stable BRD4 knockdown led to 

significantly reduced CCND1 expression.  Then we performed a rescue experiment by 

overexpression of wild-type or mutant BRD4 P536A in the stable BRD4 knockdown cell 

line. Our results showed that the expression of BRD4 mutant failed to enhance the 

expression of CCND1 to the same extant comparing to the BRD4 wild-type. This 

orthogonal approach also suggests that site-specific inhibition of BRD4 P536 

hydroxylation strongly affected BRD4 transcriptional activity (Figure 4D). To determine 

the PHD2-dependent role in BRD4 transcriptional activity, we adopted a real-time 

quantitative PCR assay. This assay involved the generation of a stable PHD2 knockdown 

cell line in HeLa cells using siRNA against PHD2 and selection. As a positive control we 

showed that stable PHD2 knockdown led to significantly reduced PHD2 mRNA 

expression as measured by real-time quantitative PCR. Our results showed that PHD2 

knockdown led to a reduction in known BRD4 gene-targets, including c-Myc, CCND1, 

Ran, Rad21 and DCPS (Figure 4E)   
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Figure 4. P536 Hydroxylation Regulation of BRD4 interactions and BRD4 mediated 

transcriptional activity 

(A) Western blotting of BRD4 interactors after DMOG treatment and flag-

immunoprecipitation with either wild-type BRD4 or BRD4 P536A. (B) Western blotting 

of BRD4 interactors by PHD2 KD and flag-BRD4 immunoprecipitation. (C) Luciferase 

assay using c-MYC responsive reporter construct presented as fold change compared to 

empty vector control treatment. HEK293T cells were transfected with c-MYC luciferase 

reporter vector together with a renilla vector, siRNA for BRD4 or co-transfected together 

with wild-type BRD4 or BRD4 P536A vectors. (D) Quantitative real-time PCR analysis 

using HEK293T cells with stable BRD4 knockdown.  Analysis compares CCND1 

expression rescue after wild-type BRD4 and BRD4 P536A overexpression. Expression 

normalized to actin expression. (E) Quantitative real-time PCR analysis showing that 

knockdown of PHD2 significantly decreased the transcriptional expression of known 

BRD4-targeted genes in HeLa cells. Expression normalized to actin expression.   

* p<0.05, ** p<0.01, *** p<0.001 
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Functional characterization of proline hydroxylation pathway in AML 

BRD4 transcriptional activity is critical for AML cell proliferation and survival. Previous 

work has shown BRD4 knockdown significantly reduces AML cell proliferation109. 

Chemical inhibition of BRD4 bromo-domain activities inhibits BRD4 targeted c-Myc 

gene expression, induces apoptosis and growth arrest in AML. Based on our finding that 

site-specific BRD4 proline hydroxylation by PHD2 regulates its transcriptional activity, 

we hypothesized that PHD2-mediated proline hydroxylation pathway is an oncogenic 

pathway that promotes BRD4 transcriptional activity and therefore promotes AML cell 

proliferation under normoxia. Indeed, our previous studies have demonstrated that site-

specific inhibition of BRD4 proline hydroxylation in MV4;11 cells (a model for AML) 

led to a significant decrease in cell proliferation109. We repeated the analysis in this study 

to confirm this finding (Figure 5A). To determine whether PHD2 is critical for leukemia 

cell proliferation, we performed proliferation assay comparing MV4;11 cells with control 

and PHD2-specific knockdown. Our data showed that PHD2 knockdown in MV4;11 cells 

indeed led to a significant decrease in cell proliferation (Figure 5B). Using fluorescence-

based flow cytometry analysis, we found that PHD2 knockdown led to a significant 

increase in 7-aminoactinomycin D (7-AAD) staining and a strong increase in cell 

apoptosis. These data suggested that PHD2-mediated proline hydroxylation pathway is an 

oncogenic pathway that may be targeted to inhibit leukemia cell proliferation.  

Chemical inhibition of prolyl hydroxylase is an effective strategy to regulate proline 

hydroxylation pathway in a targeted manner. Our previous studies have demonstrated that 

treatment with IOX2, a cell permeable inhibitor specific for PHD family of prolyl 

hydroxylases, inhibited the transcription of the BRD4 target c-Myc and proliferation in 
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MV4;11 cells109. To determine if the anti-proliferative effect of the PHD inhibition is 

specific for cancer cells, we applied the chemical treatment to CD34+ hematopoietic 

progenitor cells, which is a common model for normal proliferative blood cells. We 

observed that inhibition with IOX2 did not induce apoptosis in CD34+ hematopoietic 

progenitor cells (Figure 5C, Supplemental Figure 6), suggesting that inhibition of 

PHD-mediated proline hydroxylation pathway preferentially inhibits cancer cell 

proliferation. We further performed proliferation assays using Roxadustat (FG-4592), an 

IOX2-homologue chemical that has been developed as an oral therapeutic for treating 

anemia in Phase III clinical trials112. Similar to the effect of IOX2, treating MV4;11 cells 

with FG-4592 led to a significant decrease in leukemia cell proliferation and strong 

induction of apoptotic response (Figures 5D-E). 
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Figure 5.  Functional characterization of proline hydroxylation pathway on cell 

proliferation and apoptosis in MV4;11 cells 

(A) MV4;11 cell proliferation after 72 hours of wild-type BRD4 and BRD4 P536A site-

specific inhibitor overexpression. (B) MV4;11 cell proliferation and after 72hours of 

PHD2 knockdown. (C) CD34+ cell proliferation after 72 hours of IOX2 treatment. (D) 

MV4;11 cell proliferation and (E) apoptosis induction after 72 hours of FG-4592 

treatment. (F) Model for PHD2-mediated prolyl hydroxylation of BRD4 leading to 

transcription factor interaction and activation of transcription. * p<0.05, ** p<0.01, *** 

p<0.001. 
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Discussion 

In the present study, we applied PRM-based targeted quantification and in vivo 

enzymatic assay to identify PHD2 as the major regulatory enzyme of BRD4 proline 

hydroxylation. In contrast to the well-known Hyp targets such as HIF-a, we found that 

proline hydroxylation on BRD4 does not affect its degradation or protein abundance. 

Using label-free quantitative interactome analysis, we determined that PHD2-dependent 

site-specific proline hydroxylation on BRD4 mediates protein-protein interactions of 

BRD4 with key transcription factors and inhibition of site-specific BRD4 proline 

hydroxylation reduced BRD4-mediated transcriptional activation. We further explored 

the functional role of PHD2 in BRD4-dependent AML cells and found that PHD2-

dependent proline hydroxylation is an oncogenic pathway and promotes AML cell 

proliferation under normoxia. Inhibition of the pathway induced strong apoptotic 

response and led to growth arrest in AML cells. Taken together, our findings established 

PHD2-BRD4 regulatory axis as a functionally significant pathway for BRD4-dependent 

gene activation and cancer cell proliferation (Figure 5F).  

Proline hydroxylation is an essential posttranslational modification that mediates the 

metabolic sensing pathways in eukaryotic cells. Hydroxylation of proline at C-4 affects 

the cis-trans isomerization of proline peptide bonds due to the gauche effect and therefore 

regulates the secondary structure of the substrate proteins8. Our studies revealed that 

BRD4 proline hydroxylation regulates BRD4 interactions with specific binding proteins, 

and potentially affects BRD4-mediated gene transcription. Interestingly, hydroxylation 

site on BRD4 locates at a junction between the phosphorylation-rich NPS domain and 

lysine-rich BID domain113. Although the exact mechanism remains to be determined, it is 
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reasonable to speculate that BRD4 Hyp modification may regulate the folding or the 

inter-domain interactions of BRD4, which may affect downstream protein-protein 

interactions and signaling.  

Chemical inhibition of prolyl hydroxylases is a promising strategy to regulate proline 

hydroxylation pathways in cells and tissues. Several prolyl hydroxylase inhibitors have 

been identified as potential therapies for ischemic diseases114–116. Recent progress in the 

clinical trials of Roxadustat (FG-4592) to treat anemia suggests that prolyl hydroxylase 

inhibitors may be generally safe in human112. In agreement with these data, our analysis 

found that chemical inhibition of prolyl hydroxylation pathway does not induce strong 

apoptotic response in normal bone marrow CD34+ cells, while the treatment significantly 

inhibited the expression of BRD4-target c-Myc and AML cell proliferation. Accordingly, 

gene expression analysis of TCGA database (http://cancergenome.nih.gov/) showed that 

PHD2 but not PHD1 or PHD3 is significantly overexpressed in AML patient 

(Supplemental Figure 7). Patient with rapid progression of AML also shows 

significantly higher levels of PHD2 expression (Supplemental Figure 7). Overall, these 

evidence suggests that PHD2-mediated proline hydroxylation is an oncogenic pathway in 

AML that drives cancer cell proliferation and developing more potent and specific 

chemical strategies to target this pathway may be studied as an effective strategy for 

therapeutic applications. 
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Materials and Methods 

Cell Culture and Transient Transfection 

Cancer cells were cultured either in RPMI 1640 media with L-glutamine (ThermoFisher 

Scientific) for MV4;11 cells (a kind gift from Jianjun Chen at the University of Chicago) 

or in Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher Scientific) for HeLa 

and HEK293T cells. Media was supplemented with 10% FBS (Sigma), 100IU penicillin, 

100ug/mL streptomycin (Bethyl). Cells were grown at 37˚C in a 5% CO2 incubator. 

Transfection in HeLa and HEK293T cells was performed using 1mg/mL 

polyethylenimine (PEI). Transfection was conducted with a 1:3 ratio (ug DNA:ug PEI) in 

500ul OptiMEM (ThermoFisher Scientific). Transfection in MV4;11 cells was performed 

using the NEON Transfection System (ThermoFisher Scientific) according to the 

manufacturer’s instructions. 

Plasmids, siRNAs and shRNAs 

pFlag-CMV2-Brd4 (1-1362) was a gift from Eric Verdin (Addgene plasmid # 22304). 

The plasmid containing flag-BRD4 P536A has been previously described109. 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 vectors encoding shRNA 

targeting PHD2, HIf1a and BRD4 were purchased from IDT (TRCN0000001045, TRCN 

0000003810, TRCN0000021424 and respectively). PHD2 siRNA sequence was 5’-

GACGAAAGCCAUGGUUGCUUG-3’ was purchased from Dharmacon. Control siRNA 
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was Mission siRNA Universal Negative Control (Sigma). SiRNA transfection was 

performed using DharmaFECT reagent (DharmaFect). 

Generation of stable knockdown cell lines 

To establish the stable cell lines, shRNA plasmids were co-transfected into 293FT cells 

together with psPAX2 and pMD2.G at the ratio of 4:3:1. 48 hours post transfection, the 

cell medium containing the lentivirus was filtered and used to infect the target cells with 

polybrene (8ug/ml). 24 hours after infection, knock down cells were selected with 2ug/ml 

puromycin. When most of the cells became resistant to puromycin, the concentration of 

the drug was reduced to 1ug/ml and the cells were used for further treatment. 

Immuno-purification and Western blotting analysis 

HEK293T cells were grown to 60% confluency and transfected with expression plasmids. 

16 hours after transfection, cells were treated with or without DMOG (Cayman 

Chemical) for 6 hours. 24 hours post transfection, cells were washed with PBS and lysed 

with 10 mM Tris-Cl pH 8.0, 1 mM EDTA, 1% Triton X-100, 150 mM NaCl and protease 

inhibitor (Sigma). Cell lysate protein concentration was measured using Bradford assay 

(ThermoFisher Scientific). To conduct immunoprecipitation, cell lysates were incubated 

with antibody-coupled beads, either anti-FLAG M2 affinity gel (Sigma) or anti-HA 

magnetic beads (ThermoFisher Scientific), for 16 hours at 4C. Subsequently, the beads 

were washed 3 times with 0.1% tween-20 in 1x PBS. Elution was performed with sample 

loading buffer (62.5mM Tris-HCl pH 6.8, 2% sodium dodecyl sulfate, 0.05% 

bromophenol blue, 10% glycerol, and 5% beta-mercaptoethanol) and boiling for 5 

minutes. For western blotting, equal amounts of input and immunoprecipitation protein 
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were separated by SDS PAGE, transferred to nitrocellulose membranes (Millipore) and 

detected using anti-flag, anti-tubulin, anti-Hif1a (Sigma), anti-HA (Biolegend), anti-myc 

(ThermoFisher Scientific), anti-actin (VWR), anti-CDK9 (Cell Signaling), anti-PHD2 

(Novus Biologicals), anti-mcm5 and anti-CDK1 (Bethyl) antibodies according to the 

manufacturer instructions. 

Experimental Design and Statistical Rationale for Proteomics Experiment 

Hela cells stably expressing 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. Gels were digested with trypsin protease 

(Promega) as previously described117. 

2.5ul peptides of each biological replicate 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 on an in-house packed C18 column (15 cm × 75 

µm, ReproSil-Pur Basic C18, 2.5 µm, Dr. Maisch GmbH) and separated with a 60 minute 

gradient. The Orbitrap Fusion analyzed the ions using a data dependent mod. The survey 

scan was acquired using the orbitrap detector at a resolution of 60000. Dynamic 

exclusion was selected with an exclusion time of 15 seconds and singly charged ions 

were excluded for analysis. The 12 most intense precursor ions were selected for HCD 

fragmentation using an activation energy of 35% and analyzed using the ion trap. 
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The raw mass spectrometry data was searched with MaxQuant (version 1.5.3.12) using 

default parameters118. The raw data was searched against the human Uniprot database 

(downloaded on 2014/04/14, with 69,081 sequences) with tryspin selected as the 

protease. Variable modifications of methionine oxidation, proline oxidation protein n-

terminal acetylation and the fixed modification of cysteine carbamidometylation were 

selected. The precursor ion and fragment ion mass tolerance of 4.5 ppm and 0.5 Da 

respectively were selected. The protein and peptide false discover rate (FDR) were set to 

1% with a minimum peptide length of 6 and a minimum andromeda score of 40. Default 

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 suite119. The data 

was transformed using log2 and filtered so that for each protein, at least one experimental 

group had all valid values. The remaining missing values were imputed in Perseus using 

random numbers generated from a normal distribution120. A two-tailed, two-sample T-test 

was performed to compare protein abundance between case and control groups121. 

Statistically significant proteins enriched with bait passed a Benjamini-Hochber 

procedure for FDR correction (FDR<0.05). For comparisons between cases, proteins 

identified in the empty vector control samples were removed and the protein abundance 

for the bait was normalized across samples. 

Targeted quantification of BRD4 proline hydroxylation 

To measure change in prolyl hydroxylation, flag-BRD4 vector was overexpressed in 

HEK293T cells and either co-transfected with HA-PHD1, HA-PHD2 and myc-PHD3 
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overexpression vectors or treated with 1% oxygen (Biospherix Ltd, Parish, NY, USA). 

To measure change in prolyl hydroxylation upon PHD2 knockdown, HEK293T cells 

stably expressing control shRNA and PHD2 shRNA were generated as previously 

described. Cells were lysed and BRD4 was immunoprecipitated using either anti-flag 

agarose beads or with 1ug BRD4 antibody and protein A/G beads as previously 

described. Protein was separated with SDS PAGE, commassie stained (National 

Diagnostics) and digested with trypsin as previously described117. 

Tryptic peptides were analyzed by LC-MS/MS as previously described. Parallel Reaction 

Monitoring (PRM) was utilized to monitor multiple precursor ions to determine specific 

HPLC elution peaks. The precursor ions with the mass to charge ratios of 663.0288 and 

668.3604, corresponding to the unmodified and hydroxylated BRD4 peptides 

respectively, were used for targeted fragmentation. Precursor and fragment ion spectra 

were acquired by high resolution Orbitrap81. Precursor ion peak areas were calculated to 

measure the abundance of the modified and unmodified peptide isoforms. The 

stoichiometry was calculated with the following formula: %Hyp modified = (Peak area of 

Hyp peptide) / (Peak area of Hyp peptide + Peak area of Pro peptide). 

Bioinformatic analysis 

The functional annotation enrichment analysis for the proteins enriched with BRD4 was 

performed with the online tool DAVID Bioinformatics Resources 6.8122,123. The BRD4 

interaction map was generated using Cytoscape (version 3.7)76. 
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Luciferase Assay 

HEK293T cells were transiently transfected with c-MYC luciferase reporter vector 

together with a renilla vector, siRNA for BRD4 or co-transfected together with wild-type 

BRD4 or BRD4 P536A vectors. Cells were treated with 50 uM JQ1 for 24 hours 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 replicates for each treatment condition was isolated from cells 

using Trizol extraction (Invitrogen) according to the manufacturer’s instructions and reverse 

transcribed into cDNA with M-MLV Reverse Transcriptase (Promega). RNA analysis by qRT-PCR 

was performed as previously described using paired primers using the CFX96 Touch Read-Time 

PCR Detection System (Biorad)109. qRT-PCR data was collected for each primer pair in triplicate 

and was analyzed for RNA expression. Expression level of each gene was normalized to GAPDH 

expression. 

Cell proliferation assay 

MV4;11 cells were prepared at an initial density of 2X105/mL for proliferation assay. 

Treatment with IOX2 or FG4592 (ApexBio) was performed in biological triplicate and 

began at 4x105 cells/mL. Cell densities were measured in technical triplicate after 72 

hours of treatment using hemacytometer (Spencer). 

Apoptosis assay 

Wild-type MV4;11 and stable HIf1a and PHD2 knockdown MV4;11 cells were prepared 

at an initial density of 2X105/mL for apoptosis assay in biological triplicate. Treatment 
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with FG4592 (ApexBio) was began at 4x105 cells/mL. After 72 hours of cell 

proliferation, apoptosis was measured using Annexin V staining (BD Biosciences) and 

analysis using flow cytometric analysis. Data was analyzed using FlowJo software (Tree 

Star). 

Statistical Analysis  

Data are presented as mean standard deviation. Statistical significance of proliferation 

assays, apoptosis assays, luciferase activity assays, prolyl hydroxylation assays and qPCR 

reactions was calculated using two-tailed unpaired Student’s t-test. 
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Supplemental Table 1. BRD4 wild-type enriched interactors vs BRD4 P536A 
 
List of proteins identified after immunoprecipitation comparing enrichment between 

wild-type flag-BRD4 vector and flag-BRD4 P536A vector. (FDR-adjusted T-test p-value 

<0.05 and coefficient of variation set at 0.1) 

 

Uniprot 
ID 

Gene 
Names Protein Names 

-Log10 
FDR-adjusted 
t-test p-value 

Student's 
t-test 

q-value 

Student's 
T-test 

Difference 

B4DXE2 BAG2 BAG family molecular 
chaperone regulator 2 2.8 0 2.63 

Q8WXI9 GATAD2B Transcriptional repressor p66-
beta 1.1 0.02 1.99 

Q14681 KCTD2 BTB/POZ domain-containing 
protein KCTD2 2.8 0 1.53 

Q96T23 RSF1 Remodeling and spacing factor 
1 3.4 0 1.02 

O96028 WHSC1 Histone-lysine N-
methyltransferase NSD2 1.8 0 0.90 

P50750 CDK9 Cyclin-dependent kinase 9 2.4 0 0.71 
P49756 RBM25 RNA-binding protein 25 2.2 0 0.70 
P51608 MECP2 Methyl-CpG-binding protein 2 2.0 0.01 0.46 
O60563 CCNT1 Cyclin-T1 1.8 0.02 0.46 

O60885 BRD4 Bromodomain-containing 
protein 4 0 1.00 0.00 

Q16629 SRSF7 Serine/arginine-rich splicing 
factor 7 2.3 0 -0.48 

P31942 HNRNPH3 Heterogeneous nuclear 
ribonucleoprotein H3 2.4 0 -0.56 

D6RAF8 HNRNPD Heterogeneous nuclear 
ribonucleoprotein D0 2.1 0 -0.64 

C9K0U8 SSBP1 Single-stranded DNA-binding 
protein 2.5 0 -0.67 

B1ANR0 PABPC4 
Poly(A) binding protein, 
cytoplasmic 4 (Inducible form), 
isoform CRA_e 

3.4 0 -0.72 

P61221 ABCE1 ATP-binding cassette sub-
family E member 1 2.0 0 -0.77 

K7EJ81 EFTUD2 116 kDa U5 small nuclear 
ribonucleoprotein component 2.3 0 -0.81 

P60866 RPS20 40S ribosomal protein S20 2.3 0 -1.17 

Q9BVP2 GNL3 Guanine nucleotide-binding 
protein-like 3 1.9 0 -1.23 
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Supplemental Table 2. BRD4 wild-type enriched interactors vs PHD2 knockdown 

Uniprot 
ID 

Gene 
Names Protein Names 

-Log10  
FDR-adjusted 
t-test p-value 

Student's 
t-test 

q-value 

Student's 
T-test 

Difference 

O96028 WHSC1 Histone-lysine N-
methyltransferase NSD2 1.4 0.02 1.47 

Q14681 KCTD2 BTB/POZ domain-containing 
protein KCTD2 2.4 0 1.13 

Q96T23 RSF1 Remodeling and spacing factor 1 3.4 0 1.05 
P85037 FOXK1 Forkhead box protein K1 2.1 0.01 0.93 
Q01167 FOXK2 Forkhead box protein K2 2.1 0.01 0.73 
P51608 MECP2 Methyl-CpG-binding protein 2 2.3 0.01 0.63 
P50750 CDK9 Cyclin-dependent kinase 9 3.5 0 0.58 
P49756 RBM25 RNA-binding protein 25 1.6 0.02 0.54 

B4DXE2 BAG2 BAG family molecular chaperone 
regulator 2 1.7 0.02 0.47 

P78356 PIP4K2B Phosphatidylinositol 5-phosphate 
4-kinase type-2 beta 1.8 0.02 0.46 

O60563 CCNT1 Cyclin-T1 2.2 0.02 0.41 

P17096 HMGA1 High mobility group protein 
HMG-I/HMG-Y 1.4 0.04 0.38 

O60885 BRD4 Bromodomain-containing protein 4 0 1.00 0.00 

P61221 ABCE1 ATP-binding cassette sub-family E 
member 1 2.7 0.01 -0.49 

F5GY37 PHB2 Prohibitin-2 1.5 0.01 -0.60 

P42167 TMPO Lamina-associated polypeptide 2, 
isoforms beta/gamma 2.4 0.01 -0.62 

Q9P2E9 RRBP1 Ribosome-binding protein 1 1.1 0.03 -0.63 
P17066 HSPA6 Heat shock 70 kDa protein 6 1.9 0.01 -0.65 

H0Y4X3 RBM39 RNA-binding protein 39 
(Fragment) 1.9 0.01 -0.68 

Q16629 SRSF7 Serine/arginine-rich splicing factor 
7 3.4 0 -0.73 

K7EJ81 EFTUD2 116 kDa U5 small nuclear 
ribonucleoprotein component 1.9 0.01 -0.79 

P60866 RPS20 40S ribosomal protein S20 1.5 0.02 -0.82 

Q8NE71 ABCF1 ATP-binding cassette sub-family F 
member 1 2.3 0.01 -0.85 

D6RAF8 HNRNPD Heterogeneous nuclear 
ribonucleoprotein D0 (Fragment) 2.8 0 -0.92 

B1ANR0 PABPC4 
Poly(A) binding protein, 
cytoplasmic 4 (Inducible form), 
isoform CRA_e 

3.8 0 -0.98 

P31942 HNRNPH3 Heterogeneous nuclear 
ribonucleoprotein H3 4.8 0 -0.99 

Q9BVP2 GNL3 Guanine nucleotide-binding 
protein-like 3 2.6 0 -1.26 

P48047 ATP5O ATP synthase subunit O, 
mitochondrial 1.0 0.02 -1.40 
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Supplemental Table 2. BRD4 wild-type enriched interactors vs PHD2 knockdown 

 

List of proteins identified after immunoprecipitation comparing enrichment between 

wild-type flag-BRD4 vector treated with shControl and wild-type flag-BRD4 vector 

treated with shPHD2. (FDR-adjusted T-test p-value <0.05 and coefficient of variation set 

at 0.1) 
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Supplemental Table 3: qRT-PCR primer pairs 

 

Gene Name Primer oligo sequence (5'-3') 

CCND1 Forward - CACCGACAACTCCATCCGGCC 

CCND1 Reverse - TGTTCAATGAAATCGTGCGGGGTC 

DCPS Forward - CCAGGACCTCCGCCTGATCCG 

DCPS Reverse - AATCCGGTCCGCTTCAGCCTTC 

MYC Forward - TCTCCGTCCTCGGATTCTCT 

MYC Reverse - TTCTTGTTCCTCCTCAGAGTCG 

RAD21 Forward - GCGGAGAGCAAGGTTTTCTTC 

RAD21 Reverse - ACTCTCCACGCTGCTCTCTA 

RAN Forward - CTTCTGGAAGGAACGCCGC 

RAN Reverse - AACCTCAACACCCAAGGTGG 
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Supplemental Figure 1. BRD4 Interaction with Prolyl Hydroxylase Domain Protein 

3 (PHD3) 

 
(A) Western blot analysis showing myc-tag IP results following co-expression of flag-

tagged BRd4 with myc-tagged PHD3 and treatment with 2mM DMOG. 
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Supplemental Figure 2. BRD4 P536 Hydroxylation Abundance 

 

(A) Western blot of endogenous BRD4 following 16 hour treatment with either 20% 

oxygen and 1% oxygen. (B) Western blot of endogenous BRD4 following 6 hour and 16 

hour treatment with 800uM DMOG.  
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Supplemental Figure 3. Input for identification of BRD4-associated proteins by 

mass spectrometry. 

 
(A) Western blot analysis of overexpression levels of wild-type BRD4 and BRD4 P536A 

with PHD2 KD. (B) Relative amount of flag-immunoprecipitated BRD4 in each sample 

after mass spectrometry data analysis. 
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Supplemental Figure 4. Enrichment of wild-type BRD4-dependent interactors 
 
(A) Volcano plot of flag-BRD4 immunoprecipitation (IP) compared to flag-control IP 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 are significantly enriched with wild-type 

BRD4. Proteins having transcription functions are highlighted in red. (B) Volcano plot of 

flag-BRD4 immunoprecipitation either with siControl treatment or site-specific inhibition 

of P536A and siPHD2 treatment. Proteins on the right side of the volcano plot are 

significantly enriched with wild-type BRD4 with siControl treatment. 
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Supplemental Figure 5. Sample reproducibility of flag-enriched protein 

identifications and abundance by label-free quantification 

 
(A) Pearson correlation plots of sample LFQ intensity between wild-type BRD4 samples 

(CB1-CB3, mean r2 correlation: 0.891) and control vector samples (CV1-CV3, mean r2 

correlation: 0.289), (B) wild-type BRD4 samples and BRD4 P536A samples (CM1-CM3, 

mean r2 correlation: 0.875), (C) wild-type BRD4 samples and BRD4 PHD2 knockdown 

samples (PB1-PB3, mean r2 correlation: 0.917) or (D) wild-type BRD4 samples and 

BRD4 P536A with PHD2 knockdown (PM1-PM3, mean r2 correlation:0.885). 
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Supplemental Figure 6. PHD prolyl hydroxylase inhibition induced significant 

MV4;11 cell apoptosis.  

 
(A-E) Flow cytometry-based apoptosis assay. MV4;11 cells with vehicle, IOX2, DMOG 

and FG4592 treatment (72 hrs) were stained with 7-Aminoactinomycin D (7-AAD) and 

Annexin-5 to test for viability and apoptosis, respectively. (F) Bar graph showing the 

percentage of cell population in different stages of apoptosis. (G) MV4;11 cell apoptosis 

induction after 72 hours with PHD2 knockdown or concomitant knockdown with Hif1a. 

* p<0.05, **p<0.01 
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Supplemental Figure 7. Gene expression data for PHD expression in leukemia 

 

(A) Expression of egln2 (PHD1), (B) egln1 (PHD2), (C) egln3 (PHD3) in acute myeloid 

leukemia as compared to the log2 median-centered intensity for the TCGA leukemia 

dataset. (D) The expression levels of egln1 (PHD2) in Valk leukemia dataset grouped by 

bone marrow, CD34+ blood cell and acute myeloid leukemia as compared to the log2 

median-centered intensity for the dataset. (E) The expression level of egln1 (PHD2) in 

Raponi leukemia dataset grouped by alive at 1 year and dead at 1 year as compared to the 

log2 median-centered intensity for the dataset. * p<0.05, **p<0.01 
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Summary 

 

Micronutrient sensing is critical for cellular growth and differentiation.  Iron and oxygen 

deficiencies are common features in pathophysiological conditions such as ischemia, 

neurological diseases and cancer.  Cellular adaptive responses to starvation include 

repression of mitochondrial respiration, promotion of angiogenesis, and cell cycle 

control. We applied a systematic proteomics analysis to identify and quantify the 

dynamics of the global proteome and phosphorylation signaling in response to acute 

hypoxia, chronic and acute iron deficiency. Our analysis identified over 8600 proteins in 

nearly 5000 protein groups and about 16000 phosphorylation sites. At least ten percent of 

the phosphorylation sites increased by two folds under each treatment conditions.  In 

addition to the regulation of pyruvate dehydrogenase activity and fatty acid beta-

oxidation, phosphorylation targeted DNA repair functions, cell cycle activity and 

ubiquitin ligases under oxygen starvation. Specifically, phosphorylation of proteins 

involved in iron sequestration, glutamate metabolism, and histone methylation pathway 

were found to be highly sensitive to iron deficiency. The dynamics of the 

phosphorylation response to micronutrient starvation provides a missing link in the global 

view of cellular regulation. 
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Introduction 

Microenvironment sensing is critical to maintain normal physiology and developmental 

activity in mammalian cells and tissues124–127. Rapid adaptation to the changes in 

microenvironment involves complex and diverse signaling mechanisms that serve as 

“sensors” to the extracellular cues127–129. Oxygen is one of the key factors in the cellular 

microenvironment that strongly affects energy homoestasis. Low oxygen availability 

(hypoxia) inhibits the oxidative phosphorylation-mediated energy production and 

promotes neuronal cell death / tissue injury during the brain ischemia130. Studies in the 

past two decades have established hypoxia-inducible factors (HIF-a) as a sensor and 

master regulator of cellular hypoxia responsive pathways102–104. Under normoxia, 

hydroxylation of HIF-a by prolyl hydroxylases PHDs (or EGLNs) promotes its 

interaction with ubiquitin E3 ligase von-Hippel-Lindau (pVHL) and leads to the poly-

ubiquitination / rapid degradation of HIF-a89,93,115. Hypoxia condition inhibits the 

hydroxylation and subsequent rapid degradation of HIF-a, which leads to an increased 

expression of hypoxia-responsive genes. More recently, system-wide analysis using 

transcriptome profiling and protein quantification have revealed hypoxia-induced 

changes to the gene expression and protein abundances in neuronal cells and brain 

tissues131–133. 

In addition to the dynamics of transcriptome and proteome, oxygen availability strongly 

affected the cellular signaling pathways. Using quantitative phosphoproteomics analysis, 

recent studies showed that hypoxia treatment induced dynamic changes in IL-6 signaling 

pathway in glioblastoma stem cells and VHL-dependent NFB signaling regulated the 

level of carbonic anhydrase in renal cell carcinoma cells134,135. Despite such progress, 
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these previous studies mainly focused on the analysis of phosphoproteome after a 

relatively prolonged hypoxia treatment (24 and 48 hrs), and yet, the dynamics and 

regulation of the early hypoxia-induced phosphorylation signaling events remains largely 

unknown. Discovery of such early changes and modification events in the cellular 

signaling pathways in response to the hypoxia microenvironment may reveal novel 

upstream regulatory mechanisms that lead to hypoxia-induced global impacts on the 

normal physiology and development of neuronal cells.  

Iron is a key co-factor for many oxygen-related enzymes and cellular processes. It is 

required for the enzymatic activity of di-oxygenases including prolyl hydroxylases that 

hydroxylate HIF-a and demethylases that removes epigenetic methyl marks from histones 

and DNAs136. Insufficient uptake of iron from the cellular microenvironment leads to iron 

deficiency and abnormal neuronal cell development124,125. Similar to hypoxia, iron 

deficiency also leads to the inhibition of HIF-a hydroxylation / degradation and therefore 

upregulates HIF-dependent gene expressions, but little is known on the specific and 

differential effects on cellular pathways induced by iron-deficiency126. System-wide 

analysis of iron deficiency in mammalian cells and tissues has been largely limited to 

transcriptional profiling of gene expression. These studies revealed dynamic expression 

profiles of genes related to growth arrest and DNA damage response upon iron depletion 

in developmental neurons or neuroblastoma cell lines137–140.  

In the present study, we applied a system-wide proteomic and phosphoproteomic 

screening in combination with Stable Isotopic Labeling of Amino acids in Cell culture 

(SILAC)141 to identify early changes in cellular signaling pathways in response to 

hypoxia and iron deficiency in hippocampal neuronal cells. Our deep proteomic analysis 
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provided new insights on the hypoxia-induced dynamics of metabolic pathways and 

epigenetic regulations, and identified diverse signaling mechanisms that were 

differentially regulated by hypoxia and iron deficiency conditions in neuronal cells.  

Results 

Experimental strategy for the quantification of the iron- and oxygen-starvation 

dependent proteome 

To study dynamics of cellular pathways in response to oxygen and iron starvation in 

neuron, we utilized HT22 cells, an established mouse hippocampal cell line, for 

quantitative proteomic and phosphoproteomic analysis (Figure 1A). In order to 

determine the optimum conditions for hypoxia treatment in HT22 cells, we performed 

Western blotting analysis to monitor the HIF1a abundance. Our data showed that HIF1a 

level increased after 1.5 hrs of treatment and peaked at 12 hrs of treatment. 

Desferoxamine (DFO) is a well-characterized cell-permeable iron chelator. Acute and 

chronic iron deficiency have been successfully mimicked by DFO treatment for 6 hours 

with 100 µM concentration or 24 hours with 10 µM concentration142,143. Western blotting 

analysis showed that 6 hours of hypoxia treatment led to a similar increase of HIF1a 

abundance comparing to both acute and chronic iron deficiency and therefore was chosen 

as the treatment condition for hypoxia in the global quantitative analysis (Figure 1B).  

HT22 cells were labeled in media containing “heavy” (Lys8, Arg10) or “light” (Lys0, 

Arg0) amino acids for at least six generations (Figure 1A).  For the oxygen starvation 

treatment, heavy labeled HT22 cells were incubated at 37˚C for 6 hours in a hypoxia 

chamber containing 1% O2, 94% N2, 5% CO2 while the light-labeled HT22 cells were 
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incubated at 37 °C for 6 hours under the normoxia condition. Two additional sets of cells 

were treated with the cell-permeable iron chelator desferoxamine (DFO) to induce both 

acute and chronic iron deficiency. Heavy labeled HT22 cells were treated for 6 hours 

with 100 µM DFO or 24 hours with 10 µM DFO while the light-labeled control HT22 

cells were incubated with DMSO for 6 hours and 24 hours, respectively.  Proteins 

generated from pairs of “light” and “heavy” cells were mixed equally and proteolytically 

digested with trypsin. To increase the coverage of proteome and phosphoproteome, 

peptides were separated using basic pH reverse-phase offline fractionation144. 

Phosphopeptides in each fraction were enriched using Immobilized-Metal ion Affinity 

Chromatography (IMAC). Peptides with or without enrichment in each fraction were 

analyzed using Nano-HPLC Orbitrap Fusion mass spectrometer.  

Dynamics of cellular proteome in response to hypoxia and iron deficiency 

Our systematic analysis identified a total number of 8697 proteins (4805 protein groups) 

at a false discovery rate (FDR) of 1% from replicated analysis of neuronal HT22 cells 

treated under hypoxia, acute and chronic iron deficiency. Quantitative analysis showed 

that more than 93% of proteins exhibited no more than a two-fold change in response to 

any of the treatment conditions. This observation suggests that short-term loss of oxygen 

and iron does not strongly affect global protein abundance (Figure 1C).  

To assess the reliability of our quantitative analysis, we performed biological replicate 

analysis. The correlation of Log2 SILAC quantification ratios between the replicates 

suggested excellent reproducibility of our quantification data considering that a vast 

majority of the proteome did not change significantly under treatment conditions (Figure 
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1D). Our Western blotting analysis showed that the 6hr hypoxia treatment led to 

significant increase in HIF1-a abundance in HT22 cells. To determine if the increase in 

HIF1-a abundance was sufficient to significantly activate known HIF1-a-mediated 

hypoxia-response pathways, we examined the protein abundance of nearly one hundred 

known HIF targets. Among 40 HIF1-a targets that were identified by LCMS in hypoxia 

treatment samples, only two protein targets showed more than 50% increase (but less 

than 100% increase) in protein abundance (hydroxymethylglutaryl-CoA lyase (HMGCL) 

with a ratio of 1.89, BCL2/adenovirus E1B 19 kDa protein-interacting protein 3-like 

(BNIP3) found only under 1% oxygen treatment). This data suggested that our 6hr 

hypoxia treatment in HT22 cells was an early time point in hypoxia-response activation. 
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Figure 1. Experimental Design and Phosphoproteomic Workflow for 

Comprehensive Analysis of Phosphorylation Sites and Global Proteome 

(A) Outline of experimental workflow using SILAC labeled HT22 cells, generating 

peptides for quantification, enrichment of post-translational modifications, mass 

spectrometry acquisition and data analysis. (B) Western blotting of HT22 cells treated 

with either 100μM DFO for 6 hours, 10M DFO for 24 hours or 1% oxygen for 1.5, 3, 6, 

12, and 24 hours and their respective non-treated controls. (C) Protein groups count 

distributed by normalized H/L SILAC ratio.  (D) Plots showing sample correlation after 

quantification of protein SILAC ratios.  
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Dynamics of biological pathways induced by acute hypoxia treatment 

To functionally annotate the dynamics of cellular pathways in response to the oxygen and 

iron depletion, we divided the global proteome dataset into four quantiles based on the 

normalized SILAC Heavy/Light (treatment/control) Log2 ratios (<-1, -1 to 0, 0 to 1, >1).  

Enrichment analysis were performed separately for each quantile using Gene Ontology73, 

KEGG pathway145 and PFAM domain databases146.  Overrepresented annotations were 

clustered using hierarchical clustering for comparative analysis (Figure 2). 

Metabolic processes Oxygen availability strongly affects the activity of electron transport 

chain and ATP production in mitochondria, but in this study we did not observe strong 

changes in protein abundance in oxidative phosphorylation in response to the acute 

hypoxia treatment. Surprisingly, our data showed that fatty acid metabolism were highly 

responsive to the treatment in neuronal cells. Proteins in fatty acid beta oxidation and 

degradation pathways were significantly upregulated (peroxisomal acyl-coenzyme A 

oxidase 1 (Acox1) found only under 1% oxygen treatment) while the proteins in fatty 

acid elongation and biosynthesis pathways were significantly down-regulated (palmitoyl-

protein thioesterase 1 (Ppt1) found only as light labeled) upon acute hypoxia. In addition, 

we observed significantly down-regulation of the isopentenyl diphosphate biosynthetic 

process under hypoxia treatment, which include cholesterol and isoprenoid metabolic 

processes. 

Protein synthesis, folding and survival pathways Our data analysis showed that proteins 

involved in transcription, protein synthesis and folding processes were significantly 

down-regulated upon oxygen starvation. These observations were expected given the 
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significant decrease in ATP production under hypoxia. On the other hand, oxygen 

deprivation upregulated the phosphatidylinositol phosphorylation pathway, an apoptosis 

survival pathway, glutathione metabolism, as well as cellular endocytosis.  

Ubiquitination and protein degradation pathways The ubiquitination proteasome system 

plays an important role in regulating protein homeostasis147. In our data, protein 

ubiquitination processes were globally downregulated in response to hypoxia, including 

the repression of enzymes having specific K29, K6, K11, K27-linkage ubiquitination 

processes. ER-associated protein degradation pathway (ERAD) was highly upregulated 

(membralin (Tmem259) and E3 ubiquitin/ISG15 ligase (TRIM25) found only under 

heavy labeled 1% oxygen treatment), which is in agreement with hypoxia-induced 

increase in ER stress148. 

Regulation of epigenetic pathways Our analysis revealed acute hypoxia led to a global 

decrease in the abundance of proteins with methyltransferase activity (histone-lysine N-

methyltransferase NSD3 (Whsc1l1) and retinoblastoma-binding protein 5 (Rbbp5) found 

only as light labeled) including a decrease in the abundance of MLL1 complex proteins 

that have site-specific histone methylation activity for histone H3 K4 methylation (menin 

(Men1) found only as light labeled). These data indicated a global change in epigenetic 

regulation for gene transcription that is likely mediated by oxygen-dependent enzymatic 

activity and metabolic flux. 

Nutrient-dependent cellular signaling A central regulator of protein synthesis is the 

mammalian target of rapamycin mTOR149. In agreement with previous knowledge, 

mTOR complex 1 (TORC1) signaling processes and protein kinase B-mediated insulin 
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signaling pathways were significantly down-regulated under hypoxia (eukaryotic 

translation initiation factor 4E type 2 (Eif4e2), ratio of 0.5 and tuberin (Tsc2), were found 

only as light labeled)150,151. In addition, proteins involved in lysosome and protein 

complexes involved in autophagy were also down-regulated in response to acute hypoxia 

treatment. 
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Figure 2. Enrichment and clustering analysis of the oxygen deficiency proteome 

data set based on Gene Ontology annotations 

Gene Ontology annotation classified genes based on three categories: (A) KEGG 

pathway, (B) biological process and (C) molecular function.  In each category, SILAC 

quantification ratios of all proteins were divided into four quantiles based on the 

normalized Heavy/Light Log2 SILAC ratios (less than -1, -1 to 0, 0 to 1, more than 1). 

An enrichment test was performed using Benjamini-Hochberg adjustment.  The pValues 

were transformed into z-scores before hierarchical clustering analysis. 
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Identification of specific iron-dependent cellular pathways in neuronal cells 

Comparative analysis of iron and oxygen-dependent proteome dynamics revealed a 

surprisingly large number of cellular pathways induced specifically by iron deficiency 

including metal ion homeostasis, certain cell metabolic and signaling pathways (Figure 

3). Interestingly, chronic and acute iron deficiency showed differential activation or 

inhibition of cellular pathways despite that fact that both treatments activated HIF1a to 

the similar level in our study. Analysis of known HIF1a targets showed that chronic iron 

deficiency led to at least 50% increase in protein abundance of at least 11 known HIF1a 

targets while acute iron deficiency failed to significantly increase the protein abundance 

of any known HIF1a targets (Supplemental Table 1). 

Metal ion binding proteins and processes Metal ion homeostasis and related biological 

processes were significantly down-regulated specifically in response to iron deficiency 

including both acute and chronic iron depletion. This included iron ion sequestration, 

ferric and ferrous iron binding and iron incorporation into metallo-sulfur clusters (ferritin 

heavy chain (Fth1), ratios of 0.29 and 0.45; ferritin (Ftl1), ratios of 0.32 and 0.44 for 

acute and chronic iron deficiency respectively).  The analysis of molecular functions and 

PFAM domains showed that proteins with iron ion binding and iron-sulfur cluster 

binding including proteins with cytochrome b5-like heme binding motif have 

significantly reduced abundance. These observations were consistent with iron chelation 

treatment of biological systems, suggesting that loss of iron likely increased the 

instability of iron-binding proteins and protein complexes152,153. 
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Iron starvation regulation of cellular metabolism In contrast to acute hypoxia, neither 

acute nor chronic iron deficiency strongly affect fatty acid degradation / elongation 

processes. Chronic iron deficiency led to a significant upregulation of hypoxia-response 

pathways and down-regulation of mitochondria respiratory chain complex in the 

oxidative phosphorylation pathway (NADH:ubiquinone oxidoreductase Complex 1 

subunits A2, A7, V3, S8, S1 (Ndufa2, Ndufa7, Ndufv3, Ndufs1, Ndufs8) at ratios 0.66, 

0.47, 0.5, 0.46, and 0.5 respectively). Glycolysis-related pathways including pentose-

phosphate shunt, glyceraldehyde-3-phosphate metabolic process and glucose 6-phosphate 

metabolic process were significantly upregulated with both acute and chronic iron 

starvation.  

Iron-dependent regulation of neuronal signaling Both acute and chronic iron deficiency 

led to significant upregulation of vascular endothelial growth factor receptor signaling 

pathway which was not upregulated under acute hypoxia treatment. In addition, chronic 

but not acute iron starvation significantly upregulated glutamate secretion process, the 

major neuronal excitatory pathway (dysbindin (Dtnbp) found as heavy labeled in chronic 

iron starvation treatment). 
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Figure 3. Enrichment and clustering analysis of the oxygen and iron deficiency 

proteome data sets based on Gene Ontology annotations 

Gene Ontology annotation classified genes based on three categories: (A) KEGG 

pathway, (B) PFAM, (C) biological process and (D) molecular function.  In each 

category, SILAC quantification ratios of all proteins were divided into four quantiles 

based on the normalized Heavy/Light Log2 SILAC ratios (less than -1, -1 to 0, 0 to 1, 

more than 1). An enrichment test was performed using Benjamini-Hochberg adjustment.  

The pValues were transformed into z-scores before hierarchical clustering analysis.  
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Iron and oxygen dependent regulation of transcriptional pathways 

To examine the nature of oxygen and iron-dependent regulation of transcriptional 

activities, we extracted proteins with at least 50% change in abundance upon acute 

hypoxia, acute or chronic iron deficiency treatment. These significantly regulated 

proteins were analyzed with a web-based Gene Set Enrichment Analysis (GSEA)41,154 

using the Transcription Factor Target functional database at a false discovery rate (FDR) 

of at 5%. This search revealed 17 significantly enriched genesets, among which 13 have 

known transcription factor binding activity. Unfortunately, under the FDR cutoff, no 

transcription factor activities were found to be significantly up- or down-regulated under 

hypoxia treatment. Similar to our previous manual analysis, HIF1-a transcription activity 

was only found to have statistically significant upregulation upon chronic iron deficiency. 

Acute iron starvation led to the upregulation of HNF1 transcription activity.  HNF1 has 

been previously demonstrated to regulate the expression of iron transport and 

metabolism.  Its known targets include Sfxn2, Mfi2 and Slc40a1 (Figure 4A)155.  Acute 

iron deficiency also significantly upregulated FOXD3 and FOXJ2 transcriptional 

activities but their roles in iron and oxygen metabolism are still unknown.  TCF8 

transcription activity was downregulated with acute iron starvation. The gene expression 

of TCF8 transcription factor is known to be downregulated upon hypoxia156, but its 

regulation under iron deficiency is largely unknown. 

Chronic iron starvation led to the upregulation of at least six transcription factor 

activities, including NFY, MEF2a, NRF1, Hif1a, NR1H3 and TCF12, many of which 

have well characterized roles in iron homeostasis or iron-dependent cellular pathways 

(Figure 4B). Hif1a was first identified as a regulator of erythropoietin (EPO) 
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production152. This transcription factor is involved in activating proteins involved in 

erythropoiesis, including transferrin, transferrin receptor and heme oxygenase-1157 and 

iron starvation in wild-type mice leads to increased Hif1a abundance in the liver158. NFY 

binds to the human ferritin promoter to activate the expression of ferritin, the major 

protein for iron storage in blood159. Upregulation of NFY activity upon chronic iron 

deficiency may certainly promote intracellular iron storage. Mef2a has been previously 

shown to be induced by iron accumulation-dependent sphingolipids production160, but its 

activation under iron deficiency is currently unknown. NRF1 activation was previously 

known to be dependent on the production of reactive oxygen species (ROS) under 

hypoxia. Accordingly, its activity may be induced by iron-deficiency induced ROS 

production. NRF1 stimulates the expression of HO-1, ferritin, and the metallothioneins 1 

and 2 (MT1, MT2)161,162 as well as iron-sulfur containing succinate dehydrogenase 

(SDH2)163. Activities of NR1H3 and TCF12 were significantly upregulated by chronic 

iron starvation, but their roles in iron and oxygen metabolism are unknown.  Three 

transcription factor activities, AHR, CEBPB and HOXA5, were downregulated with 

chronic iron starvation, but their roles in iron and oxygen metabolism have not been well 

studied. 
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Figure 4. Transcription Factor Enrichment 

For each treatment condition, SILAC quantification ratios of all proteins were divided 

into four quantiles based on the normalized Heavy/Light Log2 SILAC ratios (less than -1, 

-1 to 0, 0 to 1, more than 1). Significantly regulated proteins in (A) acute iron starvation 

treatment and  (B) chronic iron starvation treatment were analyzed with a web-based 

Gene Set Enrichment Analysis (GSEA) using the Transcription Factor Target functional 

database at a false discovery rate (FDR) of at 5%. 
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Quantitative analysis of phosphoproteome in response to hypoxia and iron deficiency 

A total of 15,701 phosphorylation sites on 3,911 proteins were identified in this study 

(FDR <1%) (Figure 5A-B). Under each treatment, more than 10% of quantifiable 

phospho-sites exhibited at least a two-fold change in relative abundance, a much wider 

dynamics comparing to the changes in protein abundance under the same conditions 

(Figure 5C). To demonstrate the reproducibility of the quantification analysis, biological 

replicates were analyzed and quantification of SILAC ratios showed excellent 

correlations (Figure 5D). Similar to proteome dynamic analysis, we performed quantile-

based enrichment analysis to cluster overrepresented Gene Ontology annotations through 

one-way hierarchical clustering and compared the differential enrichment of 

phosphoproteome under each treatment condition (Figure 6). To account for changes in 

protein abundance under the treatment conditions, only phosphoproteome with 

normalized protein quantifications were included in the analysis. 
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Figure 5. Summary of Phosphorylated Proteins and Peptides 

(A) Venn Diagram show the number of phosphorylated peptides common and unique to 6 

hour 100uM DFO, 24 hour 10uM DFO and 6 hour 1% oxygen treatment. (B) Venn 

Diagram show the number of phosphorylated proteins common and unique to 6 hour 

100uM DFO, 24 hour 10uM DFO and 6 hour 1% oxygen treatment. (C) Phospho-site 

count distributed by log2 normalized H/L SILAC ratio. (D) Plots showing sample 

correlation after quantification of phospho-peptide log2 normalized SILAC H/L ratios 
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Dynamics of phosphorylation signaling in metabolic pathways Under oxygen 

starvation, phosphorylation of metabolic pathways was significantly altered. Acute 

hypoxia treatment significantly increased the phosphorylation of pyruvate dehydrogenase 

(pyruvate dehydrogenase E1 alpha 1 (Pdha1) T231 with a ratio 9.8), which is known to 

inhibit the dehydrogenase activity and mitochondria respiration164. Interestingly, acute 

but not chronic iron deficiency decreased the phosphorylation of pyruvate dehydrogenase 

(pyruvate dehydrogenase E1 alpha 1 (Pdha1) S295 with a ratio 0.31) 

Cell cycle control Phosphorylation of cell division processes was significantly decreased 

under hypoxia, including proteins involved in mitotic sister chromatide separation and 

segregation, mitotic chromosome condensation, metaphase/anaphase transition of cell 

cycle, chromosome separation and centriole replication (structural maintenance of 

chromosomes protein 1A (Smc1a) S358 , S360 with ratios of 0.46, 0.53 respectively, 

nucleophosmin (Npm1) S258 with a ratio 0.32). One exception was the increase of 

phosphorylation involved in mitotic spindle assembly checkpoint (CDK5 regulatory 

subunit-associated protein (Cdk5rap2) S196 with a ratio of 1.8). Accordingly, chronic 

iron starvation led to similar increase in the phosphorylation of mitotic DNA replication 

checkpoint processes (DNA topoisomerase 2-binding protein 1 (Topb1) S862, S863, 

S690 and ratios 2.4, 2.5, 3.5 respectively). 

Regulation of DNA damage and repair DNA repair is a critical cellular pathway 

maintaining genome integrity. Acute hypoxia significantly decreased the phosphorylation 

of proteins in both homologous recombination and non-homologous end-joining 

pathways (DNA repair protein RAD50 (Rad50) S237 with a ratio of 0.47, replication 

protein A1 (Rpa1) S186 with a ratio of 0.26). Phosphorylation of both exonucleases and 
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endonucleases in the repair pathway were decreased upon hypoxia treatment. In contrast, 

phosphorylation of proteins in multiple DNA repair pathways were significantly 

upregulated under chronic iron starvation, including mismatch repair, nucleotide excision 

repair and homologous recombination. 

Cellular signaling pathways Phosphorylation levels of extracellular signaling pathways 

were strongly affected by oxygen starvation. Proteins involved in type 1 interferon 

production and secretion exhibited significantly reduced phosphorylation upon acute 

hypoxia (high mobility group protein B1 (HMGB1) S100 with a ratio 0.31, high mobility 

group protein B2 (HMGB2) S100 with a ratio 0.39). On the other hand, acute iron 

starvation led to increased phosphorylation of proteins in the positive regulation of 

interferon-alpha production and secretion (high mobility group protein B1 (HMGB1) 

S100 with a ratio 2.5, mitochondrial antiviral signaling protein (Mavs) s152 with a ratio 

2.1). Phosphorylation of proteins involved in the toll-like receptor 2 and 4 signaling 

processes was significantly inhibited under oxygen starvation. 

Regulation of metal ion homeostasis Acute iron starvation led to the phosphorylation 

regulation of iron-related cellular processes and enzyme activities. Proteins involved in 

the cellular response to metal ion and metal incorporation into metallo-molybdopterin 

complex showed significant increase in phosphorylation upon acute iron deficiency 

(gephyrin S336, S338 with ratios 2.6, 2.0 respectively). Similarly, phosphorylation levels 

of proteins involved in intracellular sequestering of iron ions were significantly increased 

upon chronic iron starvation.  

Regulation of epigenetic processes Iron starvation led to an increased phosphorylation of 

epigenetic processes including methylation-dependent chromatin silencing. 
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Phosphorylation of histone demethylase with activity on H3-K27 methylation (lysine 

demethylase 6A S829 (Kdm6a) found only under heavy labeled chronic iron starvation) 

were significantly increased upon chronic iron starvation, while histone Lysine N-

methyltransferase (for example: histone-lysine N-methyltransferase ASH1L S178 with a 

ratio of 0.5, histone-lysine N-methyltransferase SETD2 S890 with a ratio of 0.54) 

showed significant decreased phosphorylation under the same condition. Acute iron 

deficiency did not strongly affect the phosphorylation of proteins involved in histone 

methylation, but indeed strongly reduced the phosphorylation of proteins involved in 

methyl-CpG binding and regulation of DNA methylation (MeCP2 at S216, protein 

normalized SILAC H/L ratio of 0.616). Interestingly, acute hypoxia treatment 

significantly increased the phosphorylation of MeCP2 on the same site (protein 

normalized SILAC H/L ratio of 2.224). Previous studies identified HIPK1/HIPK2 as the 

regulatory kinases on MeCP2 S216 phosphorylation165. Therefore, these data indicated 

potentially differential activation of the HIPK1/HIPK2 kinases under acute hypoxia and 

iron deficiency conditions. 
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Figure 6. Enrichment and clustering analysis of the phospho-proteome data sets 

based on Gene Ontology annotations 

Gene Ontology annotation classified genes based on three categories: (A) biological 

function, (B) molecular function and (C) cellular compartment.  In each category, SILAC 

quantification ratios of all phospho-peptides were divided into four quantiles based on the 

normalized Heavy/Light Log2 SILAC ratios less than -1, -1 to 0, 0 to 1, more than 1). An 

enrichment test was performed with using Benjamini-Hochberg adjustment.  The pValues 

were transformed into z-scores before hierarchical clustering analysis.  
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Discussion 

Our global quantitative analysis of proteome and phosphoproteome upon hypoxia, acute 

and chronic iron deficiency treatment revealed early dynamics in cellular metabolism, 

signaling and epigenetic regulation in response to these changes in the neuronal cellular 

microenvironment. The treatment conditions were chosen so that HIF1a protein 

abundance accumulated to the same level under all conditions. Therefore, our 

comparative analysis likely revealed specific oxygen- and iron-dependent cellular 

pathways that were independent of HIF1a stabilization under each treatment. In addition, 

our analysis of known HIF1a targets showed that acute hypoxia and acute iron deficiency 

treatments have very few HIF1a regulated proteins with apparent increase after 

treatments comparing to the prolonged treatment under chronic iron deficiency. 

Therefore, it is reasonable to speculate that a large portion of the significantly altered 

cellular proteome upon acute hypoxia and iron deficiency treatment were likely HIF1a-

independent.  

The analysis of early changes in cellular proteome and phosphoproteome under hypoxia 

showed rapid responses in cellular metabolism, DNA damage, epigenetics and diverse 

signaling pathways. These early responses and regulations would likely contribute to the 

overall cellular adaptation to the change in oxygen availability in the microenvironment 

together with the subsequent activation of diverse HIF1a target genes. However, the 

biochemical mechanisms that activate these oxygen-sensing pathways remain to be 

determined. 

Iron deficiency has long been linked to oxygen deprivation due to the similar activation 

of HIF-a pathways. Our comparative analysis demonstrated that iron deficiency impacts 
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diverse cellular pathways independent of HIF1a accumulation in neuronal cells including 

the homeostasis of metal ions, signaling and transcription factor activities. Moreover, 

chronic and acute iron deficiency showed surprisingly distinct regulation of enzymes and 

phosphorylation signaling. Overall, this study revealed previously unexpected complexity 

of the regulatory and signaling pathways in early response to the loss of oxygen and iron 

within the neuronal cell microenvironment. 

Materials and Methods 

Cell Culture 

HT22 cells were cultured in SILAC DMEM (Gibco, Invitrogen), supplemented with 10% 

dialyzed fetal bovine serum (MilliporeSigma), 100U/mL penicillin (Invitrogen), 

100mg/mL streptomycin (Invitrogen), Proline, light and heavy arginine and lysine 

(Silantes). The cells were incubated at 37˚C, in a humidified incubator with 5% CO2.  

DFO (Cayman) treatment was carried out at 37˚C in a humidified incubator with 5% 

CO2. Hypoxia treatment was conducted using 1% oxygen at 37˚C, in a humidified 

hypoxia incubator with 5% CO2 (Biospherix Ltd, Parish, NY, USA). 

Cell Lysis 

Cells were harvested at approximately 80 % confluency by washing twice with cold PBS 

(Gibco, Life technologies) and subsequently adding boiling lysis buffer (6 M 

guanidinium hydrochloride (GndCl), 100 mM Tris, pH 8.5, protease inhibitor, 

phosphatase inhibitor) directly to the plate. Cells were collected by scraping the plate and 

immediately boiled for additional 10 min followed by micro tip sonication.  The lysate 
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was subjected to high speed centrifugation for 10 min. 

Sample Preparation 

Protein concentration was estimated by Bradford assay (Bio-Rad), and the heavy and 

light lysates mixed in a 1:1 w/w ratio.  Proteins were reduced and alkylated with TCEP 

(5mM) and iodoacetamide (5mM) followed by blocking with Cysteine (5mM).  Protein 

was diluted to 1M GndCl using 50mM Tris, pH 8.5.  The pH is adjusted to pH8 for 

tryptic digestion.  Protein was digested with Trypsin (Promega) in an enzyme/protein 

ratio of 1:50 (w/w) overnight at 37C and further digested with Trypsin for 2 h at a ratio of 

1:100 (w/w) at 37C.  The sample was centrifuged at 2000 rpm for 10 min and the 

resulting peptide mixture was concentrated using reversed-phase Sep-Pak C18 Cartridge 

(Waters). Peptides were eluted off the Sep-Pak with 1.2 mL 80% acetonitrile (ACN).  

The ACN was removed by vacuum centrifugation.  The peptides were then stored at -

80C. 

Offline High pH Reversed-Phase HPLC Fractionation 

1-2 mg of peptides were resuspended in 10mM ammonia formate (pH 8) and fractionated 

using a Waters XBridge peptide BEH C18 column (3.5 μm, 4.6 ×150 mm) on an Agilent 

1100 HPLC system (Agilent, USA) operating at a flow rate of 1 mL/min with 2 buffer 

lines: Buffer A (10 mM ammonia formate in water, pH 10); buffer B (10 mM ammonia 

formate, pH 10 and 90% ACN). Peptides were separated by a linear gradient from 3% B 

to 35% B for 45 min followed by a linear increase to 95% B for 8 min, and decreased to 

3% B for 2 min and maintained for 5 min. Fractions were collected at 60 s intervals to for 

total of 4 concatenated fractions. Samples were lyopholyzed and desalted using Thermo 
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pierce peptide desalting spin columns. Ten percent of the peptide samples were saved for 

quantitative proteome analysis by LC-MS and the remaining 90% used for 

phosphopeptide enrichment. 

Phosphopeptide Enrichment 

Phosphopeptides from one milligram of each peptide fraction were enriched using the 

High-Select Fe-NTA phosphopeptide enrichment kit from ThermoFisher Scientific. 

Eluted peptides were dry using a speed-vac and desalted using C18 Stage-tips. 

LC-MS/MS acquisition 

Mass spectrometry experiments were performed on an Orbitrap Fusion mass 

spectrometer (Thermo Scientific) connected to an online Proxeon Easy nLC 1000 Nano-

UPLC system (Thermo Scientific).  Peptides were resolubilized in HPLC buffer A (0.1% 

formic acid in water, v/v) and loaded onto self-packed capillary HPLC column (50 cm x 

100 µm, ReproSil-Pur Basic C18, 2.5 µm, Dr. Maisch GmbH) heated at 55˚C. Peptides 

were separated by the Proxeon nLC system at a flow rate of 300nL/min with a gradient 

consisting of 79 min of 5-22% HPLC buffer B (0.1% formic acid in acetonitrile, v/v), 11 

min of 22-32% buffer B and 10 min of 32-95% buffer B. 

Precursor ions were ionized using electrospray and detected by the orbitrap at a 

resolution of 120,000 at 200m/z and a mass range of 380-1800m/z.  The precursor ions 

were filtered using a dynamic exclusion duration of 15 s and a mass tolerance of ± 25 

ppm. Following fragmentation using high energy collisional dissociation (HCD) of 30%, 

fragment ions were acquired in the linear ion trap with an isolation window of 1.6m/z. 
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Sequence database searching and data processing 

Mass spectrometry data were analyzed with MaxQuant software (version 1.5.3.12). 

Peptides were identified using the integrated Andromeda search engine with default 

settings against UniProt database for mouse at a 1% false discovery rate (FDR). 

Carbamidomethylation of cysteine residues was set as fixed, whereas acetylation of 

protein N-termini, oxidation of methionine and phosphorylation of serine, threonine and 

tyrosine were specified as variable modifications. For SILAC quantification, the 

multiplicity was set at two with heavy labeled Arg10 and Lys8 selected. 

Functional annotation and clustering 

To carry out clustering analysis, we divided the data into four quantiles according to their 

normalized SILAC H/L ratio. The quantiles were divided by four log2 ratio ranges: less 

than -1, -1 to 0, 0 to 1, greater than 1, respectively. We performed statistical enrichment 

analysis for each quantile using hypergeometric test using the following R packages: 

GO.db, GOstats and org.Mm.eg.db. We performed enrichment analysis for Kyoto 

Encyloclopedia of Genes and Genomes (KEGG) pathway, Pfam domains, and Gene 

Ontology - biological process, molecular function and cellular compartment. We 

calculated the –log10 of the p-value outcome of the enrichment and normalized them to 

calculate the z-score. The p-value cut off for significance is 0.05 and z-score cut off for 

significance is 1.2.  For each category, we used one-way hierarchical clustering (average 

linking and covariance value as distance) of the annotation based on the z-socre in 

Genesis software166. 
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Transcription factor enrichment 

Significantly regulated proteins from the clustering analysis were analyzed with a web-

based Gene Set Enrichment Analysis (GSEA), http://www.webgestalt.org/option.php, 

using the Transcription Factor Target functional database at a false discovery rate (FDR) 

of at 5%41,154,167. 
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Uniprot 
ID 

Gene  
ID Protein Peptides 

SILAC 
Ratio H/L 

normalized 
24hrDFO 

SILAC 
Ratio H/L 

normalized 
6hrDFO 

SILAC 
Ratio H/L 

normalized 
6hrHypoxia 

Q8C605 Q8C605 6-phospho 
fructokinase 20 1.4852 1.2005 0.93531 

P17809 GTR1 
Solute carrier family 
2, facilitated glucose 
transporter member 1 

3 1.8332 NaN 0.94391 

P16858 G3P 
Glyceraldehyde-3-
phosphate 
dehydrogenase 

42 1.4893 1.0864 1.0549 

P17751 TPIS Triosephosphate 
isomerase 33 1.6242 1.1555 1.0587 

P05064 ALDOA 
Fructose-
bisphosphate aldolase 
A 

51 1.5708 1.0974 1.084 

Q9D6U8 F162A Protein FAM162A 7 3.1228 1.4274 1.0971 
G3UVV

4 
G3UVV

4 
Hexokinase 1, 
isoform CRA 30 1.6854 1.2562 1.1143 

P09411 PGK1 Phosphoglycerate 
kinase 1 63 1.6354 1.1484 1.1224 

P06151 LDHA 
L-lactate 
dehydrogenase A 
chain 

33 1.8989 1.1674 1.1842 

P12382 K6PL 
6-
phosphofructokinase, 
liver type 

35 2.001 1.3311 1.2003 

P11087 CO1A1 Collagen alpha-1(I) 
chain 83 1.6262 1.1824 1.2283 

P97477 AURKA Aurora kinase A 4 1.6919 1.0807 1.3802 

P38060 HMGCL 
Hydroxymethylglutar
yl-CoA lyase, 
mitochondrial 

5 1.3504 1.0018 1.8963 

O88207 CO5A1 Collagen alpha-1(V) 
chain 8 1.6955 NaN NaN 

O55003 BNIP3 
BCL2/adenovirus 
E1B 19 kDa protein-
interacting protein 3 

1 NaN NaN Heavy Only 

 

Supplemental Table 1: SILAC quantification of known Hif1a gene targets 

List of proteins, peptides and normalized SILAC H/L ratio for known Hif1a gene targets 

following 24 hour 10 uM DFO, 6 hour 100uM DFO and 6 hour 1% oxygen treatment. 
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Introduction 

Oxygen occupies a central role in the maintenance of life where its most important 

function is in aerobic metabolism. The ability for individual cells to sense and respond to 

changes in oxygen availability is critical for many physiological and pathological 

processes. Post-translational modifications link changes in oxygen abundance with 

adaptations in cellular physiology. These modifications serve as key sensors of oxygen 

level. Discovery of PTM dependent pathways activated or repressed in an oxygen-

dependent manner has important meaning in identifying new drug targets and developing 

new, more effective therapeutic strategies.  

System-wide analysis of proline hydroxylation proteome 

This work addressed this problem through the development of quantitative mass 

spectrometry approaches to discover functionally relevant post-translational modification 

sites and study oxygen-dependent regulation in the cell. We considered a number of 

proteomic strategies developed to study and identify proline hydroxylation substrates. 

Early methods have been hypothesis driven, using traditional protein purification, mass 

spectrometry analysis as well as in-vitro assays to identify proline hydroxylation 

modifications. This approach was utilized in identifying the prolyl hydroxylase substrate 

Hif-1α91,92 This first approach could provide site-specific identification but is low 

throughput. A second proteomics strategy takes advantage of radio-labeled a-

ketogluterate as a substrate for hydroxylase enzymatic activity. If the protein is a 

hydroxylation substrate, then the enzymatic reaction will release a radio-isotope-labeled 

CO2
18. This approach is dependent on the in-vitro enzymatic activity. A third, more recent 
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proteomics strategy makes use of a substrate trapping mechanism. Treatment with 

DMOG “traps” the hydroxylase enzyme-substrate complex in an inactive state. In 

contrast, the a-ketoglutarate-bound complex releases the product upon hydroxylation. 

Therefore, DMOG treatment leads to increased amount of substrate bound to the 

hydroxylase. This method utilizes quantitative proteomics to discover protein interactions 

that exhibit a strong affinity for hydroxylase enzymes upon treatment with DMOG168. 

This third approach identifies only the interaction, which does not lead to site-specific 

identification. These limitations prevented high-throughput and site-specific 

identification of Hyp substrates. 

To address the challenge of identifying proline hydroxylase modified proteins, we 

developed an immunoaffinity purification strategy coupled with offline fractionation and 

mass spectrometry analysis to expand the proline hydroxylation proteome. This 

technological innovation provided the first global study of the Hyp proteome in a site-

dependent manner. Our antibody-based enrichment approach is unique and exceptional, 

providing a greater depth of proline hydroxylation enrichment compared to using peptide 

fractionation alone. While, our results identified many previously well-known proline 

hydroxylation targets including collagen, actin and FKBP10 proteins, the majority of 

these identifications have not been reported before. 

This approach enabled the focused study of proline hydroxylase modified substrates, 

leading to several important observations. First, proline hydroxylation substrates are 

highly enriched in biological processes including cytoskeletal structures, RNA processing 

and regulation of response to stress.  This agrees with previous studies that have linked 

microRNA processing with hypoxia and oxygen sensing169. It is likely that these 
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processes are directly regulated in an oxygen-dependent manner and future study of the 

biological implications of these modifications will be important. We have begun the 

process of compiling an oxygen dependent PTM database containing our high confident 

identifications. In this way our observations will serve as a resource available to the 

wider community for investigating proline hydroxylation.  

A second major finding of this work is that proline hydroxylation substrates are involved 

in macromolecular assembly and form vast and highly connected interaction networks. 

We identified several representative subnetworks including RNA spliceosome complex, 

cytoskeleton tubulin and collagen interaction networks. This protein interaction analysis 

suggest diverse pathways directly regulate cellular activity in response to oxygen 

availability. However, it is difficult to predict the regulatory effect this modification will 

incur. Proline hydroxylation is commonly understood to be an irreversible 

modification170. As such, regulation of proline hydroxylation is dependent on enzymatic 

activity and protein stability. To address these questions, we have initiated a first ever 

quantitative proteomics experiment to study the role of the ubiquitin proteasome pathway 

response to oxygen starvation. To our knowledge this will be the first example of a tool 

to investigate system-wide proline hydroxylation dependent regulation of protein 

stability. 

A third major finding of this work is that amino acids with short side chains such as Gly 

and Ala appear very frequently in the immediate vicinity of hydroxylated proline. This 

observation agrees well with the knowledge that proline hydroxylation sites on collagen 

are often followed by Gly to form PG motifs15. In fact, our dataset revealed 65 sites 

sharing common PG motifs. This observation suggests that the enzyme, prolyl-4-
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hydroxylases that regulate collagen proline hydroxylation, may regulate the 

hydroxylation on diverse protein substrates. Thus far, it is difficult to identify proline 

hydroxylase enzyme-specific substrates. Prolyl hydroxylase enzymes are grouped into 

three families, including three prolyl-4-hydroxylase (P4H) members, 4 members of elgn 

(PHD), and three prolyl-3-hydroxylase (P3H) members170. Each of these prolyl 

hydroxylase isoforms are uniquely transcriptionally regulated and have unique substrate 

binding and oxygen affinity properties. Future work could utilize prolyl hydroxylase 

specific inhibition and quantitative proteomics methodology to identify hydroxylase 

specific substrates. This will be important in the development of hydroxylase-specific 

inhibitors and understanding cellular physiology. 

BRD4 Proline Hydroxyation 

The observation that BRD4 is a substrate for prolyl hydroxylation was unexpected. 

Oxygen dependent regulation of BRD4 activity is a key question. Only recently has 

BRD4-chromatin binding been shown to increase at carbonic anhydrase (CA9) promoter 

under hypoxia treatment171. Interestingly, the proline hydroxylation site is at the junction 

between phosphoserine-rich NPS domain and the lysine-rich BID domain. Furthermore, 

this proline is well conserved and investigation of deep coverage proteomic datasets 

reveal proline hydroxylation modification is conserved among the BRD4 protein family 

members172. Likely the Hyp mod site may be involved in conserved BRD folding and 

domain interaction regulation. To study changes in BRD4 Hyp-dependent functional 

activity, we can make use of ChIP-seq assays to detect changes in BRD4 affinity to the 

chromatin. This will inform us as to the genomic localization of BRD4 binding. This 
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approach will distinguish oxygen-dependent BRD4 transcriptional activities from Hif-1α 

transcriptional activities. 

Oxygen and Iron Starvation in Hippocampal Neuronal Cells 

Our global quantitative analysis of early changes in cellular proteome and 

phosphoproteome under hypoxia and iron starvation revealed rapid responses in cellular 

metabolism, DNA damage, epigenetics and diverse signaling pathways. Together with 

the activation of diverse Hif1a target genes, these early responses and regulations likely 

contribute to the initial cellular adaptation to change in oxygen availability in the 

microenvironment. The biochemical mechanisms of these oxygen-sensing pathways 

remain to be investigated. 

A common theme in the work described here is the cellular response to oxygen 

deficiency. It is clear that prolyl hydroxylation depends on iron (Fe2+) availability for 

enzymatic activity.  Surprisingly our observations suggest divergent cellular activities 

distinguishing acute iron starvation from acute oxygen starvation.  To better understand 

these differences, the use of kinase-substrate enrichment analysis can be utilized to 

distinguish differences in the cellular response to iron and oxygen starvation. 

Furthermore, many of the significantly modified phospho-sites are yet uncharacterized.  

Kinases often recognize sequence patterns surrounding the phosphorylated 

serine/threonine/tyrosine.  These surrounding residues are responsible for specific 

recognition by phospho-binding domains of kinases. The use of phosphorylation motif 

analysis will be useful in characterizing unique iron and oxygen dependent 

phosphorylation activities.  Systematic identification of motifs and assigning these motifs 
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to kinases will permit better understanding of iron and oxygen dependent signaling 

processes. Moving forward mechanistic studies, whether chemical or enzymatic, that 

drive differences will be important.  

In summary, this work was designed and carried out to investigate the link between 

oxygen sensing and post-translational modifications. This led to several important 

discoveries on the role of proline hydroxylation and has generated many new 

investigatory paths to pursue in the future. 

Abbreviations 

Hif1a – Hypoxia inducible factor one alpha, DMOG, PTM – Post translational modification, Hyp 
– Hydroxyl-proline 
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