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Abstract

Mitochondria play essential roles in cancer cell adaptation to hypoxia,
but the underlying mechanisms remain elusive. Through mitochon-
drial proteomic profiling, we here find that the prolyl hydroxylase
EglN1 (PHD2) accumulates on mitochondria under hypoxia. EglN1
substrate-binding region in the b2b3 loop is responsible for its mito-
chondrial translocation and contributes to breast tumor growth. Fur-
thermore, we identify AMP-activated protein kinase alpha (AMPKa) as
an EglN1 substrate on mitochondria. The EglN1-AMPKa interaction is
essential for their mutual mitochondrial translocation. After EglN1
prolyl-hydroxylates AMPKa under normoxia, they rapidly dissociate
following prolyl-hydroxylation, leading to their immediate release
from mitochondria. In contrast, hypoxia results in constant EglN1-
AMPKa interaction and their accumulation on mitochondria, leading
to the formation of a Ca2+/calmodulin-dependent protein kinase 2
(CaMKK2)-EglN1-AMPKa complex to activate AMPKa phosphorylation,
ensuring metabolic homeostasis and breast tumor growth. Our find-
ings identify EglN1 as an oxygen-sensitive metabolic checkpoint sig-
naling hypoxic stress to mitochondria through its b2b3 loop region,
suggesting a potential therapeutic target for breast cancer.
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Introduction

Breast cancer is the most common cancer among women and the

second leading cause of cancer-related death with the highest can-

cer incidence rate (Siegel et al, 2022). Hypoxia leads to metabolic

reprogramming and advanced tumor progression, which is associ-

ated with high-grade breast tumor and poor prognosis of breast

cancer patients, improved understanding of how cancer cell sur-

vives under hypoxia has advanced the development of effective

therapies (Nakazawa et al, 2016; Bhandari et al, 2019; Ye et al,

2019). For example, hypoxia-inducible factor (HIF) is a well-

established regulator that drives cellular adaptation to hypoxia.

Under normoxia, HIFa is hydroxylated by the prolyl hydroxylases

EglN1/2/3, and the hydroxyl modification is then targeted by the

von Hippel Lindau (VHL) E3 ligase complex for subsequent ubiqui-

tylation and proteasomal degradation (Kaelin & Ratcliffe, 2008).

Under hypoxia, HIFa is stabilized due to suppression of prolyl

hydroxylation, and dimerizes with HIF1b (ARNT), consequently

activating oncogenic processes such as angiogenesis (e.g., via

VEGF), glycolysis and glucose transport (e.g., via GLUT1), and

erythropoiesis (e.g., via EPO) (Yang & Kaelin, 2001; Semenza,

2012). Emerging evidence support that sophisticated interaction

networks beyond the HIF pathway contribute to cellular adaptation

to hypoxia (Lee et al, 2015, 2020b; Guo et al, 2016; Zhang

et al, 2018; Batie et al, 2019; Chakraborty et al, 2019; Hu et al,

2020; Liu et al, 2020, 2022).

Mitochondria, the largest consumers of intracellular oxygen,

are first in line to confront the fluctuations in oxygen level and
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the primary sites for hypoxia-induced metabolic reprogramming

(Lee et al, 2020b). It has been reported that mitochondrial adap-

tation to hypoxia is mediated by HIF-induced transcription of the

nuclear-encoded COX4 isoform 2 (COX4I2), the mitochondrial pro-

tease LON, lactate dehydrogenase A (LDHA) and pyruvate dehy-

drogenase kinase (PDK1) to modulate ETC activity and the TCA

cycle (Iyer et al, 1998; Kim et al, 2006; Papandreou et al, 2006;

Lee et al, 2020b). Hypoxia also promotes the generation of super-

oxide through the mitochondrial electron transport chain (ETC) in

a HIF-independent manner (Bell & Chandel, 2007), the superoxide

leads to accumulation of excess Ca2+, resulting in Ca2+/calmodu-

lin-dependent protein kinase (CaMKK) activation and subse-

quently stimulating the energy sensor AMP-activated protein

kinase (AMPK) to inhibit anabolism (e.g., lipid synthesis) and

promote catabolism (e.g., autophagy) for restoring metabolic

homeostasis (Emerling et al, 2009; Gusarova et al, 2011; Mungai

et al, 2011; Garcia & Shaw, 2017). Although mitochondria are

well-known as intracellular platforms for protein–protein interac-

tions to initiate cell signaling (Tan & Finkel, 2020; Picard & Shir-

ihai, 2022), how they serve as scaffolds for oxygen sensing

signaling and therefore communicate their fitness to the rest of

the cell under hypoxic stress is not well understood. In this

study, we demonstrate the prolyl hydroxylase EglN1 as responsi-

ble for mitochondrial hypoxia sensing through its b2b3 loop

region to control metabolic homeostasis and breast cancer

progression.

Results

EglN1 accumulates on mitochondria upon hypoxia

In order to investigate how mitochondria respond to hypoxia, we first

profiled the mitochondrial proteome under hypoxia versus normoxia

in T47D breast cancer cell line using a TMT-based quantitative proteo-

mics approach (Fig 1A). A total of 5,981 proteins were identified in

the mitochondrial extracts, with 569 proteins increased and 477 pro-

teins decreased in relative abundance under hypoxia (Figs 1B and

EV1A–C). The network analysis showed the proteins that were

involved in oxygen-related pathways (Fig EV1D). In particular, the

prolyl hydroxylase EglN1 was identified among the significantly upre-

gulated proteins responsive to hypoxia (Figs 1B and EV1D). Moreover,

2-oxoglutarate-dependent dioxygenases (2OGDDs) are known to have

the potential to sense oxygen to regulate the functions of their specific

substrates (Losman et al, 2020). We found a set of 2OGDDs that were

localized to mitochondria, EglN1 is the top-ranked family member in

the upregulated group upon hypoxia (Fig 1B). EglN1 is an oxygen sen-

sor involved in the canonical oxygen sensing pathway EglN-VHL-HIF

(Kaelin & Ratcliffe, 2008), but its localization and function on mito-

chondria have not been documented. Subcellular fractionation con-

firmed that EglN1 was upregulated on mitochondria under hypoxia in

different cell lines including T47D, MDA-MB-231, and 293T cell lines

(Fig 1C and D). Proteinase K digestion showed that EglN1 was local-

ized on the mitochondrial outer membrane (Fig 1E).

▸Figure 1. EglN1 accumulates on mitochondria under hypoxia.

A Schematic representation of strategy for identification of mitochondrial proteins by mass spectrometry.
B Rank order of protein signals in mitochondrial proteome of T47D cells exposed to hypoxia (1% O2 for 24 h) versus normoxia. 2-oxoglutarate-dependent dioxygenases

were highlighted. Red, upregulated; blue, downregulated; gray, not significant.
C Immunoblots of extracts from whole cell (WCE), mitochondria (Mito), and cytosol (Cyto) of T47D cells treated with hypoxia (H, 1% O2 for 24 h) or normoxia (N).
D Immunoblots of extracts from whole cell (WCE), mitochondria (Mito), and cytosol (Cyto) as indicated of MDA-MB-231 and 293T cells treated with hypoxia (H, 1% O2

for 24 h) or normoxia (N).
E Immunoblots of hypoxic (1% O2 for 24 h) 293T mitochondrial extract (Mito) treated with indicated concentration of proteinase K for 1 h.
F Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) of T47D infected with EglN1-Flag followed by treatment with hypoxia (1% O2 for 24 h) or

normoxia.
G Immunofluorescence of T47D cells infected with EglN1-GFP (green) followed by treatment with normoxia or hypoxia (1% O2 for 24 h) and with MitoTracker Red

staining for 15 min. Nuclei were stained with DAPI (blue) (scale bar = 10 lm).
H Quantification of each cells’ area overlap ratio for co-localization of EglN1-GFP and mitochondria from (G) (N = 6 images in total).
I Immunoblots of extracts from mitochondria (Mito) as indicated of T47D cells treated with hypoxia (1% O2) for 0, 12, 24 and 48 h, respectively.
J Immunoblots of extracts from mitochondria (Mito) as indicated of T47D cells treated with normoxia or hypoxia (1% O2)-reoxygenation (H-ReO2) for 0, 3, and 6 h,

respectively.
K EglN1 expression in breast cancer and normal subtypes in METABRIC cohort (n = 1,139). Wilcoxon rank-sum test was used for statistical analysis of these two

groups.
L EglN1 expression in different oxygen levels in METABRIC cohort (n = 1,139). The hypoxia score of METABRIC breast cancer cohort was calculated by using mRNA-

based signatures. Kruskal–Wallis test was used for the statistical analysis of these three groups.
M EglN1 expression in different breast cancer subtypes in METABRIC cohort (n = 1,139). METABRIC breast cancer cohort was categorized into five subtypes according to

Pam50 gene expression subtype classification (Basal-like, Claudin-low, Her2, Luminal A, and Luminal B). Kruskal–Wallis test was used for the statistical analysis of
these multiple groups.

N Representative immunofluorescence of EglN1 and TOM20 with tumor tissues from breast cancer patients. The right panel showed the quantification of fluorescence
intensity of TOM20 and EglN1 along the line in merged image.

O Box plot showing the co-localization statistics of EglN1 with TOM20 in these six breast cancer patient samples (n = 6). Y-axis indicates the co-location coefficient of
EglN1 and TOM20.

P Representative immunofluorescence of HIF high and HIF low breast cancer tumors from a human breast cancer microarray, and their corresponding colocalization
images of EglN1 with TOM20 from a human breast cancer microarray. Nuclei were stained with DAPI (blue) (scale bar = 10 lm).

Q Scatterplots showing the correlation between co-localization of EglN1 with TOM20 and the intensity of HIF1a in different breast cancer tumors (n = 41) from a
human breast cancer microarray. X-axis indicates the mean fluorescence intensity of HIF1a, and Y-axis indicates the Pearson coefficient of co-localization of EglN1
and TOM20.

Data information: Error bars in (H) represent � SEM, *** denote P value of < 0.005 (unpaired t-test). Also See Fig EV1.
Source data are available online for this figure.
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EglN1 is a hypoxia-inducible gene (Berra et al, 2003), and thus

hypoxia-induced transcriptional upregulation of EglN1 could lead

to its accumulation on mitochondria. To test this possibility, we

generated T47D cell lines overexpressing EglN1-GFP or -Flag and

examined its subcellular localization which is independent of

hypoxia-mediated transcriptional regulation. The results showed

that the exogenous EglN1 also accumulated on mitochondria upon

hypoxia (Fig 1F). Immunofluorescence imaging showed that EglN1

was co-localized with mitochondria under hypoxia (Fig 1G and H).

These data suggest that EglN1 translocates to mitochondria in

response to hypoxia. Subcellular localization analyses of other EglN

family members, including EglN2 and EglN3, showed that EglN2

was not localized to mitochondria, while EglN3 was downregulated

on mitochondria under hypoxia, suggesting that hypoxia-induced

mitochondrial accumulation is specific to EglN1 (Fig EV1E and F).

Meanwhile, the mitochondrial proteomics analyses showed that an

asparaginal hydroxylase HIF1AN (Hypoxia Inducible Factor 1

Subunit Alpha Inhibitor), also known as FIH (Factor Inhibiting HIF),

was also accumulated on mitochondria under hypoxia (Fig 1B), and

mitochondria extraction followed by Western blotting assays con-

firmed this conclusion (Fig EV1G). FIH acts as an oxygen sensor

and asparaginal-hydroxylates HIFa for preventing the interaction of

HIFa with transcriptional coactivators (Lando et al, 2002), the role

of the accumulated FIH on mitochondria upon hypoxia warrants

future investigation. Further, we found that hypoxia-induced EglN1

translocation to mitochondria was in a time-dependent manner

(Fig 1I) and that reoxygenation after hypoxic treatment of these cells

resulted in transfer of EglN1 away from mitochondria (Fig 1J).

These collective data imply that EglN1 translocates to mitochondria

in a dynamic and reversible manner, this process may signal hyp-

oxia to mitochondria.

Furthermore, we found that EglN1 was highly expressed in

breast tumor tissues, especially in tumors with the high hypoxia

scores (Fig 1K and L) (Buffa et al, 2010; Curtis et al, 2012). Also,

EglN1 was overexpressed in all breast cancer subtypes compared to

normal tissues, with the highest expression levels in triple negative

breast cancer (basal-like and claudin-low) (Fig 1M). Previous stud-

ies have reported that HIFa is readily detected in breast cancer

subtypes, and increased HIFa protein levels can reflect intratumoral

hypoxia in solid tumors (Briggs et al, 2016). We obtained six tumors

from breast cancer patients including ER positive, HER2 positive

and triple negative breast cancers, these samples were from the core

of tumors which is considered as hypoxic region. Immunofluores-

cence imaging showed that EglN1 was co-localized with mitochon-

dria in these tumor tissues (Figs 1N and O, and EV1H). Further,

through immunofluorescence imaging of a human breast cancer tis-

sue microarray, we observed that the co-localization of EglN1 with

mitochondria is positively associated with the expression levels of

HIF1a (Fig 1P and Q). These data indicate that the mitochondrial

translocation of EglN1 may be pathologically relevant in breast

cancer.

EglN1 b2b3 loop is required for its mitochondrial translocation
upon hypoxia

We next sought to determine what is responsible for EglN1 mito-

chondrial translocation and how EglN1 translocates to mitochondria

upon hypoxia. We first examined whether the translocation of

EglN1 to mitochondria was regulated by its canonical oxygen sens-

ing pathway EglN1-VHL-HIF. The EglN1 residue Pro317 is essential

for its catalytic activity (Percy et al, 2006). Through exogenous

expression of catalytically inactive EglN1 mutant (EglN1-P317R), we

found that EglN1-P317R is already localized to mitochondria irre-

spective of oxygen concentrations, i.e., under both hypoxic and

normoxic conditions (Fig 2A). We then treated cells with a potent

EglN1 inhibitor IOX4, dimethyloxallyl Glycine (DMOG), desferoxa-

mine (DFO) or ROS generator DMNQ (Gerald et al, 2004; Elvidge

et al, 2006; Kohl et al, 2006; Lee et al, 2006, 2016; Murray et al,

2010), to chemically inhibit the hydroxylase activity of EglN1, and

found that these treatments could also result in EglN1 translocation

to mitochondria, similar to the effect induced by hypoxia (Fig 2B–E),

suggesting that loss of EglN1 hydroxylase activity leads to its mito-

chondrial translocation.

VHL can recognize and bind with the prolyl-hydroxylated site of

its substrate (Losman et al, 2020). We found that loss of VHL led to

EglN1 translocation to mitochondria under normoxia (Figs 2F and

▸Figure 2. The EglN1 b2b3 loop is required for its mitochondrial translocation upon hypoxia.

A Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated of 293T cells transfected with EglN1-Flag WT or P317R mutant followed by
treatment with normoxia (N) or hypoxia (H, 1% O2 for 24 h).

B Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated as indicated of T47D cells treated with or without IOX4 (50 lM) for 24 h.
C Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated of T47D cells treated with normoxia (�), hypoxia (H, 1% O2 for 24 h), DMOG

(2 mM, for 24 h), or DFO (200 lM, for 12 h).
D, E Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) of 293T cells transfected with EglN1-Flag (D) or T47D (E) cells followed by treatment with

normoxia (�), hypoxia (H, 1% O2 for 24 h), DMOG (2 mM, for 24 h), or DFO (200 lM, for 12 h).
F Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) of T47D cells infected with EglN1-Flag followed by another infection with control sgRNA

(�) or VHL sgRNA (sgVHL) under treatment with normoxia (N) or hypoxia (H, 1% O2 for 24 h).
G Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated of 786-O cells treated with normoxia (N) or hypoxia (H, 1% O2 for 24 h).
H Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated of 786-O cells infected with control vector (�) or HA-VHL.
I A schematic illustration of EglN1 b2b3 loop (241–251) for substrate binding.
J Immunoblots of extracts from whole cell (WCE) and mitochondria (Mito) as indicated of T47D cells infected with control EglN1-WT-Flag or EglN1-▵b2b3-Flag

followed by infection with EglN1 sh1045 with or without hypoxia (1% O2) treatment for 24 h.
K Immunofluorescence of T47D cells infected with EglN1-GFP or EglN1-▵b2b3-GFP followed by treatment with hypoxia (1% O2 for 24 h) and with MitoTracker Red

staining for 15 min. Nuclei were stained with DAPI (blue) (scale bar = 10 lm).
L Quantification data of each cells’ area overlap ratio for co-localization of EglN1-GFP and mitochondria from (K) (N = 6 images in total).

Data information: Error bars in (L) represent � SEM, *** denote P value of 0.005 (unpaired t-test). Also See Fig EV2.
Source data are available online for this figure.
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EV2A). And, EglN1 was already accumulated on mitochondria

under normoxia in 786-O cells with naturally loss of VHL function

(Zhang et al, 2018), hypoxia treatment failed to further promote its

translocation to mitochondria (Fig 2G), indicating hypoxia-induced

mitochondrial translocation of EglN1 is through VHL. Reconstitution

with VHL, which was also localized to mitochondria, could decrease

the expression levels of EglN1 on mitochondria (Fig 2H). These data

suggest that Loss of VHL results in the mitochondrial translocation

of EglN1.

Our data showed that hypoxia, inhibition of EglN1 prolyl hydrox-

ylase activity, or VHL loss could result in EglN1 translocation to

mitochondria, we hypothesized that an EglN1 substrate may be pre-

sent on mitochondria, given that prolyl hydroxylation is a transient

reaction and the enzyme-substrate interactions are barely detectable

under normoxia, while the interactions of EglN1 with its substrate

can be trapped and sequentially accumulated under conditions such

as hypoxia, lacking of EglN1 hydroxylase activity, or loss of VHL

(Zurlo et al, 2019), if so, deletion of EglN1 substrate binding region

Figure 2.
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would inhibit its mitochondrial accumulation upon hypoxia. To test

this possibility, we deleted the EglN1 b2b3 loop which is well-

established as responsible for EglN1 substrate binding (Fig 2I)

(Flashman et al, 2008; Chowdhury et al, 2009), and our data

showed that EglN1 with loss of b2b3 loop (EglN1-Mb2b3) failed to

respond to hypoxia for its mitochondrial translocation, and its

expression on mitochondria was significantly lower than that of

EglN1-WT (Fig 2J). Consistently, immunofluorescence imaging

showed that EglN1-Mb2b3, unlike EglN1-WT, was barely co-

localized with mitochondria under hypoxia (Fig 2K and L). These

data suggest that the mitochondrial translocation of EglN1 upon

hypoxia is through its b2b3 loop region and an EglN1 substrate is

potentially present on mitochondria.

Previous data suggest that hypoxia, loss of the EglN1 hydroxy-

lase activity, or lacking VHL can lead to accumulated interactions of

EglN1 with HIFa in nucleus where EglN1 hydroxylates HIFa under

sufficient oxygen conditions (Groulx & Lee, 2002; Wotzlaw et al,

2010; Pientka et al, 2012). We found that EglN1 with loss of b2b3
loop (EglN1-Mb2b3) did not affect its expression levels in nucleus

(Fig EV2B), suggesting that the nuclear translocation of EglN1 is

independent of its b2b3 loop region. We reason that EglN1 nuclear

localization signal (NLS) is primarily responsible for its

nuclear translocation (Pientka et al, 2012). We further examined the

effect of HIF on the mitochondrial translocation of EglN1. Our data

showed that either HIF1a or HIF2a was barely localized to mito-

chondria (Fig 2B–H), and inhibition of the HIF pathway either by

HIF1b depletion or by treatment with HIF2a inhibitor PT2399 had

no effect on the mitochondrial translocation of EglN1 (Fig EV2C and

D), suggesting that EglN1 translocation to mitochondria is indepen-

dent of HIF. Altogether, we demonstrate that EglN1 translocates to

mitochondria upon hypoxia through its substrate binding region

b2b3 loop in a HIF-independent manner.

Mitochondrial EglN1 contributes to breast tumor growth

We next examined the effect of mitochondrial EglN1 on tumor cell

growth under hypoxia. We observed that EglN1 depletion in T47D

or MDA-MB-231 cell lines inhibited tumor cell proliferation under

normoxia and hypoxia (Fig EV3A–F). Furthermore, through in vivo

study, we found that overexpression of EglN1 could promote the

tumor cell growth (Fig EV3G–J). Consistently, depletion of EglN1

inhibited the tumor cell growth, and overexpression of EglN1 in the

EglN1-depleted cells could restore the tumor growth with its higher

growth rate than that of the control shRNA cells (Fig EV3K–N).

Therefore, we investigated the effect of mitochondrial EglN1 on

tumor growth by comparing with EglN1-WT as positive control and

control vector as negative control in the EglN1-depleted cells in the

following in vivo study. We found that EglN1-Mb2b3, which loses

the ability for mitochondrial translocation in response to hypoxia,

failed to rescue the cell growth defects caused by EglN1 depletion

under normoxia and hypoxia (Figs 3A–F and EV3O). Further, we

orthotopically injected EglN1-depleted MDA-MB-231 cells expres-

sing control vector (Ctrl), EglN1-Mb2b3, or EglN1-WT into the mam-

mary fat pads of nude mice and monitored tumor growth every

third day by caliper, and observed that EglN1-Mb2b3, unlike EglN1-

WT, failed to restore breast cancer progression in EglN1-depleted

cells in vivo (Fig 3G–I), suggesting that EglN1 b2b3 loop is required

for tumor cell growth.

Our above data showed that EglN1 is localized to the mitochon-

drial outer membrane, we therefore generated a TOM20-EglN1-Flag

construct to anchor EglN1 to the mitochondrial outer membrane

(Fig EV3P), since mitochondrial protein TOM20 is known to reside

on the mitochondrial outer membrane and our data showed that

overexpression of TOM20 had no effect on breast tumor cell growth

(Fig EV3Q–T). We found that reconstitution of TOM20-EglN1, simi-

lar to EglN1-WT, could rescue EglN1 depletion-mediated defects in

tumor cell growth under normoxia and hypoxia (Figs 3J–O and

EV3U). To further examine the function of mitochondrial EglN1 in

breast cancer progression in vivo, we also orthotopically injected

EglN1-depleted MDA-MB-231 cells expressing control vector (Ctrl),

TOM20-EglN1, or EglN1-WT into the mammary fat pads of nude

mice and monitored tumor growth every third day by caliper. Con-

sistent with the in vitro phenotypes, TOM20-EglN1, similar to

EglN1-WT, could restore breast cancer progression in EglN1-

depleted cells (Fig 3P–R). Taken together, these data suggest that

mitochondrial EglN1 contributes to tumor cell growth in vitro and

in vivo.

Consistent with the above data showing that HIF has no effect on

mitochondrial translocation of EglN1, inhibition of the HIF pathway

by PT2399 treatment also did not affect EglN1 regulation of breast

cancer cell growth (Fig EV3V and W). Then, we further determined

the mechanism of how mitochondrial EglN1 regulates cancer cell

growth.

EglN1 prolyl-hydroxylates AMPKa on mitochondria

In light of our above data suggesting that an EglN1 substrate

might be present on mitochondria responsible for the EglN1

▸Figure 3. Mitochondrial EglN1 contributes to breast cancer progression.

A–F Immunoblots of cell lysates (A, D), MTT assays (B, E), and 2D colony formation assays (C, F) from T47D or MDA-MB-231 cell lines infected with control vector (Ctrl),
EglN1-WT-Flag, or EglN1-▵b2b3-Flag followed by infection with control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition.

G–I Mouse xenograft experiments were performed with the cells generated in (D). Tumor growth curves (G) and tumor weights (H) were calculated, and gross tumors
(I) were presented (n = 6 mice per group).

J–O Immunoblots of cell lysates (J, M), MTT assays (K, N), and 2D colony formation assays (L, O) from T47D or MDA-MB-231 cell lines infected with control vector (Ctrl),
EglN1-Flag, or TOM20-EglN1-Flag followed by infection with control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition.

P–R Mouse xenograft experiments were performed with the cells generated in (m). Tumor growth curves (P) and tumor weights (Q) were calculated, and gross tumors
(R) were presented (n = 6 mice per group).

Data information: Error bars in (B, E, G, H, K, N, P, Q) represent � SEM, ** and *** denote P value of < 0.01, and 0.005, respectively, and ns denotes not significant
(unpaired t-test). n = 3 independent technical replicate experiments for MTT assays. Also See Fig EV3.
Source data are available online for this figure.
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mitochondrial translocation, we therefore sought to identify the

possible substrate of mitochondrial EglN1. We performed EglN1

immunoprecipitation-mass spectrometry (IP-MS) in T47D cells

under normoxia versus hypoxia (Fig 4A), where hypoxia could

potentially trap the enzyme-substrate interactions. Through inte-

grated analyses of IP-MS and mitochondrial proteomics, we found

that AMPKa1 was localized to mitochondria and meanwhile specif-

ically interacted with EglN1 under hypoxia (Fig 4B). It has been

reported that hypoxia-activated phosphorylation of AMPKa is an

essential regulatory step to support continued cell proliferation

during hypoxic stress via restoring metabolic homeostasis (Lee

et al, 2020b). However, the direct link of oxygen sensing to

AMPKa phosphorylation activation has not been documented.

Consistent with previous studies, we observed that hypoxia

induced the phosphorylation of AMPKa in T47D and MBA-MB-231

cell lines (Fig EV4A and B). We wondered whether EglN1 could

hydroxylate AMPKa to control its phosphorylation. AMPKa
includes two isoforms, AMPKa1 and AMPKa2, they share the iden-

tical sequence within their respective kinase domains for phos-

phorylation (AMPKa1 at Thr183 and AMPKa2 at Thr172) (Trefts &

Shaw, 2021). Co-immunoprecipitation (Co-IP) assays showed that

EglN1 could interact with both AMPKa1 and AMPKa2 during hyp-

oxia (Fig 4C), glutathione S-transferase (GST) pull-down assay also

showed that EglN1 interacted with both AMPKa1 and AMPKa2

(Fig 4D). We therefore examined both AMPKa1 and AMPKa2 as

potential EglN1 substrates.

We used anti-AMPKa antibody recognizing both AMPKa1 and

AMPKa2 and confirmed that AMPKa specifically interacted with

EglN1 under hypoxia in T47D and MBA-MB-231 cells, as did HIF1a
(Figs 4E and EV4C). VHL loss also induced EglN1-AMPKa interac-

tion, with increased phosphorylation levels of AMPKa (Fig EV4D

and E). Subcellular fractionation followed by Co-IP assays showed

that the AMPKa-EglN1 interaction took place on mitochondria, not

in cytosol or nucleus (Fig 4F). Furthermore, we also observed that

EglN1 interacted with phosphorylated form of AMPKa under hyp-

oxia (Fig 4G). Compound C, which inhibits AMPK phosphorylation

activation (Zhou et al, 2001), blocked the interaction of EglN1 with

either phosphorylated-AMPKa or total AMPKa (Fig 4G), suggesting

that AMPKa phosphorylation is essential for the EglN1-AMPKa
interaction. Furthermore, we found that phosphorylated-AMPKa
barely interacted with EglN1-Mb2b3, as did HIF1a (Fig 4H),

suggesting that EglN1 interacted with phosphorylated-AMPKa
through its b2b3 loop region.

To further determine that AMPKa could be prolyl-hydroxylated

by EglN1, we performed liquid chromatography–tandem mass spec-

trometry (LC–MS/MS) in 786-O cells treated with or without DMOG

to identify their potential prolyl-hydroxylation sites (Fig EV4F)

(Zhang et al, 2018). We found that prolines 188 and 177, in their

▸Figure 4. EglN1 prolyl-hydroxylates AMPKa on mitochondria.

A Schematic representation of strategy for identification of EglN1-interacting proteins in T47D cells exposed to hypoxia (1% O2 for 24 h) versus normoxia by mass
spectrometry.

B Sequence coverage values of EglN1, AMPKa1, and HIF1a from mass spectrometry analysis.
C Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of T47D cells infected with control vector, AMPKa1-Flag, or AMPKa2-Flag followed by

treatment with normoxia or hypoxia (1% O2) for 24 h.
D Immunoblots (IB) of proteins from in vitro translation or recombinant protein purification (input). In vitro immunoprecipitation (IP) analyses for protein interactions

between recombinant GST-EglN1 and AMPKa1-Flag or AMPKa2-Flag, respectively.
E Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of T47D cells infected with control vector or EglN1-Flag followed by treatment with

normoxia or hypoxia (1% O2) for 24 h.
F Immunoblots of extracts from cytosol (Cyto), mitochondria (Mito) and nucleus, and their respective immunoprecipitations (IP) from T47D mitochondrial extraction

generated in Fig 1F.
G Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of T47D cells infected with control vector or EglN1-Flag followed by treatment with or

without compound C (Comp C, 10 lM) for 24 h under hypoxic condition.
H Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of T47D cells infected with control vector, EglN1-WT-Flag, or EglN1-Mb2b3-Flag.
I A schematic illustration of highly conserved sequences for prolyl hydroxylation within kinase domains (KD) of AMPKa1 and AMPKa2. Those prolines for hydroxylation

were highlighted in red.
J Immunoblots of lysates from T47D and 786-O cells treated with or without hypoxia (1% O2) for 24 h.
K Immunoblots of lysates from T47D and 786-O cells treated with or without DMOG (2 mM) for 24 h.
L Immunoblots of lysates from 293T cells transfected with AMPKa1-WT/P188A-Flag or AMPKa2-WT/P177A-Flag, respectively.
M Immunoblots of lysates from T47D and 786-O cells infected with control shRNA or EglN1 shRNA.
N Immunoblots of lysates from T47D cells infected with control vector (�), EglN1-WT, or EglN1-P317R followed by infection with control shRNA (�) or EglN1 sh1045

(EglN1 shRNA).
O Immunoblots of lysates from T47D cells infected with control vector (�), EglN1-WT, or EglN1-Mb2b3 followed by infection with control shRNA (�) or EglN1 sh1045

(EglN1 shRNA).
P In vitro hydroxylation assays were performed through purified GST-EglN1 WT or P317R mutant incubated with AMPKa1-biotinylated synthetic peptides followed by

dot immunoblot analyses with anti-AMPKa-Pro188-OH antibody.
Q Indicated peptides were incubated with whole cell lysates from 293T cells transfected with HA-VHL, and precipitated with streptavidin. Immunoblot assays of those

whole cell lysates and precipitated proteins with HA antibody, dot blot assays of the indicated peptides with biotin.
R Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of 786-O cells infected with control vector or HA-VHL followed by treatment with or

without DMOG (2 mM) for 24 h.
S Immunoblots of lysates from 786-O cells infected with control vector or HA-VHL followed by treatment with or without DMOG (2 mM) for 24 h.
T Immunoblots of lysates from 786-O cells expressing HA-VHL infected with control vector (�), EglN1-WT, or EglN1-P317R followed by infection with control shRNA

(�) or EglN1 sh1045 (EglN1 shRNA).
U A proposed model depicting the regulatory mechanism of mitochondrial EglN1 under normoxia.

Data information: Also See Fig EV4.
Source data are available online for this figure.
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respective conserved kinase domains of AMPKa1 and AMPKa2,
were hydroxylated in those untreated cells, and their hydroxylation

could be inhibited by hydroxylase inhibitor DMOG (Fig EV4G–I).

Interestingly, we found that these hydroxylated prolyl-residues are

located in their highly conserved kinase domain regions close to

their respective phosphorylation sites (Fig 4I). To study the AMPKa
hydroxylation sites in cells, we generated an antibody to recognize

AMPKa-Pro188/177 hydroxylation (AMPKa-OH), and we observed

that recognition of AMPKa by the AMPKa-OH antibody was signifi-

cantly decreased in cells under DMOG or hypoxia treatment (Fig 4J

and K). And, AMPKa-OH antibody failed to recognize AMPKa1
P188A or AMPKa2 P177A mutants (Fig 4L). The expression level of

AMPKa-OH recognized by AMPKa-OH antibody was decreased in

AMPKa1-depleted cells, suggesting the specificity of this antibody

for AMPKa (Fig EV4J). Moreover, we found that EglN1 depletion

inhibited the prolyl-hydroxylation of AMPKa (Fig 4M), and this reg-

ulation depends on its catalytic activity and b2b3 loop region

(Fig 4N and O). Through in vitro hydroxylation assays with recom-

binant EglN1 and AMPKa peptide, we observed that EglN1-WT, but

not EglN1 catalytically inactive mutant EglN1-P317R, could directly

hydroxylate AMPKa peptide (Fig 4P). Consistent with the IP

assays showing that EglN1 interacted with phosphorylated-AMPKa
(Fig 4G), AMPKa WT, but not AMPKa T183A mutant, can be

hydroxylated (Fig EV4K). Altogether, these data suggest that EglN1

prolyl-hydroxylates phosphorylated-AMPKa at Pro188/177.

We performed in vitro binding assays with biotinylated AMPKa-
derived peptides that span the AMPKa hydroxylation site (Fig EV4L)

and found that VHL preferentially bound to hydroxylated AMPKa-
derived peptide (Fig 4Q). VHL could interact with AMPKa, and

treatment with DMOG decreased their interaction in 786-O cells

(Fig 4R), suggesting that VHL interacts with AMPKa in a prolyl-

hydroxylation-dependent manner. Reconstitution of HA-VHL in 786-

O cells decreased AMPKa phosphorylation, and treatment with

DMOG restored its phosphorylation (Fig 4S). EglN1 depletion in

VHL-reconstituted 786-O cells increased AMPKa phosphorylation,

while this upregulated phosphorylation could be reversed by over-

expression EglN1-WT, but not hydroxylase-inactivated EglN1-P317R

mutant (Fig 4T). These data suggest that VHL can recognize EglN1-

catalyzed prolyl-hydroxylation of AMPKa for limiting AMPKa phos-

phorylation (Fig 4U).

Hypoxia-induced mitochondrial translocation of EglN1-AMPKa
activates the AMPK pathway

To examine whether the hypoxia-induced EglN1-AMPKa interac-

tion is responsible for EglN1 mitochondrial translocation, we

first performed mitochondrial extraction under hypoxia versus

normoxia to test their protein levels on mitochondria. We found

that both AMPKa1 and AMPKa2, similar to EglN1, could translo-

cate to mitochondria upon hypoxia (Fig EV5A). Through protein-

ase K digestion of isolated mitochondria, we found that AMPKa
also translocated to the mitochondrial outer membrane upon hyp-

oxia, similar to EglN1 (Fig 5A). Compound C, which inhibits the

EglN1-AMPKa interaction, not only inhibited the expression of

phosphorylated-AMPKa and total AMPKa on mitochondria, but

also decreased the mitochondrial translocation of EglN1 (Fig 5B),

suggesting that AMPKa phosphorylation activation is required for

the mitochondrial translocation of both EglN1 and AMPKa. Indeed,
similar to EglN1, phosphorylated-AMPKa was also co-localized

with mitochondria in tumor tissues from breast cancer patients

(Figs 5C and EV5B). On the other hand, EglN1 depletion also

downregulated the mitochondrial translocation of AMPKa, and

EglN1-Mb2b3, which loses the interaction with phosphorylated-

AMPKa, failed to rescue EglN1 depletion-mediated decrease in the

mitochondrial translocation of AMPKa (Fig 5D), suggesting that

EglN1 b2b3 loop region is not only required for EglN1 mitochon-

drial translocation, but also essential for the translocation of AMPKa
to mitochondria. These data suggest that the hypoxia-induced

▸Figure 5. Hypoxia-induced mitochondrial translocation of EglN1-AMPKa activates the AMPK pathway.

A Immunoblots of mitochondrial extracts (Mito) treated with or without Proteinase K (2 lg/ml) and whole cell extracts (WCE) from T47D cells under normoxic (N) or
hypoxic (H, 1% O2 for 24 h) conditions.

B Immunoblots of mitochondrial extracts (Mito) and whole cell extracts (WCE) from T47D treated with or without compound C (Comp C, 10 lM for 24 h) under
hypoxia.

C Representative immunofluorescence of p-AMPKa and TOM20 with tumor tissues from breast cancer patients. The right panel showed the quantification of fluores-
cence intensity of TOM20 and p-AMPKa along the line in merged image.

D Immunoblots of mitochondrial extracts (Mito) and whole cell extracts (WCE) from T47D cells infected with control vector (Ctrl), EglN1-WT-Flag, or EglN1-Mb2b3-
Flag followed by infection with control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition for 24 h.

E Immunoblots of cell lysates from T47D or MDA-MB-231 cell lines infected with control vector (Ctrl), EglN1-WT-Flag, or EglN1-Mb2b3-Flag followed by infection
with control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition for 24 h.

F Immunoblots assays of MDA-MB-231 xenograft tumors from Fig 3I (EglN1 WT and EglN1 Db2b3).
G Immunoblots of cell lysates from MDA-MB-231 cell lines generated in (E).
H, I Representative fluorescence imaging (N = 30 images in total) (H) and corresponding quantification data (I) in GFP-LC3 stably expressed MDA-MB-231 cell lines

generated in (E) treated with hypoxia (1% O2 for 24 h). (scale bar = 10 lm).
J, K Representative fluorescence imaging (N = 6 images in total) of lipid droplets stained with Nile Red (J) and corresponding quantification data (K) in MDA-MB-231

cell lines generated in (E) treated with hypoxia (1% O2 for 24 h). Nuclei were stained with DAPI (blue) (scale bar = 10 lm).
L Immunoblots of cell lysates from MDA-MB-231 cells infected with control vector (Ctrl), EglN1-WT-Flag, or TOM20-EglN1-WT-Flag followed by infection with

control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition for 24 h.
M, N Representative fluorescence imaging (N = 30 images in total) (M) and corresponding quantification data (N) in GFP-LC3 stably expressed MDA-MB-231 cell lines

generated in (L) treated with hypoxia (1% O2 for 24 h). (scale bar = 10 lm).
O, P Representative fluorescence imaging (N = 6 images in total) of lipid droplets stained with Nile Red (O) and corresponding quantification data (P) in MBA-MB-231

cell lines generated in (L) treated with hypoxia (1% O2 for 24 h). Nuclei were stained with DAPI (blue) (scale bar = 20 lm).

Data information: Error bars in (I, K, N, P) represent � SEM, *** denotes P value of 0.005 and ns denotes not significant (unpaired t-test). Also See Fig EV5.
Source data are available online for this figure.
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EglN1-AMPKa interaction is responsible for their mutual mitochon-

drial translocation.

AMPKa phosphorylation leads to increased catabolism (e.g.,

autophagy) and decreased anabolism (e.g., lipid synthesis) for

restoring metabolic homeostasis under metabolic stresses (Lee

et al, 2020b). However, whether hypoxia-induced mitochondrial

translocation of AMPKa contributes to AMPKa phosphorylation acti-

vation is unknown. Therefore, we sought to determine whether

EglN1 regulation of AMPKa mitochondrial translocation affects

AMPKa phosphorylation. The Western blotting showed that EglN1

depletion inhibited AMPKa phosphorylation under hypoxia as

well as in MDA-MB-231 xenograft tumors (Figs 5E and EV5C),

EglN1-Mb2b3, unlike EglN1-WT, failed to reverse the decreased

phosphorylation of AMPKa (Fig 5E and F). In line with the functions

of AMPKa, EglN1 depletion decreased the phosphorylation levels of

AMPKa downstream substrates ULK1 and ACC (Fig 5G), both

of which have been reported to reside on mitochondria and their

phosphorylation activations mark increased autophagy and

decreased lipid synthesis, respectively (Trefts & Shaw, 2021). Con-

sistently, Western blotting assays showed that EglN1 KD reduced

LC3-II levels with or without CQ treatment under hypoxia

(Fig EV5D), fluorescence imaging showed that EglN1 depletion

inhibited the GFP-LC3-II puncta during hypoxia (Fig 5H and I).

Through fluorescence imaging of Nile Red stained cells, we

observed that EglN1 depletion increased lipid synthesis under hyp-

oxia (Fig 5J and K). EglN1-Mb2b3, unlike EglN1-WT, failed to

reverse these changes caused by EglN1 depletion (Fig 5G–K), which

is consistent with the effect of EglN1 on AMPKa phosphorylation.

These data suggest that the EglN1 b2b3 region plays an essential

role in restoring metabolic homeostasis under hypoxia.

On the other hand, we found that TOM20-EglN1, similar to

EglN1-WT, could reverse the decreased phosphorylation levels of

AMPKa, ULK1 and ACC caused by EglN1 depletion (Fig 5L), and

also could reverse the EglN1-depletion induced decrease in GFP-

LC3-II puncta and increase in lipid synthesis (Fig 5M–P). Collec-

tively, these data suggest that mitochondrial EglN1 activates the

AMPK pathway and plays an essential role in restoring metabolic

homeostasis under hypoxic stress.

EglN1 recruiting CaMKK2 to AMPKa under hypoxia contributes to
breast tumor growth

We then determined how the accumulated EglN1-AMPKa interac-

tion activates AMPKa phosphorylation. Previous work has shown

that hypoxia-induced AMPKa phosphorylation is mediated by

CaMKK2 (Gusarova et al, 2011). Co-IP assays showed that EglN1

could interact with CaMKK2, AMPKc1 and AMPKb1 on mitochon-

dria under hypoxia, but barely interacted with LKB1 (Fig 6A).

Therefore, we hypothesized that EglN1 could work as a scaffold pro-

tein linking CaMKK2 to AMPKa. Indeed, AMPKa showed stronger

interaction with CaMKK2 under hypoxia and was substantially

phosphorylated, both of which were significantly inhibited by EglN1

depletion (Fig 6B), indicating that EglN1 recruits CaMKK2 to

AMPKa under hypoxia for AMPKa phosphorylation.

We next sought to determine whether EglN1-regulated tumor cell

growth acts through the AMPK pathway. We found that overexpres-

sion of the constitutively active AMPKa-T172D mutant alone could

promote tumor cell proliferation (Fig EV5E and F), and inhibition of

the AMPK pathway by depletion of AMPKa or AMPKa phosphoryla-

tion inhibitor compound C treatment led to decreased breast cancer

cell growth under normoxia and hypoxia (Fig EV5G–K), suggesting

that AMPK is essential for breast cancer cell growth. Then, we

examined whether AMPKa phosphorylation activation could rescue

the EglN1 depletion-mediated effect on tumor cell growth. Our data

showed that overexpression of AMPKa-T172D mutant could rescue

tumor growth defect caused by EglN1 depletion in vitro and in vivo

(Figs 6C–G and EV5L). These data suggest that EglN1 regulation of

tumor cell growth is at least partially through the AMPK pathway.

Collectively, we show that hypoxia-induced constant EglN1-

AMPKa interaction leads to their accumulation on mitochondria,

EglN1 recruits CaMKK2 to AMPKa, thus resulting in the formation

of CaMKK2-EglN1-AMPKa complex for AMPKa phosphorylation,

thereby ensuring metabolic homeostasis and breast tumor growth

(Fig 6H).

Discussion

Mitochondria are the largest consumers of intracellular oxygen, and

their metabolic adaptation to hypoxia plays an essential role in

tumor malignancy and therapy resistance (Valcarcel-Jimenez et al,

2017; Bargiela et al, 2018). However, the mechanism of how mito-

chondria respond to hypoxia remains elusive. Here, we find that

hypoxia induces translocation of EglN1 to mitochondria. EglN1

b2b3 loop region is required for its mitochondrial translocation

and breast tumor growth. Further, we reveal compartmentalized

oxygen sensing pathway EglN1-VHL-AMPKa on mitochondria under

normoxia. Specifically, EglN1 catalyzes prolyl-hydroxylation of

▸Figure 6. EglN1 recruiting CaMKK2 to AMPKa under hypoxia is essential for breast tumor growth.

A Immunoblots of mitochondrial extracts (Mito) and immunoprecipitations (IP) generated in (Fig 4F).
B Immunoblots (IB) of whole cell extracts (WCE) and immunoprecipitations (IP) of T47D cells infected with control shRNA (�) or EglN1 sh1045 (EglN1 shRNA) with or

without hypoxia treatment (1% O2 for 24 h).
C, D Immunoblots (C) and MTT assays (D) of T47D (left panel) and MDA-MB-231 (right panel) cells infected with control vector (Ctrl) or AMPKa-T172D-Flag followed by

infection with control shRNA (shCtrl) or EglN1 sh1045 (EglN1 shRNA) under hypoxic (1% O2) condition.
E–G Mouse xenograft experiments were performed with the MDA-MD-MB231 cells generated in (C). Tumor growth curves (E) and tumor weights (F) were calculated,

and gross tumors (G) were presented (n = 6 mice per group).
H A proposed model depicting the regulatory mechanism of mitochondrial EglN1 under hypoxia.

Data information: Error bars in (D–F) represent � SEM, *** denotes P value of 0.005 (unpaired t-test). n = 3 independent technical replicate experiments for MTT assays.
Also See Fig EV5.
Source data are available online for this figure.
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AMPKa, and VHL targets hydroxylated-AMPKa for dephosphoryla-

tion under normoxia (Fig 4U). While hypoxia induces the formation

of CaMKK2-EglN1-AMPKa complex on mitochondria where AMPKa
is activated to ensure metabolic homeostasis and tumor cell growth

(Fig 6I). Thus, our findings underline the significance of EglN1 as

an oxygen sensor that functions not only under normoxia but also

hypoxia.

The mitochondrial translocation of EglN1 under hypoxia is in a

time-dependent manner, and reoxygenation after hypoxia treatment

can lead to EglN1 release from mitochondria. This dynamic and

reversible process may reflect mitochondrial sensing of hypoxic

stress, although the effects of reoxygenation are slow, which might

be due to some component(s) secreted into the culture media from

hypoxic cells that could transmit the leftover hypoxic stress and pro-

long the effect of hypoxia on EglN1. The underlying mechanism

requires future study. Moreover, we have identified EglN1 b2b3
loop responsible for its mitochondrial translocation upon hypoxia,

but the EglN1 loss of b2b3 loop mutant still showed localization on

mitochondria, we speculate that other region(s) of EglN1 may also

contribute to its mitochondrial localization, but the event for

hypoxia-induced mitochondrial translocation of EglN1 requires the

b2b3 loop.

VHL targets prolyl-hydroxylated proteins for proteasomal degra-

dation or protein dephosphorylation, e.g., VHL targets hydroxylated-

HIFa for ubiquitylation and degradation (Berra et al, 2003; Kaelin &

Ratcliffe, 2008), and it also recognizes hydroxylated-Akt for dephos-

phorylation (Guo et al, 2016). Similar to VHL regulation of Akt, we

found that AMPKa is prolyl-hydroxylated by EglN1 and subsequently

targeted by VHL for dephosphorylation under normoxia.

Hypoxia drives tumor aggressiveness, metabolic adaptation to

hypoxic stress plays an essential role during these processes, where

mitochondria are the central hub (Lee et al, 2020b). The outer mito-

chondrial membrane serves as a major signaling platform to regu-

late cell signaling (Tan & Finkel, 2020; Picard & Shirihai, 2022). Our

findings reveal a regulatory mechanism for EglN1 in breast cancer,

in which EglN1 is a key oxygen-sensitive metabolic checkpoint

enabling the outer mitochondrial membrane to sense hypoxic signal.

The prolyl hydroxylases EglN family (EglN1/2/3) are well-studied

oxygen sensors with remarkably high sensitivity to fluctuations in

oxygen in various tissues (Losman et al, 2020), among those, EglN1

is established as the most important oxygen sensor (Schofield &

Ratcliffe, 2004; Takeda et al, 2006). EglN1 hydroxylates HIFa
occurred in the nucleus (Groulx & Lee, 2002; Wotzlaw et al, 2010;

Pientka et al, 2012), and previous studies have been focused on the

regulatory mechanisms of EglN1 under normoxia with its intact

enzymatic activity. But, EglN1 is mainly located in the cytoplasm

(Metzen et al, 2003), and its related signaling in the cytoplasmic

compartments, and in stress conditions such as hypoxia, has been

generally overlooked. In this study, we identify a compartmental-

ized oxygen sensing signaling EglN1-AMPKa axis on the outer mito-

chondrial membrane, hypoxia induces constant EglN1-AMPKa
interaction through EglN1 substrate binding region b2b3 loop, lead-

ing to their accumulation on mitochondria and activation of the

AMPK pathway.

HIF is a well-established transcription factor to reduce mitochon-

drial activity through transcriptional activation of its target genes,

such as COX4I2, LON, LDHA and PDK1 which are involved in mod-

ulation of ETC activity and the TCA cycle (Iyer et al, 1998; Kim

et al, 2006; Papandreou et al, 2006; Lee et al, 2020b). Several studies

have also revealed the localization of HIF with mitochondria under

oxidative stress (Rane et al, 2009; Briston et al, 2011; Li et al, 2019).

Here, the mitochondrial proteomics data showed that HIF was not

localized to mitochondria in T47D breast cancer cells. Also,

through mitochondrial extraction followed by Western blotting

assays, we found that HIF is barely detectable in the mitochondria

of breast cancer cells, suggesting that the mitochondrial localiza-

tion of HIF is cell context-dependent. Inhibition of HIF by the

inhibitor PT2399 had no effect on EglN1 mitochondrial transloca-

tion and its regulation of breast cancer cell growth, underlying the

important role of mitochondrial EglN1 that is independent of

the HIF pathway.

It has reported that the interactions between EglN and its sub-

strates rapidly dissociates following hydroxylation, while hypoxia

can trap their enzyme-substrate interactions (Zurlo et al, 2019).

However, it remains unknown whether the hypoxia-induced

enzyme-substrate interactions could be a hypoxic signal and func-

tionally important. Here, we show a previously unrecognized role of

mitochondrial EglN1 in hypoxia signaling through enzyme-substrate

interactions, thus underlining the important role of EglN1 as an oxy-

gen sensor that functions not only under normoxia but also hypoxia.

AMPK is a master regulator for restoring metabolic homeostasis

during various metabolic stresses, it is a well-known energy sensor

required for tumor cell survival under metabolic stresses (Wang

et al, 2016; Garcia & Shaw, 2017; Lee et al, 2020a,b; Trefts &

Shaw, 2021). Also, AMPKa phosphorylation under hypoxic stress is

crucial for restoring metabolic homeostasis to allow continued cell

proliferation (Emerling et al, 2009), but the underlying mechanism

is not fully understood. Previous studies have reported that hypoxia

induces mitochondrial calcium release, which can activate CaMKK2,

leading to AMPKa phosphorylation activation (Waypa et al, 2002;

Gusarova et al, 2011; Mungai et al, 2011). Here, we found that

EglN1 interacted with both AMPKa and CaMKK2 on mitochondria

during hypoxia. Depletion of EglN1 inhibited the hypoxia-induced

interaction between AMPKa and CaMKK2, and in the meantime

decreased the phosphorylation levels of AMPKa. Therefore, we con-

clude that EglN1 serves as a scaffold protein linking CaMKK2 to

AMPKa for AMPKa phosphorylation activation. However, some crit-

ical questions about whether EglN1 participates in hypoxia-induced

CaMKK2 activation and how EglN1 regulates CaMKK2 activity

require future investigation. In summary, we identify AMPKa as a

substrate of EglN1, the substrate binding region b2b3 loop of EglN1

linked to AMPKa enables the immediate response of the AMPK

pathway to oxygen changes, loss of EglN1 b2b3 loop interrupts this

process. Our data suggest that EglN1 b2b3 loop is a promising thera-

peutic target for breast cancer.

Materials and Methods

Cell culture and reagents

MDA-MB-231 (ATCC HTB-26), 786-O (ATCC CRL-1932), and 293T

(ATCC CRL-3216) were cultured in DMEM (C11995500BT)

containing 10% fetal bovine serum plus 1% penicillin–streptomycin.

T47D (ATCC HTB-133) was maintained in RPMI (C11875500BT)

medium supplemented with 10% fetal bovine serum and 1%
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penicillin–streptomycin. All cells were maintained at 37°C in 5% CO2

incubator. Dimethyloxaloylglycine (DMOG, S7483), and Compound

C (AMPK inhibitor, S7840) were from Selleck. Deferoxamine

(DFO, HY-B0988), 2,3-Dimethoxy-1,4-naphthoquinone (DMNQ, HY-

121026), and PT2399 (HY-108697) were from MedChemExpress. The

above reagents were used at the indicated doses as previously

described (Liu et al, 2011; Zhang et al, 2015; Guo et al, 2016; Ciotti

et al, 2020; Dai et al, 2021). Hypoxia treatment was performed with

hypoxia workstation (Baker Ruskinn’s InvivO2 400).

Western blot analysis and antibodies

EBC buffer (50 mM Tris pH8.0, 120 mM NaCl, 0.5% NP40, 0.1 mM

EDTA and 10% Glycerol) supplemented with complete protease

inhibitor (Roche Applied Biosciences) was used to harvest whole cell

lysates. Subcellular protein Fractionation kit was obtained from

Beyotime Biotechnology. Cell lysate concentrations were measured

by Thermo Scientific BCA kit (23227). Equal amounts of cell lysates

were resolved by SDS–PAGE. The experiments were repeated for

three times with similar results. Rabbit antibody anti-EglN1 (4835S),

anti-HIF1a (36169S), anti-HIF1b (5537S), anti-HIF2a (59973S),

anti-AMPKa (2532S, for WB), anti-Phospho-AMPKa (T172, 2535T),

anti-Acetyl-CoA Carboxylase (ACC, 3662S), anti-Phospho-ACC Ser79

(p-ACC Ser79, 11818S), anti-ULKI (8054T), anti-Phospho-ULK1

Ser555 (5869T), anti-AMPKc1 (4187T), anti-AMPKa1 (2795S, for

WB), anti-AMPKa2 (2757T, for WB), LC3B (3868S), anti-His (12698)

and anti-hemagglutinin (HA, 3724S, for WB) were from Cell Signal-

ing Technology. Mouse antibody anti-aTubulin (3873S) and AMPKa
(2793S, for IP) were obtained from Cell Signaling Technology. Rabbit

antibody anti-H3 (17168-1-AP), anti-Flag (20543-1-AP, for WB), anti-

VHL (24756-1-AP), anti-SDHA (14865-1-AP), anti-AIF (17984-1-AP),

anti-LKB1 (10746-1-AP), anti-CaMKK2 (11549-1-AP), anti-PP2CA

(13482-1-AP), AMPKb1 (10308-1-AP), anti-Flag (20543-1-AP) and

anti-TOMM20 (11802-1-AP) were from Proteintech. Rabbit antibody

AMPKa1 (ab32047, for IP) and AMPKa2 (ab214425, for IP) were

from abcam. Mouse antibody b-actin (A5441), Vinculin (V9131), and

anti-Flag (F3165) were from Sigma. Mouse antibody HA-tag (901514,

for IP) was from Biolegend. Peroxidase conjugated goat anti-mouse

secondary antibody (170-6516) and peroxidase conjugated goat anti-

rabbit secondary antibody (170-6515) were purchased from BIO-

RAD. Hydroxyl-AMPKa1/2-Pro188/177 antibodies were generated

by Mabnus Biological Technology Incorporation.

Plasmids

Full-length FLAG tagged EglN1 were amplified by PCR with a FLAG

tag with a 50 primer that introduced a MluI site and a 30 primer that

introduced a BamHI site. The PCR products were digested with the

corresponding enzymes and cloned into the pHAGE-puromycin vec-

tor. pcDNA-3.1-HA-VHL, pHAGE-AMPKa1/a2/P188A/P177A-flag,
pHAGE-EglN1-P317R-flag, pMSCV-EglN1-WT/P317R-flag, pMSCV-

TOM20-EglN1-WT/P317R-flag, pMSCV-TOM20-EglN1-WT/P317R-

flag (EglN1 sh1045-resistant) were constructed using standard

molecular biology techniques. Mut Express II Fast Mutagenesis Kit

V2 (C214-01, Vazyme) was used to construct EglN1 and AMPKa1/2
mutants. All plasmids were sequenced for validation. Lentiviral

shRNA and sgRNA target sequences were used as previous

described (Zhang et al, 2018):

Control shRNA: AACAGTCGCGTTTGCGACTGG

EglN1 shRNA (1042): CTGTTATCTAGCTGAGTTCAT

EglN1 shRNA (1045): TGGAGATGGAAGATGTGTGAC

HIF1b shRNA (1770): GAGAAGTCAGATGGTTTATTT

HIF1a shRNA (3809): CCAGTTATGATTGTGAAGTTA

HIF2a shRNA (3804): CGACCTGAAGATTGAAGTGAT

AMPKa1 shRNA (690): GAAGGTTGTAAACCCATATTA

AMPKa1 shRNA (860): TGATTGATGATGAAGCCTTAA

AMPKa1 shRNA (831): GTGACCTCACTTGACTCTTCT

AMPKa2 shRNA (171): CCCACTGAAACGAGCAACTAT

AMPKa2 shRNA (523): GTCATCCTCATATTATCAAAC

Control sgRNA: GCGAGGTATTCGGCTCCGCG

VHL sgRNA: ACCGAGCGCAGCACGGGCCG

Transfection

Cells (approximately 50% confluency) were seeded on indicated

dishes. Cells were transfected the following day with Lipofectamine

3000 transfection reagent (L3000015, Thermo Fisher Scientific) and

harvested 48 h after transfection.

Virus production and infection

293T packaging cell lines were used for lentiviral/retroviral amplifi-

cation. Lentiviral/retroviral infection was performed as previously

described (Zhang et al, 2018). Briefly, cells were transfected with

lipofectamine 3000, viruses were collected twice after 48 and 72 h.

After passing through 0.45 lM filters, appropriate amount of viruses

was used to infect target cells in the presence of 8 lg/ml polybrene.

Subsequently on the next day, the target cell lines underwent appro-

priate antibiotic selection.

Cell proliferation assays

Cells were seeded in triplicate onto 96-well plates (1,500 cells/well)

in appropriate growth medium. At indicated time points, cells were

replaced with 90 ll fresh growth medium supplemented with 10 ll
0.5 lg/ml 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium

bromide (BioFrox, 143315), followed by incubation at 37°C for 2 h.

Then, this medium was removed completely, and 100 ll DMSO was

added to well. Finally, the cell growth was measured by Microplate

Reader at 490 nm wavelength.

Colony formation assays

Cells were seeded into 12-well plates (1,500 cells/well for MDA-MB-

231 or 5,000 cells/well for T47D) and left for 8–12 days until forma-

tion of visible colonies. Colonies were washed with PBS and fixed

with 4% paraformaldehyde for 20 min, then stained with 0.8%

crystal violet for 20 min. After staining, the plates were washed and

air-dried. Three independent experiments were performed to gener-

ate the consistent result.

Mitochondria isolation and proteinase K treatment

Mitochondria were extracted with Cell Mitochondria Isolation Kit

(Beyotime Biotechnology, C3601) according to the manufacturers’

protocol. In brief, harvested cells were washed twice with cold PBS
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and disrupted mechanically with a Dounce homogenizer in cell

mitochondria isolation reagent plus PMSF, and then incubated on

ice for 15 min. The cell solutions were centrifuged at 1,000 g for

10 min at 4°C, and the cell debris and nuclei were removed to

obtain the supernatant. Mitochondrial fractions were pelleted by

centrifugation at 12,000 g for 20 min. The final supernatant was

subjected to 16,000 g centrifugation for 20 min at 4°C to isolate

cytosol. For Proteinase K assay, the freshly isolated mitochondria

were incubated with the indicated concentrations of Proteinase K

(Millipore, 3016611) for 30 min on ice, the reaction was terminated

by PMSF (1 mM) and analyzed by immunoblot analysis (Yan

et al, 2020).

Immunoprecipitation

Cells were lysed in EBC lysis buffer supplemented with complete

protease inhibitors (Roche Applied Bioscience). Lysates were clari-

fied by centrifugation at 16,000 g for 20 min, and then mixed with

primary antibodies or Flag-conjugated beads (Sigma, A2220) over-

night. For primary antibody incubation overnight, cell lysates were

further incubated with protein G sepharose beads (Thermo Fisher

Scientific, 20399) for 2 h. Bound complexes were washed with

NETN buffer six times and were eluted by boiling in SDS loading

buffer. Bound proteins were resolved in SDS–PAGE followed by

Western blot analysis (Zhang et al, 2015).

Immunofluorescence

Cells expressing EglN1-GFP were cultured on coverslips in 24-well

plates, and were exposed to normoxia or hypoxia for 24 h at 37°C

incubator. Cells were washed once with PBS after MitoTracker

staining for 30 min at 37°C incubator and were fixed with 4% para-

formaldehyde for 20 min at room temperature. The nucleus was

stained with 4,6-diamidino-2-phenylindole (DAPI). Zeiss LSM880

with Airyscan confocal microscopy was used to take images. Quan-

tification of the co-localization was determined by ImageJ software.

Six patient breast tumor samples were obtained from Zhongnan

Hospital of Wuhan university and approved by the Medical

Ethics Committees of School of Medicine, Wuhan University. A

human breast cancer tissue microarray was obtained from Outdo

Biotech (Shanghai, China, permit number is HBreD080CS01).

Tumor samples were formalin-fixed, paraffin-embedded, and sec-

tioned according to the standard protocol (Meng et al, 2022). After

antigen retrieval in citrate buffer at 95°C, samples were blocked in

5% BSA with 0.1% Triton X-100 for 1 h at room temperature, and

then incubated sequentially with primary antibodies against TOM20

(Proteintech, 66777-1-Ig, 1:100) and EglN1 (PA5-78511, Thermo

Fisher, 1:100) or HIF (sc-13515, 1:100) at 4°C overnight, followed

by their respective secondary fluorescently labeled antibodies (Invi-

trogen, 1:250) for 40 min at room temperature. Images were

obtained by using Leica confocal microscopy or Zeiss LSM880 con-

focal microscopy. Immunofluorescence mean fluorescence intensity

statistics using FIJI (v1.53t) (https://doi.org/10.1038/nmeth.2019).

Threshold was used with the default segmentation mode. Co-

localization analysis was used with the Colocalization finder plugin

(v1.6) in FIJI. Samples without tumor cells were removed from the

analysis. Statistical analysis was performed with GraphPad Prism 8

(v8.0.2). Correlation between co-localization of EglN1 with TOM20

and the intensity of HIF1a was evaluated by Pearson Correlation

Test. Values were considered significant if P < 0.05.

GST fusion protein purification and pull-down assays

pGEX-4T-1 construct was transformed into BL21-competent cells.

Starter cultures (5 ml) overnight at 37°C were inoculated (1%)

into larger volumes (500 ml) with ampicillin, respectively. The

bacteria were grown at 37°C until an OD600 of 0.8–1.0, following

which protein expression was induced for 12–16 h using 0.2 mM

IPTG at 16°C with vigorous shaking. Bacterial pellets were

harvested by centrifugation and sonicated by a Nano DeBEE

homogenizer. Cleared bacterial lysates were purified using

Glutathione-sepharose 4B (GE healthcare, 17-0755-01). GST-bound

proteins (20 ll) were incubated with in vitro translated protein.

After 4 h incubation, bound complexes were washed four times

with NETN buffer, followed by boiling in SDS loading buffer and

solving in SDS–PAGE.

Peptide synthesis

N-terminal biotinylated peptides used for pull-down assays were

synthesized by Mabnus Biological Technology Incorporation. The

sequences were listed below:

AMPKa1/2-Pro188/177-WT (aa182-203/171–192): RTSCGSPNYAAP

EVISGRLYAG

AMPKa1/2-Pro188/177-OH (aa182-203/177–192): RTSCGSP*(OH)

NYAAPEVISGRLYAG

Peptides were diluted into 2 lg/ll for further biochemical

assays.

Dot immunoblot assays

A volume of 1 ll peptides were spotted onto nitrocellulose mem-

brane. The membrane was dried and blocked in non-specific sites

by soaking in TBST buffer with 5% non-fat milk for immunoblot

analysis (Guo et al, 2016).

Peptide-binding assays

Peptides (2 lg) were incubated with 1 mg of 500 ll cell lysates for

10 h at 4°C and then added 15 ll Streptavidin agarose (MedChem-

Express, HY-K0218) for another 2 h. The agarose was washed four

times with NETN buffer. Bound proteins were eluted by boiling in

SDS loading buffer and resolved by SDS–PAGE and then followed

by immunoblot analysis (Guo et al, 2016).

In vitro hydroxylation assays

Purification of GST-EglN1 WT and its P317R mutant recombinant

protein were performed as described above. The vitro hydroxylation

assays was performed as previously reported (Li et al, 2022).

Briefly, 10 lg AMPKa-biotinylated peptides were added to 60 ll of
hydroxylation reaction buffer supplemented with 100 lM FeCl2,

2 mM ascorbate, and 5 mM 2-oxoglutarate. recombinant protein

GST-EglN1 WT or mutant (2 lg) was added to start the
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hydroxylation reaction. After incubation for 2 h at 37°C, the reac-

tions were subjected to immunoblot analysis.

Tandem mass tag (TMT) quantitative analyses of
mitochondrial proteomes

To profile mitochondrial proteomes under normoxia and hypoxia,

mitochondria were isolated by Cell Mitochondria Isolation Kit

(Beyotime Biotechnology, C3601) according to the manufacturers’

protocol from T47D cells with normoxia or hypoxia treatment for

24 h, which was performed in triplicates. Then, Applied Protein

Technology performed quantitative mitochondrial proteomics by

TMT labeling. Briefly, SDT buffer (4%SDS, 100 Mm Tris/HCl Ph7.6,

0.1 M DTT) was used for mitochondria lysis, mitochondria extrac-

tion is then digested by filter-aided sample preparation (FASP).

100 lg peptide mixture of each sample was labeled by Tandem

Mass Tag (TMT). Subsequently, the resulting peptides went through

fractionation and were analyzed by LC–MS/MS. Data were analyzed

by Proteome Discoverer (v.1.4, Thermo Scientific) against the

human UniProt Reference Proteome database.

Bioinformatics analyses of mitochondrial proteomes

The proteomics profiling was analyzed and visualized using R statis-

tical software version 4.2.0. Differentially expressed proteins were

identified by using the unpaired two-tail student’s t-test with the

thresholds of � 1.2-fold change (FC) over the normoxia group (i.e.,

hypoxia/normoxia ratio > 1.2 or < 0.83) and an adjusted P-value

< 0.05.

GSEA based on GO was performed through the ‘gseGO’ function

in clusterProfiler package (v4.4.1) (https://doi.org/10.1016/j.xinn.

2021.100141). A ranked gene list of all proteins was generated

according to the value of log2FC. GO includes three categories:

molecular function (MF), biological process (BP), and cellular com-

ponent (CC). We selected ‘BP’ in the present study to perform the

GO analysis. The adjusted P-value < 0.05 was set as the cut-off

criteria. The connections between the significantly enriched oxygen-

related GO terms and participating proteins were visualized by

Cytoscape (v3.9.1) (https://doi.org/10.1101%2Fgr.1239303) with a

network diagram.

PLS-DA was conducted by the ‘plsda’ function of mixOmics

package (v6.20.0). The heatmaps were drawn with the pheatmap

packages (v1.0.12) and other plots were generated using ggplot2

packages (v3.3.6).

Immunoprecipitation and mass spectrometry (IP-MS)

To determine the EglN1-interacting proteins, EglN1-Flag and its

bound proteins were immunoprecipitated with Flag-beads from

T47D cells (1 × 108) stably expressing EglN1-Flag followed by LC–

MS/MS, and the data were analyzed using Proteome Discoverer

(v.2.2, Thermo Scientific).

Identification of prolyl-hydroxylation sites by mass spectrometry

To identify prolyl-hydroxylated sites on AMPKa1 and AMPKa2,
786O cells were infected with lentivirus expressing AMPKa1-Flag or

AMPKa2-Flag, and subsequently treated with DMSO or DMOG

(2 mM) for 24 h. Cells were lysed in EBC buffer supplemented with

protease inhibitor and phosphatase inhibitor. Cell lysates were then

incubated with FLAG-beads (Sigma, A2220) at 4°C overnight to pull

down AMPKa1-Flag or AMPKa2-Flag. Beads were washed four

times by NETN buffer and the bound proteins were resolved by

SDS–PAGE. The gels were stained by Commassie Brilliant Blue

(C8420, Solarbio) and AMPKa1-Flag and AMPKa2-Flag bands were

excised, respectively, for LC–MS/MS analysis as previously

described (Zhang et al, 2018).

Mouse orthotopic tumor growth

Six-week old female nude mice were obtained from GemPharmatech

and used for our xenograft studies (n = 6/group). Approximately

1 × 106 viable cells of each group were orthotopically injected into

the mammary gland as described previously (Zhang et al, 2009).

Tumor size was measured every three days with a caliper, and the

tumor volume was determined with the formula: L × W2 × 0.5 (L is

the longest diameter and W is the shortest diameter). After 27 days,

all mice were sacrificed and those solid tumors were dissected,

tumor weights were measured and recorded post-necropsy. Mice

were bred and maintained in Animal Center of Medical Research

Institute at Wuhan University. All animal experiments were

performed according to protocols approved by the Animal Care and

Use Committee of Medical Research Institute, Wuhan University.

Statistical analysis

The unpaired two-tail student’s t-test was used for experiments

comparing two sets of data. Data represent mean � SEM from three

independent experiments. *, ** and *** denotes P value of < 0.05,

0.01 and 0.005 respectively. NS denotes not significance.

Data availability

The LC–MS/MS data for mitochondrial proteomics have been depos-

ited to the ProteomeXchange Consortium with the dataset identifier

PXD041653.

Expanded View for this article is available online.
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