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Egg-laying defective nine 1 (EGLN1) functions as an oxygen
sensor to catalyze prolyl hydroxylation of the transcription
factor hypoxia-inducible factor-1 α under normoxia condi-
tions, leading to its proteasomal degradation. Thus, EGLN1
plays a central role in the hypoxia-inducible factor–mediated
hypoxia signaling pathway; however, the posttranslational
modifications that control EGLN1 function remain largely
unknown. Here, we identified that a lysine monomethylase,
SET7, catalyzes EGLN1 methylation on lysine 297, resulting in
the repression of EGLN1 activity in catalyzing prolyl hydrox-
ylation of hypoxia-inducible factor-1 α. Notably, we demon-
strate that the methylation mimic mutant of EGLN1 loses the
capability to suppress the hypoxia signaling pathway, leading to
the enhancement of cell proliferation and the oxygen con-
sumption rate. Collectively, our data identify a novel modifi-
cation of EGLN1 that is critical for inhibiting its enzymatic
activity and which may benefit cellular adaptation to condi-
tions of hypoxia.

Egg-laying defective nine (EGLN) 1, EGLN2, and EGLN3
(also known as prolyl hydroxylase domain [PHD] enzyme,
PHD2, PHD1, and PHD3) are evolutionarily conserved oxygen
sensors, which target hypoxia-inducible factor (HIF)-α sub-
units for hydroxylation and subsequent proteasomal degra-
dation under normoxia, thus playing a central role in hypoxia
signaling pathway (1–5). HIF-mediated hypoxia signal pathway
facilitates cell survival and adaptation in response to varying
environmental oxygen levels, functioning critically in multiple
biological processes, including angiogenesis, erythropoiesis,
and tumorigenesis (6–12).

EGLNs contain a conserved carboxy-terminal catalytic
domain and a more variable amino-terminal domain (1).
While molecular oxygen, the substrate 2-oxoglutarate (also
known as α-ketoglutarate), and the cofactors ferrous iron
(Fe2+) and ascorbic acid (vitamin C) are required for PHD-
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catalyzed hydroxylation reactions, other factors also modu-
late PHD activity (1). FK506-binding protein (FKBP) 38 has
been shown to negatively regulate PHD2 (EGLN1) activity
(13), whereas seven in absentia homolog 2 (SIAH2) has been
identified to degrade PHD3 (EGLN3) (14). Moreover, mTOR
(the mechanistic target of rapamycin downstream kinase
P70S6K) mediates PHD2 (EGLN1) phosphorylation on serine
125 (S125), leading to the enhancement of PHD2 protein
stability, but PP2A directly dephosphorylates PHD2 on S125,
leading to the fine-tuning of HIF1α levels (15). Recently, cys-
tathionine β-synthase was found to persulfidate PHD2,
resulting in the augment of PHD2 prolyl hydroxylase activity
(16). In response to oxidative stress, PHD2 is dimerized and its
activity is inhibited, resulting in the stabilization of HIF1α (17).
Given the importance of posttranslational modifications
(PTMs) in the regulation of protein functions, other uniden-
tified PTMs of PHDs should affect PHD activity and subse-
quent hypoxia signaling pathway.

SET7 (also known as SETD7, SET9, and SET7/9) was
originally identified as a monomethylase of histone H3 lysine 4,
involved in gene activation (18, 19). Lately, SET7 was revealed
to monomethylate various nonhistone proteins, either nega-
tively or positively modulating their functions (20–26). SET7
was also found to regulate HIFα activity, suggesting SET7-
mediated lysine monomethylation has impacts on hypoxia
signaling (27, 28)

In this study, we found that that EGLN1 contains a SET7
targeting motif (RS/TK). Further assays show that SET7
mediated monomethylation of EGLN1 on lysine 297, leading
to the relief of its suppressive role on HIF1α activity and
promoting cellular hypoxia adaptation.
Results

SET7 methylates EGLN1 on lysine 297

In addition to histone H3, SET7 was also found to mono-
methylate nonhistone proteins by recognizing a conserved
core domain ([K/R] [S/T] K) (24, 27, 29–31) in these proteins.
After searching the amino acid sequences of EGLN1 from
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Figure 1. SET7 methylates EGLN1 on lysine 297. A, sequence alignment of partial EGLN1 proteins (285–307 amino acids) of human, mouse, rabbit, dog,
and pig. The red box indicates a conserved consensus motif (R/K-S/T-K) methylated by SET7; the blue arrow indicates the conserved lysine (K297) methylated
by SET7. The amino acid is numbered based on human EGLN1 amino acid sequence. B, Western blot analysis of EGLN1 or its mutant (K297A) methylated by
WT SET7 or the enzymatic-deficiency mutant of SET7 (H297A) in HEK293T cells transfected with indicated plasmids. Anti-HA antibody–conjugated agarose
beads were used for immunoprecipitation and anti-EGLN1-K297Me1 antibody was used for detecting monomethyl EGLN1. C, the methylated residue in
EGLN1 identified by mass spectrometry analysis. HEK293T cells were cotransfected with HA-EGLN1 and Myc-SET7 plasmids. Cell lysate was immunopre-
cipitated with anti-HA antibody–conjugated agarose beads overnight. Immunoprecipitated EGLN1 proteins were subjected to 8% SDS-PAGE gel, and EGLN1
bands were excised from the gel and analyzed by mass spectrometry. D, Western blot analysis of endogenous methylated EGLN1 in SET7-deficient or WT
HEK293T cells (SET7−/− or SET7+/+). Anti-EGLN1 antibody was used for immunoprecipitation, and normal rabbit IgG was used as a control. Anti-EGLN1-
K297Me1 antibody was used to detect monomethyl EGLN1. E, Western blot analysis of endogenous methylated EGLN1 in SET7-deficient HEK293T cells
(SET7−/−) transfected with indicated plasmids. Anti-EGLN1 antibody was used for immunoprecipitation, and anti-EGLN1-K297Me1 antibody was used to
detect monomethyl EGLN1. EGLN, egg-laying defective nine; HA, hemagglutinin; IgG, immunoglobulin G.

Repression of EGLN1 by SET7
different organisms, the three “RTK (Argnine-Threonine-
Lysine)” residues were identified in the catalytic domain (PH
domain) of EGLN1 (Fig. 1A), in which lysine 297 might be
methylated by SET7. To confirm this hypothesis, we developed
an antibody (anti-EGLN1-K297me1) to specifically recognize
lysine 297 of human EGLN1. When WT hemagglutinin
2 J. Biol. Chem. (2022) 298(6) 101961
(HA)-tagged EGLN1 (HA-EGLN1) was cotransfected with
SET7, the methylated EGLN1 was readily detected by anti-
EGLN1-K297me1 antibody after the coimmunoprecipitation
with anti-HA–conjugated agarose beads (Fig. 1B). However,
the methylated EGLN1 was not shown up when the mutant
(H297A) was cotransfected (Fig. 1B). To further validate this
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result, we performed mass spectrometry assay. As shown in
Figure 1C, the monomethylated K297 was identified in EGLN1
when SET7 was coexpressed (Fig. 1C). To determine whether
endogenous EGLN1 was methylated by SET7, we examined
methylation of EGLN1 in SET7+/+ and SET7−/− HEK293T cells
after coimmunoprecipitation with anti-EGLN1 antibody.
Monomethylation of EGLN1 in SET7+/+ HEK293T cells was
higher than that in SET7−/− HEK293T cells (Fig. 1D).
Furthermore, we transfected WT SET7 and its enzymatically
deficient mutant (H297A) into SET7−/− HEK293T cells and
examined methylation of endogenous EGLN1 after coimmu-
noprecipitation with anti-EGLN1 antibody. Monomethylation
Figure 2. SET7 interacts with EGLN1. A, coimmunoprecipitation of Myc-SET7
for 24 h. Anti-Myc antibody–conjugated agarose beads were used for immuno
indicated antibodies. B, coimmunoprecipitation of FLAG-EGLN1 with Myc-SET
FLAG antibody–conjugated agarose beads were used for immunoprecipitatio
antibodies. C, endogenous interaction between SET7 and EGLN1. Anti-EGLN1 a
as a control. D, endogenous interaction between EGLN1 and SET7. Anti-SET7 a
as a control. E, coimmunoprecipitation of FLAG-SET7 with endogenous EGLN1.
antibody–conjugated agarose beads were used for immunoprecipitation, and
bodies. F, schematic of EGLN1 domains interacted with SET7. The interaction is
FLAG-EGLN1–truncated mutants. HEK293T cells were cotransfected with the in
for immunoprecipitation, and the interaction was analyzed by immunoblottin
aa; EGLN1-N, 1–196 aa). EGLN, egg-laying defective nine.
of EGLN1 in the cells transfected with WT SET7 was higher in
the cells transfected with SET7-H297A (Fig. 1E).

Subsequently, we examined whether EGLN1 interacts with
SET7 by coimmunoprecipitation assay. Ectopically expressed
EGLN1 interacted with ectopically expressed SET7 (Fig. 2, A
and B). Moreover, endogenous SET7 interacted with endoge-
nous EGLN1 in HEK293T cells (Fig. 2, C and D). Ectopically
expressed SET7 also interacted with endogenous EGLN1
(Fig. 2E). Domain mapping indicated that SET7 interacted
with the N terminus of EGLN1 (Fig. 2, F and G).

To determine whether SET7 has effects on EGLN1 protein
level, we transfected Myc-SET7 into HEK293T cells with an
with HA-EGLN1. HEK293T cells were cotransfected with indicated plasmids
precipitation, and the interaction was detected by immunoblotting with the
7. HEK293T cells were cotransfected with indicated plasmids for 24 h. Anti-
n, and the interaction was detected by immunoblotting with the indicated
ntibody was used for immunoprecipitation, and normal rabbit IgG was used
ntibody was used for immunoprecipitation, and normal rabbit IgG was used
HEK293T cells were transfected with indicated plasmids for 24 h. Anti-FLAG
the interaction was detected by immunoblotting with the indicated anti-
indicated by (★) sign. G, coimmunoprecipitation analysis of Myc-SET7 with

dicated plasmids. Anti-FLAG antibody–conjugated agarose beads were used
g with the indicated antibodies. FLAG-EGLN1 fragments (EGLN1-C, 130–426
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Repression of EGLN1 by SET7
increasing amount and found that endogenous EGLN1 protein
level was not changed at all (Fig. 3A). EGLN1 was the same
between SET7+/+ and SET7−/− HEK293T cells (Fig. 3B). Similar
EGLN1 protein level was also detected in SET7−/− HEK293T
cells transfected with empty vector control, WT SET7, and the
enzymatically deficient SET7 (H297A) (Fig. 3C). In
H1299 cells, overexpression of SET7 also had no effect on
EGLN1 protein level (Fig. 3D). Of note, EGLN1 had no effect
on SET7 protein level (Fig. 3, D and E). The data indicate that
EGLN1 and SET7 do not affect each other at protein level even
though they are associated in cells.

Taken together, these findings suggest that SET7
interacts with EGLN1 to catalyze monomethylation of EGLN1
on K297.
The prolyl hydroxylase activity of EGLN1 is attenuated by
SET7-mediated methylation on K297

Given the well-defined function of EGLN1 in catalyzing
prolyl hydroxylation of HIF1α, we sought to determine
whether methylation of EGLN1 by SET7 can affect the prolyl
hydroxylase activity of EGLN1 on HIF1α. In EGLN1−/−

H1299 cells, as expected, overexpression of WT EGLN1
caused a reduction of cotransfected Myc-HIF1α. However,
overexpression of the methylation-mimic mutant of EGLN1
(K297F) recovered the protein level of cotransfected Myc-
HIF1α even though it was not as dramatic as overexpression of
the enzymatically deficient mutant of EGLN1 (H313A), sug-
gesting that methylation of EGLN1 on K297 caused a reduc-
tion of enzymatic activity of EGLN1 (Fig. 4, A and B).

Subsequently, we confirmed that compared to EGLN1−/−

H1299 cells with overexpression of WT EGLN1, HIF1α hy-
droxylation was reduced in EGLN1−/− H1299 cells with over-
expression of the methylation-mimic mutant of EGLN1
(K297F) (Fig. 4C). Furthermore, we verified that
Figure 3. SET7 has no obvious effect on EGLN1 protein level and vice versa
transfected with an increasing amount of Myc-SET7 expression plasmid. B, We
HEK293T cells (SET7−/− or SET7+/+). C, Western blot analysis of endogenous E
indicated plasmids. D, Western blot analysis of endogenous EGLN1 expression i
plasmid. E, Western blot analysis of endogenous SET7 expression in H1299 cell
Western blot analysis of endogenous SET7 expression in EGLN1-deficient or W
hemagglutinin.
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overexpression of SET7 attenuated HIF1α hydroxylation when
EGLN1 was coexpressed (Fig. 4D).

Notably, in EGLN1−/− H1299 cells, overexpression of WT
EGLN1 caused a more dramatic reduction of endogenous
HIF1α than overexpression of the methylation-mimic mutant
of EGLN1 (K297F) (Fig. 4E). In agreement, overexpression of
WT EGLN1 caused a more dramatic enhancement of HIF1α
hydroxylation than overexpression of the EGLN1-K297F
mutant (Fig. 4F). In addition, the level of HIF1α hydroxylation
was much higher in SET7-null H1299 cells (SET7−/−) than that
in SET7-intact H1299 cells (SET7+/+) (Fig. 4G). Consistently, in
cycloheximide pulse chase assay, overexpression of SET7
slowed down degradation of HIF1α when EGLN1 was coex-
pressed (Fig. 4H).

These data suggest that the prolyl hydroxylase activity of
EGLN1 is attenuated by SET7-mediated methylation.
Methylation of EGLN1 promotes cellular hypoxia adaptation
by attenuating EGLN1 activity on HIF1α

To determine whether methylation of EGLN1 on K297 by
SET7 has impacts on HIF1α-mediated hypoxia signaling, we
examined the effect of methylation-mimic mutant of EGLN1
(K297F) on HIF1α-induced luciferase reporter activity of
typical promoters used for monitoring hypoxia response (27).
Overexpression of WT EGLN1 caused a dramatic reduction of
all reporter activity, including hypoxia response element re-
porter, BNIP3 promoter reporter, p2.1 promoter reporter, and
EPO promoter reporter, but overexpression of EGLN1-K297F
released the suppressive effect of WT EGLN1 on HIF1α
significantly (Fig. 5, A–D).

HIF1α is a master regulator for metabolic adaptation under
hypoxia (32–34). Subsequently, we determined the effect of
methylation-mimic mutant of EGLN1 (K297F) on cellular
hypoxia adaptation. As shown in Figure 6A, overexpression of
. A, Western blot analysis of endogenous EGLN1 expression in HEK293T cells
stern blot analysis of endogenous EGLN1 expression in SET7-deficient or WT
GLN1 expression in SET7-deficient HEK293T cells (SET7−/−) transfected with
n H1299 cells transfected with an increasing amount of Myc-SET7 expression
s transfected with an increasing amount of HA-EGLN1 expression plasmid. F,
T H1299 cells (EGLN1−/− or EGLN1+/+). EGLN, egg-laying defective nine; HA,



Figure 4. The prolyl hydroxylase activity of EGLN1 is attenuated by SET7-mediated methylation on K297. A, Western blot analysis of endogenous
EGLN1 and HIF1α expression in EGLN1-deficient or WT H1299 cells (EGLN1−/− or EGLN1+/+). B, Western blot analysis of exogenous Myc-HIF1α
expression in EGLN1-deficient H1299 cells (EGLN1−/−) transfected with indicated plasmid. The cells were cotransfected with Myc-HIF1α and WT FLAG-
EGLN1 or the enzymatically deficient mutant (H313A), the methylation-mimic mutant (K297F). FLAG empty was used as a control. The relative in-
tensities of Myc-HIF1α were determined by normalizing the intensities of Myc-HIF1α to the intensities of β-ACTIN. C, Western blot analysis of HIF1α

Repression of EGLN1 by SET7
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Figure 5. Methylation of EGLN1 on K297 attenuates its effect on HIF1α-mediated hypoxia signaling. A, hypoxia response element (HRE) reporter
activity in HEK293T cells cotransfected with Myc-HIF1α and WT FLAG-EGLN1 or the methylation-mimic mutant (K297F). Flag empty (EV) was used as a
control. B, BNIP3 promoter activity in HEK293T cells cotransfected with Myc-HIF1α and WT FLAG-EGLN1 or the methylation-mimic mutant (K297F). Flag
empty (EV) was used as a control. C, P2.1 reporter activity in HEK293T cells cotransfected with Myc-HIF1α and WT FLAG-EGLN1 or the methylation-mimic
mutant (K297F). Flag empty (EV) was used as a control. D, EPO promoter activity in HEK293T cells cotransfected with Myc-HIF1α and WT FLAG-EGLN1 or the
methylation-mimic mutant (K297F). FLAG empty (EV) was used as a control. Data show mean ± SEM; Student’s two tailed t test. EGLN, egg-laying defective
nine.

Repression of EGLN1 by SET7
WT EGLN1 resulted in an overt reduced expression of PDK1, a
gatekeeper of glycolysis (35) (Fig. 6A). However, overexpression
of EGLN1-K297F recovered this effect significantly (Fig. 6A). In
addition, the proliferation rate of EGLN1−/− H1299 cells
reconstituted with EGLN1-K297F was higher than EGLN1−/−

H1299 cells reconstituted with WT EGLN1 as revealed by col-
ony formation assay (Fig. 6, B andC). Furthermore, themaximal
respiration and spare respiratory capacity of EGLN1−/−

H1299 cells reconstituted with EGLN1-K297F was higher than
EGLN1−/−H1299 cells reconstituted withWT EGLN1 (Fig. 6,D
and E).

Collectively, these data suggest that methylation of EGLN1
facilitates hypoxia adaptation, which might benefit cell
proliferation.
hydroxylation with anti-hydroxy-HIF1α (Pro564) antibody in EGLN1-deficient
cotransfected with Myc-HIF1α and WT FLAG-EGLN1 or the enzymatically defi
MG-132 (20 μM) treatment for 8 h. FLAG empty was used as a contro
normalizing the intensities of HIF1α-OH to the intensities of Myc-HIF1α. D
(Pro564) antibody in HEK293T transfected with indicated plasmid. The cells w
was used as a control), followed by MG-132 (20 μM) treatment for 8
normalizing the intensities of HIF1α-OH to the intensities of Myc-HIF1α. E, W
H1299 cells (EGLN1−/−) transfected with indicated plasmid. The cells were tra
FLAG empty was used as a control. The relative intensities of HIF1α were
GAPDH. F, Western blot analysis of HIF1α hydroxylation with anti-hydroxy-
fected with indicated plasmid. The cells were transfected with WT FLAG-EG
control), followed by MG-132 (20 μM) treatment for 8 h. The relative intensi
HIF1α-OH to the intensities of HIF1α. G, Western blot analysis of HIF1α hyd
WT H1299 cells (SET7−/− or SET7+/+) treated with MG-132 (20 μM) for 8 h. Th
the intensities of HIF1α-OH to the intensities of HIF1α. H, Western blot an
indicated plasmid. The cells were cotransfected with Myc-HIF1α, FLAG-EGL
(50 μg/ml) treatment for indicated times. Myc empty was used as a control.
intensities of Myc-HIF1α to the intensities of β-actin. CHX, cycloheximide; EG
factor.
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Discussion
Since EGLN1 was first identified as a prolyl hydroxylase of

HIF1α, its function and molecular mechanism on hypoxia
signaling has been well defined (4, 36, 37). Because of its ac-
tivity depending on oxygen, it is recognized as an oxygen
sensor involved in multiple biological process by targeting
different molecules (38–40). However, whether the activity of
EGLN1 is regulated by other factors, particularly by PTMs, is
relatively not well understood (15, 16). In this study, we
identified that SET7 methylates EGLN1 on K297 to inhibit its
enzymatic activity on HIF1α. This result indicates that some
PTMs also can affect EGLN1’s activity. To further figure out
the effects of PTMs or associated factors of EGLNs on their
activity for regulating HIFα may not only enrich our
H1299 cells (EGLN1−/−) transfected with indicated plasmid. The cells were
cient mutant (H313A), the methylation-mimic mutant (K297F), followed by
l. The relative intensities of HIF1α-OH/Myc-HIF1α were determined by
, Western blot analysis of HIF1α hydroxylation with anti-Hydroxy-HIF1α
ere cotransfected with Myc-HIF1α, FLAG-EGLN1, and HA-SET7 (HA empty

h. The relative intensities of HIF1α-OH/Myc-HIF1α were determined by
estern blot analysis of endogenous HIF1α expression in EGLN1-deficient
nsfected with WT FLAG-EGLN1 or the methylation-mimic mutant (K297F).
determined by normalizing the intensities of HIF1α to the intensities of
HIF1α (Pro564) antibody in EGLN1-deficient H1299 cells (EGLN1−/−) trans-
LN1 or the methylation-mimic mutant (K297F) (HA empty was used as a
ties of HIF1α-OH/HIF1α were determined by normalizing the intensities of
roxylation with anti-hydroxy-HIF1α (Pro564) antibody in SET7-deficient or
e relative intensities of HIF1α-OH/HIF1α were determined by normalizing
alysis of exogenous Myc-HIF1α expression in HEK293T transfected with
N1, and HA-SET7 (HA empty was used as a control), followed by CHX
The relative intensities of Myc-HIF1α were determined by normalizing the
LN, egg-laying defective nine; HA, hemagglutinin; HIF, hypoxia-inducible



Figure 6. Methylation of EGLN1 on K297 promotes cellular hypoxia adaptation. A, quantitative real-time PCR (qPCR) analysis of PDK1 mRNA in EGLN1-
deficient H1299 cells (EGLN1−/−) reconstituted with EGLN1 or its mutant by lentivirus. Data show mean ± SEM; Student’s two tailed t test. B and C, colony
formation of EGLN1-deficient H1299 cells (EGLN1−/−) reconstituted with EGLN1 or its methylation-mimic mutant (EGLN1-K297F) by lentivirus (n = 3) cultured
for 11 days by colony-formation assay. D and E, oxygen consumption rate (OCR) changes were measured by Seahorse XFe24 Extracellular Flux Analyzer in
EGLN1-deficient H1299 cells (EGLN1−/−) reconstituted with EGLN1 or its methylation-mimic mutant (EGLN1-K297F) by lentivirus (D). Statistics of basal
respiration, maximal respiration, and spare respiratory capacity were presented in (E). EGLN, egg-laying defective nine.

Repression of EGLN1 by SET7
knowledge about the modulation of hypoxia signaling but also
help us to understand the fine-tuning mechanisms of cellular
hypoxia adaptation.

Notably, even though we provided evidence to show that
the methylation of EGLN1 catalyzed by SET7 suppresses the
activity of EGLN1 on HIF1α, the methylation-mimic mutant
of EGLN1 (in which lysine 297 is mutated into phenylala-
nine) does not completely lose its enzymatic activity on
hydroxylating HIF1α, different from the enzymatically inac-
tive mutant of EGLN1 (EGLN1-H313A). Therefore, the
change of lysine to phenylalanine on K297 of EGLN1 might
not fully mimic methylation status of EGLN1 catalyzed by
SET7 in vivo. Alternatively, other lysine residues might be
also methylated by SET7, which are not identified in this
study.

For the regulation of hypoxia signaling, in addition to
EGLN1 identified here, SET7 is also found to directly
methylate HIFα (27, 28). So, SET7 seems to affect hypoxia
signaling through multiple mechanisms. Given that the
importance of hypoxia signaling in cellular metabolism (2, 3),
SET7 appears to play an important role in cellular hypoxia
adaptation through influencing the key factors of hypoxia
signaling. To further reveal, the effects of SET7 in glycolysis
may benefit for understanding the pathological mechanisms
of some metabolic disorders.
Experimental procedures

Cell line and culture conditions

HEK293T and H1299 cells originally obtained from Amer-
ican Type Culture Collection were cultured in Dulbecco’s
modified Eagle medium (DMEM) (HyClone) with 10% fetal
bovine serum. The cells were grown at 37 �C in a humidified
incubator containing 5% CO2.

Antibodies and chemical reagents

Antibodies including anti-EGLN1 (#4835), anti-HIF1α
(#36169), anti-hydroxy-HIF1α (Pro564) (#3434), anti-SET7
(#2825), and normal rabbit immunoglobulin G (#2729) were
purchased from Cell Signaling Technology. Anti-β-actin
(#AC026) was purchased from ABclonal. Anti-Flag (#F1804)
was purchased from Sigma. Anti-HA (#901515) was purchased
from Covance. Anti-Myc (#SC-40) and Anti-GAPDH (#SC-
47724) antibody was purchased from Santa Cruz Biotech-
nology. Anti-SET7 (#ab124708) was purchased from Abcam.
MG-132 (#474790) was purchased from Sigma. Cycloheximide
(#HY-12320) was purchased from MCE.

Generation of anti-EGLN1-K297Me1 antibody

EGLN1-K297 site-specific methylation antibody (anti-
EGLN1-K297Me1 antibody) was generated by using a human
J. Biol. Chem. (2022) 298(6) 101961 7
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EGLN1-methylated peptide (VKERSK(me)AMVACYPGNGC)
as an antigen (ABclonal). After purifying the antibodies with
excess unmodified peptide (VKERSKAMVACYPGNGC), the
specificity of anti-EGLN1-K297Me1 antibody was verified by
Western blot analysis.

Immunoprecipitation and Western blot

Coimmunoprecipitation and Western blot analysis
were performed as described previously (27). Anti-FLAG
antibody–conjugated agarose beads (#A2220), anti-HA
antibody–conjugated agarose beads (#A2095), and anti-
Myc antibody–conjugated agarose beads (#A7470) were pur-
chased from Sigma. Protein G Sepharose (#17-0618-01) was
purchased from GE HealthCare. The Fuji Film LAS4000 mini-
luminescent image analyzer was used to photograph the blots.

Identification of EGLN1 methylation site(s) by mass
spectrometry

HEK293T cells were cotransfected with HA-EGLN1 and
Myc-SET7 plasmids. Cell lysate was immunoprecipitated with
anti-HA antibody–conjugated agarose beads overnight.
Immunoprecipitated EGLN1 proteins were subjected to 8%
SDS-PAGE gel, and EGLN1 bands were excised from the gel
and analyzed by mass spectrometry in Protein Gene Biotech.
The bands were digested as previously described (41).

The digested peptides were dissolved in 0.1% formic acid,
separated on an online nano-flow EASY-nLC 1200 system with
a 75 μm × 15 cm analytical column (C18, 3 μm, Thermo Fisher
Scientific), and then analyzed on a Q Exactive HF-X mass
spectrometer (Thermo Fisher Scientific). Peptides were eluted
with the gradient of solvent B (0.1% Formic acid in 80%
acetonitrile) increased from 4% to 6% over 1 min, 6% to 10% in
2 min, 10% to 18% in 40 min, 18% to 33% in 10 min, climbed to
90% in 0.5 min, and then held at 90% for 6.5 min, all at a
constant flow rate of 300 nl/min. The mass spectrometer was
operated in data-dependent acquisition mode with full scans
(m/z range of 350–1800) at 60,000 mass resolution using an
automatic gain control target value of 3e6. The top 20 most
intense precursor ions were selected for following MS/MS
fragmentation by higher-energy collision dissociation with
normalized collision energy of 28% and analyzed with 15,000
resolution in the Orbitrap. The dynamic exclusion was set to
25 s and the isolation width of precursor ion was set to 1.6 m/z.
The maximum injection times were 20 ms and 50 ms for both
MS and MS/MS, respectively. The intensity threshold was set
to 5000.

The pFind software (version 3.1) (http://pfind.org/software/
pFind/index.html) was employed for all MS/MS spectra anal-
ysis against the human protein database (https://www.ncbi.
nlm.nih.gov/protein) combined with the reverse decoy data-
base and common contaminants (42). Two missed cleavages
were allowed for trypsin and open-search algorithm in pFind
was used. Methylation (K) was also set as variable modifica-
tions. The precursor and fragment ion mass tolerances were
20 ppm and 20 ppm, respectively. Minimum peptide length
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was set at 6 while the estimated false discovery rate threshold
for peptide and protein were specified at maximum 1%.

CRISPR-Cas9 KO cell lines

To generate H1299 or HEK293T knocked-out cell lines of
indicated genes, single guide RNA (sgRNA) sequence were
ligated into Lenti-CRISPRv2 plasmid and then cotransfected
with viral packaging plasmids (psPAX2 and pMD2G) into
HEK293T cells. Six hours after transfection, medium was
changed, and viral supernatant was collected and filtered
through 0.45-μm strainer. Targeted cells were infected by viral
supernatant and selected by 1 μg/ml puromycin for 2 weeks.
The sgRNA sequence targeting SET7 is TAGCGACGACGA
GATGGTGG. The sgRNA sequence targeting EGLN1 is
CCCGCCGCTGTCATTGGCCA.

Luciferase reporter assays

Cells were grown in 24-well plates and transfected with
various amounts of plasmids by VigoFect (Vigorous Biotech),
as well as with pCMV-Renilla used as an internal control. After
the cells were transfected for 18 to 24 h, the luciferase activity
was determined by the dual-luciferase reporter assay system
(Promega). Data were normalized to Renilla luciferase. Data
are reported as mean ± SEM, which are representative of three
independent experiments, each performed in triplicate.

Quantitative real-time PCR assay

Total RNAs were extracted using RNAiso Plus (TaKaRa
Bio) following the protocol provided by the manufacturer.
Complementary DNAs were synthesized using the RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific). Mon-
Amp SYBR Green qPCR Mix (high Rox) (Monad Bio) was
used for quantitative real-time PCR assays (quantitative PCR).
The primers for quantitative real-time PCR assays are listed in
Table S1.

Lentivirus-mediated gene transfer

HEK293T cells were transfected with pHAGE empty,
pHAGE-EGLN1, or pHAGE-EGLN1-K297F, together with the
packaging vectors psPAX2 and pMD2G. Eight hours later, the
medium was changed with fresh medium containing 10% fetal
bovine serum, 1% streptomycin–penicillin, and 10 μM
β-mercaptoethanol. Forty hours later, supernatants were har-
vested and filtered through 0.45-μm strainer and then used to
infect EGLN1-deficient H1299 cells (EGLN1−/−).

Colony formation assay

EGLN1-deficient H1299 cells (EGLN1−/−) reconstituted
with EGLN1 or its mutant were seeded in 10 cm cell culture
dishes at 3000 cells per dish. After 11 days, the colonies were
fixed by methanol, stained with crystal violet (0.5% in meth-
anol) and washed with PBS, and then photographed. Colonies
of a suitable size were counted based on the images in each
well.

http://pfind.org/software/pFind/index.html
http://pfind.org/software/pFind/index.html
https://www.ncbi.nlm.nih.gov/protein
https://www.ncbi.nlm.nih.gov/protein
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Mitochondrial stress test assay

The oxygen consumption rate under mitochondrial stress
test assay was performed using the Seahorse XFe24 Extracel-
lular Flux Analyzer (Agilent Technologies). Mitochondrial
stress assay was performed using XF Cell Mito Stress Test kit
(Agilent Technologies; #103015-100). The assays were per-
formed according to the manufacturer’s instructions. The
H1299 cells (4 × 104 cells/well) were cultured in XF24 cell
culture microplate (Agilent Technologies; #102340-100). For
mitochondrial stress test assay, oligomycin (1.5 μM), carbonyl
cyanide-4-(trifluoromethoxy) phenylhydrazone (2 μM), and
antimycin A and rotenone mixture (0.5 μM) were added to cell
culture plate for determining mitochondrial respiration
including basal respiration, maximal respiration, and spare
respiratory capacity.

Statistical analysis

GraphPad Prism software (7.0) (GraphPad) was used for all
statistical analysis. Results with error bars express mean ±
SEM. Statistical analysis was performed by using Student’s
two-tailed t test. A p value less than 0.05 was considered sig-
nificant. Statistical significance is represented as follows: *p<
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

Data availability

Raw mass spectrometry data have been deposited to the
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via iProX partner repository (43)
with the dataset identifier PXD032126. The location is
http://proteomecentral.proteomexchange.org/cgi/GetDataset?
ID=PXD032092. All peptide sequences assigned are listed in
Table S1.

Supporting information—This article contains supporting informa-
tion (41, 42).
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