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Summary
The large subunit of RNA Polymerase II, Rpb1, undergoes hydroxylation on proline 1465, which in
turn triggers Ser5 hydroxylation. While Egln2 prolyl hydroxylase appears to mediate P1465
hydroxylation, Egln1 has an inhibitory activity and its knockdown stimulates constitutive
hydroxylation and Ser5 phosphorylation of Rpb1, but only in cells that are VHL(+). In this study we
have analyzed protein factors affected by the knockdown of Egln1 in VHL(+) and VHL(−) cells. We
found that, in VHL(+) cells, several proteins were inhibited but none were induced by Egln2
knockdown. The function of several of those proteins was related to calcium metabolism and the
cytoskeleton. In contrast, in VHL(−) cells Egln1 knockdown caused upregulation of several
mitochondrial proteins including subunits of ATP synthase. Several of the proteins repressed in VHL
(−) cells by Egln1 knockdown were involved in the function of RNA polymerase II during
transcription from chromatin templates. These data suggest that the effects of Egln1 knockdown
depend on the status of pVHL and can be correlated with effects on Rpb1.

Introduction
The oxygen-dependent prolyl hydroxylases, the Eglns (Egln1-3), were originally characterized
as the family of enzymes that hydroxylate prolines with LXYLAP motifs in the oxygen-
dependent degradation domains (ODDD) within the alpha subunits of the hypoxia-inducible
transcription factor (HIF) (Epstein et al., 2001). The Eglns, similar to the collagen prolyl
hydroxylases, utilize molecular oxygen, 2-oxoglutarate, Fe(II), and acscorbate for the
hydroxylation reaction (Kaelin, 2005; Fong and Takeda, 2008). The obligate dependence on
O2 level for Egln function defines these enzymes as oxygen sensors. They are responsible for
regulation of cell function during hypoxia through the control of HIF levels. This control is
achieved by permitting ubiquitylation of the HIF alpha subunits by the von Hippel-Lindau
tumor suppressor complex (Ivan et al., 2001; Jaakola et al., 2001; Appelhoff et al., 2004). The
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dependence on 2-oxoglutarate couples the activity of the prolyl hydroxylases with the Krebs
cycle and cellular metabolic activity; and with the Krebs cycle intermediates, fumarate and
succinate, which act as powerful competitive inhibitors of oxoglutarate. Hydroxylation of HIF-
α prolines is also sensitive to reactive oxygen species (ROS), which can oxidize Fe(II),
oxoglutarate, and ascorbate or have a direct oxidizing effect on the Eglns (Burnelle at al.,
2005; Gerald et al., 2004).

All three Eglns have been shown to exercise hydroxylating activity towards HIF-αs under some
conditions, with Egln1, which is directly responsible for hydroxylation and subsequent pVHL-
dependent ubiquitylation and degradation during normoxia, having the strongest activity (Berra
et al., 2003). Egln3 seems to be able to mediate some hydroxylation of HIF-αs during hypoxia,
thus limiting hypoxic accumulation of HIF (Nakayama et al., 2004). The role of Egln2 in
regulation of HIFs is somewhat less clear, yet it is necessary for oxidative metabolism and its
knockout stimulates anaerobic ATP production in a mechanism that is HIF-2 dependent
(Aragones et al., 2008).

Prolyl hydroxylases have activities that are unrelated to HIF function. The LXYLAP motif is
present on several different proteins, which are likely to be subject to hydroxylation. In that
respect, a novel target for Egln2 is IκB kinase, where hydroxylation of proline P191 within the
LQYLAP inhibits NFκB activity (Cummins et al., 2006). In addition, it is possible that other
HIF-prolyl hydroxylases can hydroxylate prolines in currently unknown motifs. For example,
while it is known that Egln3 is necessary and sufficient for induction of apoptosis in PC12 cells
in response to NGF withdrawal, the target of its hydroxylating activity is currently unknown
(Lee et al., 2005). Interestingly, in the fly, the cyclinD/cdk4 complex appears to regulate growth
but not proliferation of Drosophila cells in a manner requiring HpH, the fly equivalent of prolyl
hydroxylases (Frei & Edgar, 2004).

Our laboratory reported that the large subunit of RNA Polymerase II, Rpb1, has an LXXLAP
motif with P1465 in the proximity of the regulatory C-terminal domain (CTD) of Rpb1. This
motif is located on the surface of the RNA Polymerase II complex in the pocket between Rpb1
and another subunit, Rpb6, and shows sequence and structural similarity to the motifs on HIF-
αs (Kuznetsova et al., 2003). Importantly, hydroxylation of P1465 occurs on Rpb1 engaged on
the DNA, is induced by oxidative stress, and in turn stimulates phosphorylation of Serine-5
residues within CTD, thus regulating gene expression (Mikhaylova et al., 2008). Both Egln1
and Egln2 are in the complex with Rpb1 that is induced by oxidative stress, and the knockdown
of Egln2 has been shown to abolish P1465 hydroxylation, implicating Egln2 as an Rpb1
hydroxylase. However, knockout of Egln1, significantly induced constitutive P1465
hydroxylation and Ser5 phosphorylation of Rpb1, and prevented further induction by oxidative
stress. This constitutive effect was mediated by both Egln2 and Egln3. Thus, while Egln2 and
Egln3 act as proline hydroxylases of Rpb1, Egln1 has an unexpected inhibitory effect on this
process (Mikhaylova et al., 2008).

In view of the strong effect of Egln1 knockdown on Rpb1 P1465 hydroxylation and Ser5
phosphorylation, we set out to determine how the loss of Egln1 activity in 786-O VHL(−) and
VHL(+) cells affects protein expression. To do this, we used iTRAQ labeling techniques for
relative quantitation and identification of differentially-expressed proteins. These iTRAQ
methods, which originated from the isotope-codes affinity tag (ICAT) approach reported by
Gygi et al. (1999), have the added advantages of using labeling chemistry targeted at primary
amines (rather than sulfhydryl groups) and the ability to simultaneously measure relative
quantities of proteins under multiple conditions (Ross et al., 2004). Using these iTRAQ labeling
methods, we demonstrate that a similar loss of Egln1 in VHL(+) and (−) cells leads to very
different changes in the protein profiles, which is dependent on the status of pVHL.
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Materials and Methods
Cell culture and preparation of total cellular lysates

786-O VHL(−), VHL(+), VHL(−)/Egln1kd and VHL(+)/Egln1kd cells were obtained and
cultured as described before (Mikhaylova et al., 2008). Total cellular lysates were obtained as
described before (Mikhaylova et al., 2008). Briefly, cells were homogenized in hypotonic
buffer with 40 strokes of a Dounce homogenizer (pestle A). NaCl was then added drop wise
to a final concentration of 300 mM and homogenates were extracted for 30 min at 4°C. This
was followed by digestion with DNase and micrococcal nuclease for 1 h at 4°C. In the final
extract, NP40 was added to a final concentration of 0.5% and NaCl was added to 500 mM.
Extracts were then centrifuged for 20 min at 14,000 rpm and stored at −80°C.

Protein quantitation and iTRAQ labeling
Cellular extracts from VHL (+) and VHL (−) cells with Egln 1 activity suppressed by lentiviral
vector shRNA were quantified for protein content using the non-interfering (NI) protein-assay
reagents from G-Biosciences (Maryland Heights, MO) according the vendors instructions. Six
volumes of cold acetone were added to the appropriate quantity of extract from each condition
to precipitate 200 μg of protein. After centrifugation (13,000 × g for 10 minutes), the
supernatant was carefully removed and the protein pellet was washed with 70% cold acetone.
The samples were centrifuged again, the supernatant removed, and the resulting pellets
dissolved in iTRAQ dissolution buffer. Trypsin digestion and iTRAQ labeling were performed
according the vendor’s instructions (Applied Biosystems/MDS Sciex, Foster city, CA) with
one modification; because we used twice the suggested amount of protein, we used two vials
of iTRAQ labeling reagent for each sample. As is outlined in Figure 1, the trypsin-digested
extracts from VHL(+)/Egln1kd, VHL(+), VHL(−)/Egln1kd, and VHL(−) cells, were labeled
with iTRAQ reagent 114, 115, 116, and 117, respectively. Water was added to each sample
after labeling to stop the reactions. All of the iTRAQ-labeled samples were mixed together for
subsequent separation, quantitation, and identification.

Ion-exchange chromatography of the labeled peptides
The complex mixture of iTRAQ-labeled peptides was concentrated by vacuum centrifugation
with a Speed-Vac concentrator to about 30 μl then suspended to 1 ml with 10 mM potassium
phosphate (KH2PO4) in 25% acetonitrile, pH 3.0 (buffer A) and adjusted to pH 3.0 with
phosphoric acid. The sample was then fractionated by strong cation exchange (SCX)
chromatography on an AKTA purifier HPLC (GE Healthcare, Piscataway, NJ) using a 4.6 mm
internal diameter (ID) × 200 mm length PolyLC Polysulfoethyl A column packed with 5 μm
beads with 300 Å pores (The Nest Group, Southborough, MA). A 4.6 mm ID × 10 mm length
guard column of the same material was attached. The sample was loaded onto the column and
washed in 10 mM KH2PO4 in 25% acetonitrile, pH 3.0 for 20 minutes at a flow rate of 0.5 ml/
min to remove excess reagent. Retained peptides were eluted with a linear gradient of 0 to 500
mM potassium chloride (in 10 mM KH2PO4 in 25% acetonitrile, pH 3.0) over 40 minutes at
1.0 ml/min. Twelve fractions were collected from the SCX column. Each of the fractions was
concentrated and desalted on an Oasis HLB 1 cc (10mg) extraction cartridge, as described by
the manufacturer (Waters, Milford, MA). The desalted samples were concentrated to about 10
μl in a Speed-Vac concentrator and suspended to 25 μl in 0.1% formic acid for subsequent LC-
MALDI separation and analysis.

Tempo-LC MALDI separation
All fractions were separated and spotted on Matrix-assisted laser desorption ionization
(MALDI) target plates using a Tempo LC MALDI sample-spotting system (Applied
Biosciences/MDS Sciex). Individual SCX fractions were injected and captured on a 200 μm
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ID × 5 mm length PepSwift monolithic trap column (Dionex-LC Packings, Hercules, CA) and
then eluted onto a 100 um ID × 150 mm length Chromolith CapRod monolithic column (Merck
Darmstadt, Germany). The peptides retained were washed at a flow rate of 3 μl/min in 92%
solvent A (2% acetonitrile, 0.1% formic acid) for 2 minutes and then eluted using a gradient
ranging from 8% to 80% solvent B (98% acetonitrile, 0.1% formic acid) over 20 minutes. The
column effluent was mixed on line at a 1:1 ratio with MALDI matrix (5 mg/mL alpha-cyano-4-
hydroxycinnamic acid in 60% acetonitrile, 0.1% formic acid + 10 mM ammonium phosphate
(monobasic). The resulting effluent was spotted onto blank Opti-TOF LC/MALDI plates from
min 5 to min 21 of the LC run resulting in 319 spots per run or a total of 3828 MALDI-TOF
spots from the 12 SCX fractions.

MALDI-TOF/TOF MS
MALDI plates were analyzed on a 4800 Proteomics Analyzer (MALDI-TOF/TOF) using 4000
series Explorer software (Applied Biosystems/MDS Analytical Technologies). A mass
spectrum was generated from each spot in positive ion mode in the mass range of m/z 775 to
4000 by averaging 800 laser shots. A maximum of fifteen of the most abundant precursors per
spot with a minimum S/N filter of 30 and a fraction-to-fraction precursor mass tolerance of
100 ppm were selected for MS/MS analysis with the weakest ion analyzed first. On average,
1500 MS/MS spectra per SCX fraction (or about 18000 MS/MS total) were collected by
averaging 1000 laser shots per MS/MS spectrum. Peptides were fragmented at 2 kV with air
as the CID gas to produce the MS/MS fragmentation spectra.

Protein identification and quantitation
Peptide identification was performed by searching each MS/MS spectrum against the NCBInr
database of Homo sapiens protein sequences by using the MASCOT search algorithm on a
local server (Version 2.2.04, Matrix Science, London UK) and GPS Explorer software
integrated into the MALDI-TOF/TOF system (Version 3.6, Applied Biosystems/MDS
Analytical Technologies). N-term_iTRAQ and lysine(K)_iTRAQ were selected as fixed
modifications and deamidated (NQ), MMTS(C), and oxidation (M) were selected as variable
modifications. A maximum of 2 missed tryptic cleavages were allowed and the MS/MS
fragment and precursor tolerances were set to 0.3 Da and 100 ppm, respectively. A minimum
ion score C.I. % for peptides of at least 85 was also a required criterion. The iTRAQ ratio
results used for quantification were normalized using the median ratios for all proteins in the
sample to account for small changes in the reagent labeling. To consider a protein for further
statistical analysis, a total ion score of at least 75 was required. A fold difference of at least 0.5
was needed to consider a protein upregulated or downregulated.

Results and Discussion
Egnl1 knockdown with shRNA

The use of specific shRNA lentiviral constructs to knock down Egln1 efficiently decreased the
amount of Egln1 protein in both VHL(+) and VHL(−) cells, resulting in decreases of
approximately 90% or larger (Mikhaylova et al., 2008). This knockdown resulted in a
significant induction of P1465 hydroxylation and Ser5 phosphorylation of Rpb1 engaged on
the DNA in VHL(+)/Egln1kd cells but not in VHL(−)/Egln1kd cells (Mikhaylova et al.,
2008). However, levels of HIF-2α were comparable between both sets of cells, and similar to
those in VHL(−) cells.

iTRAQ labeling, identification, and quantification
As depicted in Fig 1A, iTRAQ-labeled samples were separated into 12 SCX fractions that were
each then separated into 319 capillary liquid chromatography (capLC)-MALDI spots for a total
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of 3828 samples for analysis by MALDI-TOF/TOF. MS/MS fragmentation spectra were
collected from over 18,000 peptide signals. An example of the protein identification and
quantitation data is depicted in Figure 1B. The upper panel shows the peptide spectrum from
one of the 3828 capLC-MALDI fractions while the lower panel demonstrates how a single
peptide (M+H=1583.89 in the upper panel) can be isolated and fragmented in the TOF/TOF
instrument to acquire data for both the protein identification (from the fragmentation) and
relative quantitation (from the iTRAQ tags). Upon collectively searching all of the 18,000 MS/
MS data for protein identification, over 600 proteins were uniquely identified and quantified.
As expected, the vast majority of proteins showed no quantitative change across the conditions
analyzed (data not shown); however, detailed quantitative analysis revealed 13 proteins
regulated by Egln1 knockdown in VHL(+) cells (Tables 1 & 2). Sixteen other proteins were
induced (Tables 3 & 4) and 26 proteins were repressed (Tables 5 & 6) by Egln1 knockdown
in VHL(−) cells. A detailed discussion of each of these groups of proteins is provided below.

Proteins affected by Egln1 knockdown in VHL(+) cells
Table 1 lists 13 proteins that were significantly regulated by knockdown of Egln1 in VHL(+)
cells as compared with sham-treated cells. Interestingly, this regulation consisted entirely of
downregulation, with protein levels exhibiting decreases from 50% to 75% as compared with
sham-treated cells. Table 2 provides a functional association for all the identified proteins.
Very interestingly, the activity of most of the identified proteins was related to the cytoskeleton
and to calcium signaling. Proteins that are calcium binding, or that bind to the calcium-binding
proteins were clearly overrepresented (Table 2). Several proteins were also associated with
vascularization (including vascularization of tumors, see, e.g., caldesmon and calreticulin). In
addition, we detected multiple associations with the HLA locus and other immune system genes
(Rizvi et al., 2004;Sadasivan et al., 1996). We observed links with von Willebrand factor, which
interacts with calreticulin (Allen et al., 2000). von Willebrand factor’s receptor, GP1BA
(Huizinga et al., 2002), interacts with filamin B and several coagulation factors and other
platelet-adhesion and vascular-injury-related proteins (Willamson et al., 2002). Some of these
relationships are indirect. For example, filamin B interacts with fibronectin receptors, such as
ITGB1 integrin, which is involved in the immune response and in the metastatic diffusion of
tumor cells (van der Flier et al., 2002). Interestingly, a related protein filamin A, interacts
directly with pVHL (Tsuchiya et al., 1996). Caldesmon expression suppresses cancer cell
invasion, and its downregulation could contribute to cancer progression (Yoshio et al., 2007).
In turn, synaptopodin, which regulates actin organization and cell motility, protects against
proteinuria by disrupting Cdc42:IRSp53:Mena signaling complexes in kidney podocytes
(Asanuma et al., 2006). Thus, downregulation of synaptopodin might contribute to an increased
kidney filtration barrier that involves the podocyte actin cytoskeleton. On the other hand, higher
levels of fascin-1 correlate with the invasiveness and severity of cancer (fascin-1 also interacts
directly with VHL, based on high-throughput mass-spectrometry evidence (Ewing et al.,
2007). Therefore, a decrease in cell motility would be an expected result of the downregulation
of fascin.

The activity of two of the identified proteins, POR and PON2, is related to the cell’s
responsiveness to oxidative stress. POR, P450 cytochrome oxidoreductase, affects the
metabolism of a large number of drugs, some used in cancer, and thus has a major role in the
effect of cancer therapeutics. Recently, its polymorphism has been related to breast cancer risk
(Haiman et al., 2007). PON2 reduces oxidative stress (Horke et al., 2007), and as such could
act as a protector against cancer; however, its role in cancer has not yet been thoroughly
investigated.

The fact that the cytoskeleton-, calcium-, and oxidative stress-related proteins mentioned above
are downregulated in cells exhibiting high levels of P1465 hydroxylation, Ser-5
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phosphorylation, and Rpb1 ubiquitylation caused by knockdown of Egln1 supports the
potential role of these modifications in inhibiting gene expression. Similarly, we have
previously demonstrated that induction of the above modifications of Rpb1 induced by low-
grade oxidative stress inhibits several cytoskeleton- and oxidative-stress-regulated protein
factors. Further analysis of the mechanisms of this downregulation will be investigated.

Proteins affected by Egln1 knockdown in VHL(−) cells
In contrast to the effects in VHL(+) cells, the knockdown of Egln1 in VHL(−) cells resulted
in both increases and decreases in the expression of different proteins. The levels of 16 proteins
were induced, 10 of which were mitochondrial proteins (Tables 3 and 4). In particular, we
observed induction of three subunits of mitochondrial ATP synthase: subunits alpha and beta
of the catalytic core, and the beta subunit of the proton channel. Another subunit of ATP
synthase induced by Egln1 knockdown in VHL(−) cells was ATP5O, a protein that confers
oligomycin sensitivity. In addition, there was a significant induction in the expression of
subunit B13 of complex I, or mitochondrial respiratory chain. Other affected mitochondrial
proteins were transporters, two of adenine nucleotides, with very different functions. While
SLC25A5 promotes cell growth and proliferation (Chevrollier et al., 2005), SLC25A6
stimulates apoptosis (Yang et al., YEAR). These results imply that knockdown of Egln1 in
VHL(−) cells may specifically stimulate mitochondrial activity and oxidative phosphorylation.
This is an intriguing observation in view of the fact that in tumors, including kidney cancer,
there is a major increase in ATP production from glycolysis, as opposed to the mitochondrial
respiratory chain.

One of the identified proteins, BASP1, is a transcriptional co-repressor that works with the
Wilms tumor suppressor (Carpenter et al., 2004). This protein is expressed in the developing
kidney (e.g., in podocytes) in a manner coinciding with the expression of the Wilms tumor
suppressor. This implies that a protein that supports tumor suppressor function is induced in
response to Egln1 knockdown.

In addition to the proteins whose levels were induced by Egln1 knockdown in VHL(−) cells,
there were proteins that were repressed under these conditions (Tables 5 and 6). The nature of
these proteins was, however, different from the proteins repressed by Egln1 knockdown in
VHL(+) cells (compare Tables 2 and 6). Interestingly, a group of proteins with related functions
emerges from this analysis, these being proteins that seem to regulate the chromatin-dependent
activity of RNA polymerases and the processing of transcripts. Perhaps the most interesting is
the decrease in two functionally linked proteins, PARP1 and SET. SET, a histone chaperone,
is a general factor required for transcription from chromatin templates. PARP1, by ADP-
ribosylation of different components of chromatin, promotes nucleosome decondensation and
facilitates access to the transcriptional machinery (Gamble and Fisher, 2007). However, by
forming complexes with the different regulators of transcription of specific genes, PARP1 can
modulate gene expression in different ways. A transcription repressor, DEK, antagonizes the
activity of SET in the facilitation of transcription. DEK is also covalently modified by PARP.
Part of the transcription-facilitating activity of SET is due to the dislodging of DEK and PARP
to allow the recruitment of RNA Polymerase II and the mediator complex. SET is also a
regulator of the cell cycle and, as such, may exercise oncogenic effects (Canela et al., 2003).
Loss of PARP1 induces lethality of BRCA1-deficient cells implying the role of PARP1
inhibitors in the treatment of breast cancer (Wang et al., 2007). Other chromatin-related
proteins are HPIBP3 and the histone-binding protein NASP, which is involved in transporting
histones into the nucleus of dividing cells. In addition, there were a few proteins involved in
mRNA processing, such as La protein, which binds to poly(U) elements and participates in the
maturation of transcripts (Kotik-Kogan et al., 2008); the 68 kDa subunit of the cleavage factor
responsible for cleavage and polyadenylation of original transcripts (Brown and Gilmartin,
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2003); and NHP2L1 protein, which is an integral part of the spliceosome. Overall, Egln1-
knockdown-induced repression of all of these chromatin- and RNA-associated proteins implies
an ability to inhibit the transcription and processing of mRNA. This effect is potentially
compatible with the lack of an effect of Egln1 knockdown on RNA polymerase II in VHL(−)
cells. It further implies that hydroxylation and phosphorylation of Rpb1 caused by Egln1
knockdown in VHL(+) cells may protect these proteins from downregulation.

Another interesting group of proteins reduced by Egln knockdown in VHL(−) cells are three
proteins with hydroxylase activity: disulfide isomerase or subunit beta of the collagen prolyl
hydroxylase, lysyl hydroxylase, and aspartyl hydroxylase. Of those, aspartyl hydroxylase plays
a role in the oncogenesis of hepatocellular carcinoma (Xian et al., 2006). Both lysyl and aspartyl
hydroxylases utilize alpha-ketoglutarate and Fe(II) for their hydroxylating activity. The beta
subunit of prolyl hydroxylase has disulfide isomerase activity, while another subunit, alpha,
has the true prolyl hydroxylase activity. Clearly, all of these enzymes belong to a family of
ketoglutarate-dependent dioxygenases similar to Egln2, and our observation implies that they
can exercise control over each other’s expression. The molecular mechanism of such regulation
remains to be determined.

Finally, the expression of one protein, calrecticulin, was similarly reduced by Egln1
knockdown in both VHL(+) and VHL(−) cells. Calrecticulin directly interacts with MHC
proteins, as well as with integrins ITGB2B and ITGB3, and with von Willebrand factor (Rizvi
et al., 2004). It has also been implicated in lupus erythematosus. At the same time, calrecticulin
interacts with mRNA GCN motifs in C/EBP, inhibiting its translation (Timchenko et al.,
2002). Calrecticulin is associated with cancer. Together with calnexin, calrecticulin helps in
the assembly of MHC I-type proteins (Sadasivan et al., 1996). Although calrecticulin appears
to associate with T-cell antigen proteins differently than does calnexin, which is downregulated
in metastatic melanomas, downregulation of calrecticulin could also contribute to the failure
of the immune system to control tumor progression (Dissemond et al., 2004). However
inhibition of calrecticulin appears to be mediated by the effects of Egln1 knockdown that do
not affect RNA polymerase or HIF.

The data presented above demonstrate that knockdown of Egln1 has very different effects on
protein expression in VHL(+) cells, as compared to VHL(−) cells. Perhaps the most striking
difference is that we did not detect the induction of any protein factors upon Egln1 knockdown
in VHL(+) cells, but we did measure the fairly substantial overexpression of several
mitochondrial proteins, including several subunits of ATP synthase, in VHL(−) cells. Another
important observation presented here is that, in VHL(−) cells, knockdown of Egln1 was
associated with repression of several proteins that are associated with RNA Polymerase
function. This is possibly related to the observation that knockdown of Egln1 in VHL(+) cells
affects the activity of Rpb1.
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Figure 1.
The iTRAQ work flow and example data. Panel A: equal quantities of four cellular extracts
were digested with trypsin, tagged with iTRAQ reagents, separated by strong cation exchange
(SCX) and capillary liquid chromatography (capLC), and then identified and quantified by
MALDI-TOF/TOF, all as described in the Materials and Methods section. Panel B: an example
of a MALDI peptide spectrum from SCX fraction 9, capLC fraction 126 (upper panel) and the
MS/MS fragmentation spectrum from M+H=1583.89 (lower panel). The sequence information
is sufficient to identify ATP5B (Table 3) while the released iTRAQ tags (inset) provide the
relative quantitation of this protein from the 4 conditions evaluated.
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TABLE 2
Functional Assignment for Proteins Identified as Decreased by Egln1 Knockdown in VHL(+) Renal Carcinoma Cells

Protein Function

FLNB Actin-binding protein (calponin homology domain, calcium dependent), cytoskeleton

TPM4 Tropomyosin 4 [Homo sapiens]

TPM2 Tropomyosin 2 (beta) isoform 2 [Homo sapiens]

FSCN1 Actin-binding, higher expression correlates with higher grades of tumor, motility, and invasiveness, interacts directly with
VHL, chr 7

1CYN A Peptidyl-prolyl cis-trans isomerase activity, inhibitor of calcium and calmodulin dependent protein phosphatase calcineurin

CALD1 Calmodulin and actin binding (calcium dependent), inhibitor of actin-tropomyosin interaction, suppressor of cancer cell
invasion, chr 7

POR NADPH--cytochrome P450 reductase, associated with endoplamic reticulum and micorsomes, drug metabolism

PON2 Serum paraoxonase/arylesterase 2 has anti-oxidative activity

SYNPO Actin-associated, regulates cell migration in kidney podocytes, protects against proteinuria, chr 5

RCN2 Multiple EF-hand calcium-binding domains, associated with Bardet-Biedl syndrome (disorder of retina and kidney) chr
15

1FO2 A Chain A, Crystal Structure Of Human Class I Alpha1,2-Mannosidase In Complex With 1-Deoxymannojirimycin

CALC Calcium-binding, EF-hand-containing, chr 10

CALR* Calcium-binding, regulates transcription (interacts with nuclear receptors), implicated in hypoxia, associated with colon
and bladder cancer, interacts with mRNA of C/EBP, expressed in metastatic melanomas, chr 19
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TABLE 4
Functional Assignment for Proteins Identified as Increased by Egln1 Knockdown in VHL(−) Renal Carcinoma Cells

Protein Function

ATP5B Beta subunit of catalytic core of mitochondrial ATP synthase

ATP5A Alpha subunit of catalytic core of mitochondrial ATP synthase

MRCL3 Myosin regulatory light chain 3

SLC25A5 Mitochondrial adenine nucleotide transporter promoting growth and proliferation; required for cancer cell glycolysis

SLC25A6 Mitochondrial adenine nucleotide transporter; dominantly stimulates apoptosis; participates in TNF-induced apoptosis

BASP1 Expressed in podocytes; transcriptional cosuppressor working with Wilms’ Tumor suppressor.

MYO1C Unconventional myosin. Nuclear localization and association with RNA Polymerase I and II complexes in regulation of
transcription association.

NUPL2 Nucleorporin, member of the nuclear envelope; participates in docking of the viral DNA

NDUFA5 B13 subunit of complex I of the mitochondrial respiratory chain located in the inner mitochondrial membrane

MYO1B Actin binding; regulates intracellular trafficking of protein cargo in multivesicular sorting endosomes

ATP5O Component of a the F-type ATP synthase in the mitochondrial matrix

ATAD3A Component of mitochondrial nucleoids; binds to displacement loop in the major noncoding region

TOMM20 Translocase of outer mitochondrial membrane participating in recognition of pre-proteins.

UQCRH Mitochondrial Hinge protein. Reduced expression in ovarian and breast cancer due to hypermethylation; break point
gene in Ewing sarcoma.

SLC2A2 Glucose transporter 2, integral plasma membrane glycoprotein; glucose sensing

ATP5F1 Beta subunit of the proton channel of mitochondrial ATP synthase
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TABLE 6
Functional Assignment for Proteins Identified as Decreased by Egln1 Knockdown in VHL(−) Renal Carcinoma cells

Protein Function

ANXA1 Ca2+-dependent phospholipid-binding protein; inhibits phospholipaseA2; anti-inflammatory; decreased expression in several
cancers including thyroid and prostate

GDI2 Rab GDI, interacts with RABs 2, 4, 5, 8, 9, 11, regulating endo/exocytosis, expressed in pancreatic carcinomas (with cyclin
I)

HADHA Mitochondrial membrane-bound component of a complex with enzymatic activity of 3-hydroxyacyl-CoA dehydrogenase and
enoyl-CoA hydratase activity, last steps in beta-oxidation of long-chain fatty acids.

P4HB Belongs to protein disulfide isomerase family; mature enzyme composed of two alpha and two beta subunits hydroxylates
prolines in 2-oxoglutararte 4-dioxygenase-dependent manner; binds to superoxide dismutase.

CNN3 Acidic calponin 3 is associated with the cytoskeleton, interacts with F-actin, but not with microtubules, desmin filaments,
tropomyosin, or calmodulin

SET Nuclear oncogene.required for transcription from chromatin templates by RNA Polymerase II. Histone chaperone.

AKR1B1 Aldose reductase, including aldehyde formed from glucose; putative tumor suppressor located on chromosome 7q35.

CCT3 Molecular chaperone, member of chaperonin-containing TCP1 complex (CCT) or TCP1 ring complex (TRiC); overexpressed
in hepatocallular carcinoma, folds actin, tubulin and other cytoskeleton-related proteins, interacts directly with VHL

LARP3 La protein (SSB, also known as LARP3) recognizes 3′poly(U) sequence of RNA Polymerase III transcripts and participates
in final maturation of the transcripts

ASPH Calcium homeostasis; overexpressed in biliary, hepatocellular, and colon cancer. Hydroxylates aspartic acid and asparagine
in EGF-like domains of proteins.

PLOD Bound to the endoplasmic reticulum membranes; hydroxylates lysine residues in collagen

COPE Subunit of coatomer protein complex located in cytoplasm and regulating trafficking of non-clathrin coated vesicles. Binds
to the dilysine motifs.

NASP Involved in transporting histones into the nucleus of dividing cells, plays a role in DNA replication and repair through its
association with ASF1 anti-silencing function 1 homolog A; also interacts with unc-51-like kinase 2 (ULK2), which is located
within the Smith-Magenis syndrome region on chromosome 17.

PARP1 Chromatin-associated enzyme which, by poly(ADP-ribosyl)ation of other proteins, loosens chromatin structure. Interacts with
SET in regulation of chromatin templates.

VAT1 Vesicle amine transport protein 1 homolog; belongs to zinc-containing alcohol dehydrogenase proteins.

CPSF6 68 kDa subunit of a cleavage factor required for cleavage and polyadenylation of the 3′ end of transcripts

SLC7A5 L-type amino acid transporter for large neutral amino acids. Promotes tumor growth.

NHP2L1 Localizes to splicing speckles, Cajal bodies, and nucleoli in RNA polymerase II transcription-dependent manner, and likely
regulates splicing as the snRNPs NHP2L1 binds to are integral to the spliceosome; interacts directly with POLA2 and
CDKN2C, which inhibits CDK4

SMEK1 Suppressor of mek1 (MAP2K1 MAP-type kinase), membrane associated (containing pleckstrin-homology domain), interacts
with PP4 phosphatase that targets Cdk1, NFkappaB, and JNK; also interacts with filamin FLNA, which is critical for blood
vessel development.

PRDX6 Thio-specific antioxidant protein. Reduces H2O2, phospholipid, and short fatty acid hydroperoxides. Overexpression leads to
invasive phenotypes in breast cancer.

GLS Enzyme yielding glutamate from glutamine. Increased in melanoma.

ARL6IP5 Associated with cytoskeleton and cell differentiation; regulates glutamate transport.

HPIBP3 Heterochromatin-binding protein

HIPIR Huntington-interacting protein-related protein; binds to clathrin and regulates clathrin assembly and intracellular trafficking

CALR* Calcium binding, regulates transcription (interacts with nuclear receptors), implicated in hypoxia, associated with colon and
bladder cancer, interacts with mRNA of C/EBP, expressed in metastatic melanomas, chr 19

RNASET2 Extracellular ribonuclease. Tumor suppressor. Its decreased concentration is associated with melanoma and an invasive form
of ovarian cancer.
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