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The ribosomal chaperone NACA recruits PHD2 to
cotranslationally modify HIF-a
Daisheng Song , Kai Peng† , Bradleigh E Palmer‡ & Frank S Lee*

Abstract

Prolyl hydroxylase domain protein 2 (PHD2)-catalyzed modification
of hypoxia-inducible factor (HIF)-a is a key event in oxygen sens-
ing. We previously showed that the zinc finger of PHD2 binds to a
Pro-Xaa-Leu-Glu (PXLE) motif. Here, we show that the zinc finger
binds to this motif in the ribosomal chaperone nascent polypeptide
complex-a (NACA). This recruits PHD2 to the translation machinery
to cotranslationally modify HIF-a. Importantly, this cotranslational
modification is enhanced by a translational pause sequence in HIF-
a. Mice with a knock-in Naca gene mutation that abolishes the
PXLE motif display erythrocytosis, a reflection of HIF pathway dys-
regulation. In addition, human erythrocytosis-associated muta-
tions in the zinc finger of PHD2 ablate interaction with NACA.
Tibetans, who have adapted to the hypoxia of high altitude, harbor
a PHD2 variant that we previously showed displays a defect in zinc
finger binding to p23, a PXLE-containing HSP90 cochaperone. We
show here that Tibetan PHD2 maintains interaction with NACA,
thereby showing differential interactions with PXLE-containing
proteins and providing an explanation for why Tibetans are not
predisposed to erythrocytosis.
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Introduction

A central event in the oxygen-sensing hypoxia-inducible factor

(HIF) pathway is site-specific prolyl hydroxylation of HIF-a cat-

alyzed by prolyl hydroxylase domain protein (PHD) (Kaelin & Rat-

cliffe, 2008; Semenza, 2012). This modification targets HIF-a for

recognition by the von Hippel Lindau protein and subsequent degra-

dation by the ubiquitin-proteasome pathway. Under hypoxic condi-

tions, this oxygen-dependent modification is arrested, leading to

HIF-a stabilization, its dimerization with HIF-b (also known as

ARNT), and the subsequent binding of the HIF-a:HIF-b heterodimer

to hypoxia response elements that regulate hundreds of genes that

facilitate adaptation to hypoxia. In mammals, there are two main

HIF-a paralogues, HIF-1a and HIF-2a, which regulate overlapping as

well as distinct genes. HIF-1a is the principal paralogue that regu-

lates genes encoding enzymes of glycolysis, thereby promoting a

shift from oxidative phosphorylation to glycolysis. HIF-2a (also

known as EPAS1) regulates the ERYTHROPOIETIN gene, the product

of which regulates red cell mass in an oxygen-sensitive manner.

Loss of function human HIF2A mutations are associated with ery-

throcytosis (Lee & Percy, 2011; Lappin & Lee, 2019).

In mammals, there are three PHD paralogues, PHD1, PHD2, and

PHD3 (also known as EGLN2, EGLN1, and EGLN3, respectively)

(Bruick & McKnight, 2001; Epstein et al, 2001; Ivan et al, 2002).

PHD2 is a key paralogue that is ancestrally related to the single

PHD orthologues present in organisms such as Caenorhabditis ele-

gans and the simplest metazoan, Trichoplax adhaerens (Loenarz

et al, 2011). PHD2 consists of two evolutionarily conserved

domains, an N-terminal zinc finger (ZF) domain and a C-terminal

prolyl hydroxylase domain. Human heterozygous loss of function

mutations in the catalytic domain of PHD2 are associated with ery-

throcytosis, which is phenocopied by a mouse bearing a knock-in

mutation of one of these erythrocytosis-associated PHD2 muta-

tions (Percy et al, 2006; Arsenault et al, 2013; Gardie et al, 2014).

The N-terminal domain binds to a Pro-Xaa-Leu-Glu motif present in

proteins that include the HSP90 cochaperones p23 and FKBP38, as

well as the two cytosolic HSP90 paralogues, HSP90a and HSP90b
(Song et al, 2013, 2014). HIF-a is a client of the HSP90 pathway,

leading to a model in which the ZF of PHD2 promotes its recruit-

ment to the HSP90 pathway to facilitate prolyl hydroxylation of

HIF-a.
Importantly, human loss of function mutations have also been

identified that affect PHD2 ZF function. Some, including Y41C,

C42R, and K55N, are in the ZF itself and are associated with erythro-

cytosis (Sinnema et al, 2018; Song et al, 2019). A mouse bearing

knock-in mutations that ablate ZF integrity displays erythrocytosis

(Arsenault et al, 2016). Human erythrocytosis-associated mutations

such as C42R abolish interaction with multiple PXLE-containing pro-

teins, including p23 and FKBP38 (Sinnema et al, 2018), and there-

fore do not identify the actual PHD2 ligand that is critical for normal

erythropoiesis. A distinct pair of mutations that affect ZF function
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has been reported in Tibetans, who have adapted to the chronic

hypoxia of high altitude. They harbor two tightly linked mutations,

D4E/C127S, that flank the ZF (Xiang et al, 2013; Lorenzo

et al, 2014). This combination selectively impairs interaction with

p23 but not with other HSP90 cochaperones such as FKBP38 (Song

et al, 2014). A mouse model with a knock-in Tibetan Phd2 mutation

(D4E/C127S) displays augmented hypoxic ventilatory responses,

which is phenocopied by a knock-in p23 mutation (L159A/E160A)

that ablates the PXLE motif in p23, consistent with the notion that

the impaired PHD2:p23 interaction is critical for the respiratory phe-

notype of Tibetan adaption (Song et al, 2020). Tibetan Phd2 mice

display normal hematocrit and hemoglobin levels (Song

et al, 2020).

In the present report, we examined hemoglobin levels and red

blood cell counts in mice with knock-in PXLE > PXAA mutations in

ligands of the PHD2 ZF, including p23, Fkbp38, Hsp90a, Hsp90b,
and a more recently identified ligand, the ribosomal chaperone

nascent polypeptide-associated complex-a (NACA). Interestingly,

we observe that a PXLE > PXAA mutation in Naca, but not in the

proteins of the HSP90 pathway, results in erythrocytosis, thereby

identifying NACA as being a critical component of the pathway by

which PHD2 controls red cell mass. NACA is a ribosomal chaperone

that forms a heterodimer with NAC-b (NACB) and binds to the ribo-

some in the vicinity of the ribosomal exit tunnel (Wiedmann

et al, 1994; Deuerling et al, 2019; Gamerdinger et al, 2019; Jomaa

et al, 2022). It directs cytosolic polypeptides to their correct cellular

locale. We furthermore provide evidence that an evolutionarily con-

served translational pause site in HIF-2a facilitates PHD2-catalyzed,

cotranslational prolyl hydroxylation of HIF-2a. Finally, we show

that the Tibetan D4E/C127S PHD2 mutant, in contrast to

erythrocytosis-associated PHD2 ZF mutations, maintains interaction

with NACA and the capacity to cotranslationally modify HIF-2a,
thereby providing an explanation of why individuals with the

Tibetan PHD2 mutations are not predisposed to erythrocytosis.

Results

The PXLE motif of NACA is essential for normal control of red
cell mass

Prolyl hydroxylase domain protein 2 binds to the PXLE motif in the

HSP90 cochaperones p23 and FKBP38, as well as HSP90 itself

(which consists of two paralogues, HSP90a and HSP90b) (Song

et al, 2013, 2014). In order to assess which of these PHD2 binding

partners might be important for the control of red cell mass in mice,

one could in principle simply delete that partner. However, homozy-

gous knockouts of the candidate partners cannot be employed

because they lead to embryonic lethality (Hsp90b), male sterility

(Hsp90a), perinatal lethality (p23), or neural tube defects (Fkbp38)

(Voss et al, 2000; Bulgakov et al, 2004; Grad et al, 2006, 2010).

Moreover, the interpretation of such knockouts would undoubtedly

be complicated by the loss of broad, HIF-independent functions of

these ubiquitously expressed proteins. We, therefore, chose to gen-

erate knock-in mice in which we selectively ablated their interac-

tions with Phd2 by introducing PXLE > PXAA substitutions. In all of

these candidate proteins, available data suggest that the PXLE motif

resides in an unstructured, exposed portion of the protein,

indicating that such mutations would be unlikely to disrupt the

overall fold of the protein (Ali et al, 2006).

We previously showed that PXLE > PXAA mutations in p23 and

FKBP38 abolish interaction with PHD2 and described the generation

of p23AA (L159A/E160A) and Fkbp38AA (L45A/E46A) knock-in

mouse lines (Song et al, 2020). Protein levels of Fkbp38 were not

appreciably affected in kidneys, livers, hearts, and lungs of

Fkbp38AA/AA mice (Appendix Fig S1A). Protein levels of p23 were

not significantly affected in kidneys or livers of p23AA/AA mice and

were somewhat decreased in the heart and lungs

(Appendix Fig S1B). For both mouse lines, Phd2 protein levels were

not appreciably affected in the tissues examined. We pursued an

analogous approach with Hsp90. In vitro, we find that a

PXLE > PXAA (L711A/E712A) mutation in HSP90b abolishes bind-

ing to PHD2 (Fig EV1A, top panel). We employed Crispr to generate

PXLE > PXAA mutations in the two Hsp90 paralogues, Hsp90a and

Hsp90b in mice (Fig EV1B and C) and generated Hsp90aAA/AA

(L720A/E721A), Hsp90bAA/AA (L711A/E712A), and Hsp90aAA/AA;
Hsp90bAA/AA mice. Hsp90 and Phd2 protein levels were not appre-

ciably affected in kidneys, livers, hearts, and lungs of Hsp90aAA/AA;
Hsp90bAA/AA mice (Appendix Fig S1C). We measured hemoglobin,

hematocrit, and red blood cell counts in p23AA/AA, Fkbp38AA/AA,

Hsp90aAA/AA, and Hsp90bAA/AA mice. We did not observe any

differences in these indices between any of these knock-in mice and

wild-type control mice (Fig EV2A–D). A similar result was obtained

with combinations of these knock-ins, including Hsp90aAA/AA;
Hsp90bAA/AA mice and Fkbp38AA/AA; Hsp90aAA/AA; Hsp90bAA/AA

mice (Fig EV2E and F).

In a previous Stable Isotope Labeling by Amino Acids in Cell Cul-

ture (SILAC) study, we identified p23, FKBP38, HSP90a, and

HSP90b by mass spectrometry in PHD2 immunoprecipitates (Song

et al, 2013, 2014). We also observed enrichment of NACA in these

immunoprecipitates (heavy isotope to light isotope ratio = 4.3), but

did not pursue studies on NACA at that time. Inspection of the

NACA sequence reveals the presence of a PXLE motif, similar to that

found in p23, FKBP38, HSP90a, and HSP90b (Fig 1A). As in the

other proteins, the Pro of the PXLE motif in NACA is preceded by a

hydrophobic residue, and acidic residues are present N-terminal to

this hydrophobic residue. This motif is highly conserved among ver-

tebrates (Fig 1B). We coexpressed PHD2 and NACA in HEK293FT

cells, immunoprecipitated the latter, and confirmed binding between

the two (Fig 1C). Mutation of the PXLE motif to PXAA abolishes this

interaction, consistent with the ZF of PHD2 binding to this PXLE

motif in NACA.

Nascent polypeptide-associated complex-a binds to NAC-b
(NACB) to form a heterodimeric NAC complex (Wiedmann

et al, 1994). NAC, in turn, resides at the exit site of the ribosomal

exit tunnel, and it is an essential factor that is among the first pro-

teins that nascent polypeptides encounter as they emerge from the

ribosome exit tunnel. NAC directs cytosolic polypeptides to the cyto-

plasm, and it competes with signal recognition particle (SRP), which

directs nascent polypeptides with signal sequences to the endoplas-

mic reticulum (Wiedmann et al, 1994; Gamerdinger et al, 2015;

Jomaa et al, 2022). This raises the possibility that NACA might

recruit PHD2 to the ribosome to facilitate prolyl hydroxylation of the

nascent HIF-a polypeptide.

Homozygous knockout of Naca in mice is embryonic lethal, con-

sistent with its essential role as a chaperone for protein sorting at
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the ribosome (Hekmatnejad et al, 2014). We, therefore, used Crispr

to generate mice with the PXLE > PXAA mutation (L38A/E39A) that

abolishes interaction with PHD2 (Fig EV1D). Structural and func-

tional studies suggest that the PXLE motif resides in an unstruc-

tured, flexible region of the protein away from the ribosome-binding

NAC domain of this protein (Liu et al, 2010; Martin et al, 2018;

Deuerling et al, 2019; Gamerdinger et al, 2019), indicating that this

mutation is unlikely to affect the overall fold of this protein. Mice

homozygous for the mutation (NacaAA/AA) were outwardly normal

and fertile. Naca and Phd2 protein levels were not appreciably

affected in kidneys, livers, hearts, and lungs of NacaAA/AA mice

(Appendix Fig S1D). Importantly, we found that NacaAA/AA mice

have elevated hematocrit, hemoglobin levels, and red cell counts

compared to controls (Fig 1D). Serum Epo levels were not elevated

in these mice (Fig EV1E). It might be noted that humans and mice

with erythrocytosis due to PHD2 mutations often display normal

serum EPO levels; in this context, the EPO levels are regarded as

inappropriately normal (Gardie et al, 2014).

We found that the NacaAA/AA mutation in an Fkbp38AA/AA back-

ground also results in erythrocytosis (Fig 1E). The NacaAA/AA;

Fkbp38AA/AA mice were generated by appropriate intercrosses. In

the case of p23, such an approach was not feasible because the Naca

and p23 genes are adjacent to one another on the same chromosome

(Fig EV3A). We, therefore, used Crispr and treated p23AA/+ fertilized
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Figure 1. PHD2 binds to a PXLE motif in NACA, and NacaAA/AA mice display erythrocytosis.

A Comparison of PXLE motifs in human NACA, p23, HSP90a, HSP90b, and FKBP38. Dark shading highlights the P, L, and E of the PXLE motif. Light shading highlights
conserved residues.

B Comparison of NACA sequence from human (residues 27–45) with those from mouse, pig, rabbit, chicken, frog, and zebrafish. Dark shading highlights the P, L, and
E of the PXLE motif. Light shading highlights residues identical to those in human NACA.

C HEK293 FT cells were transfected with expression plasmids for the indicated proteins. The cells were lysed and subjected to immunoprecipitation with anti-Flag
antibodies, and then the immunoprecipitates and aliquots of lysate were examined by western blotting as indicated.

D, E Hct, Hb, and RBC counts were measured in (D) NacaAA/AA and (E) NacaAA/AA; Fkbp38AA/AA mice and compared to wild-type controls. In (D), n = 10 with five males and
five females in each group. In (E), n = 4 with four males in each group. Biological replicates, with mean � SEM are shown. *P < 0.05, **P < 0.01, by unpaired two-
tailed t-test.
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oocytes with a mixture of the Naca gRNA, Cas9 mRNA, and the 200

nucleotides single-stranded oligodeoxynucleotide donor previously

employed to successfully generate the NacaAA allele. While we did

not obtain any NacaAA/AA; p23AA/+ mice, we did obtain a mouse

with a NacaD/D; p23AA/+ genotype, where D indicates a 6 bp in-

frame deletion that removes the Leu-Glu dipeptide from the PXLE

motif (Fig EV3B). In vitro coimmunoprecipitation experiments

reveal that this two-amino acid deletion abolishes interaction

between NACA and PHD2 (Fig EV3C). We generated NacaD/D;

p23AA/AA mice from crosses of NacaD/+; p23AA/+ and NacaD/+;

p23AA/+ mice. We observed that mice with a NacaD/D mutation in a

p23AA/AA background display increased Hct (Fig EV3D). Taken

together with other results, the data identify the Naca PXLE motif as

being critical for maintaining normal red cell mass.

We analyzed transcripts for the Hif target genes Epo, Glut1, Pgk1,

Ndrg1, Edn1, and Vegfa in the kidneys from wild-type and NacaAA/

AA mice by real-time PCR. A trend toward increased Epo mRNA was

seen in kidneys from NacaAA/AA mice as compared to controls

(Fig EV4A); however, it was not statistically significant (P = 0.24).

No differences were seen in levels of the other transcripts

(Fig EV4B–F). Epo transcript was not detectable in livers from either

wild-type or NacaAA/AA mice.

Evidence that NACA recruits PHD2 to the ribosome

The known biological function of NACA in chaperoning nascent

polypeptides raises the possibility that NACA might recruit PHD2 to

the ribosome to facilitate prolyl hydroxylation of HIF-a. We per-

formed in vitro translation reactions to test this. We employed retic-

ulocyte lysates, which have been extensively used to characterize

mammalian protein translation (Jagus & Beckler, 2003). These

lysates contain endogenous PHD2, which might confound experi-

ments designed to directly measure prolyl hydroxylation (Jaakkola

et al, 2001; Ivan et al, 2002). We, therefore, employed a previously

described assay (Arsenault et al, 2016) in which we employed a

fusion protein consisting of the ZF of PHD2 and the E. coli biotin

ligase BirA (Fig 2A, second construct from top), and examined

biotinylation of polypeptides containing an embedded biotin accep-

tor peptide (BAP) as a surrogate marker for prolyl hydroxylation

(Fig 2B). We prepared the BirA fusion protein as well as a mutant

fusion protein which contains a C36S/C42S mutation (Song

et al, 2013) that disables the ZF (Fig 2A, third construct from top,

and Fig 2C). We then examined the capacity of the fusion proteins

to biotinylate an in vitro translated HIF-2a polypeptide in which the

primary site of prolyl hydroxylation in HIF-2a has been replaced by

the BAP motif (Fig 2D, construct 1). Far western blotting using

streptavidin then allows assessment of the degree of HIF-2a biotiny-

lation. As shown in Fig 2E (top panel), the wild-type PHD2 ZF fused

to BirA readily biotinylates HIF-2a BAP, and this biotinylation is

diminished by the inactivating C36S/C42S ZF mutation, as seen pre-

viously (Arsenault et al, 2016).

We next examined two BAP motif-containing HIF-2a fragments.

One consists of the N-terminal half of HIF-2a and contains the basic

helix–loop–helix (bHLH), Per-Arnt-Sim (PAS), and N-terminal

oxygen-dependent degradation (NODD) domains (Fig 2D, construct

2). The other consists of sequences flanking the primary site of pro-

lyl hydroxylation (Fig 2D, construct 3). As shown in Fig 2F (top

panel, lanes 2 and 4), the latter, but not the former, is efficiently

biotinylated by PHD2 ZF-BirA, and moreover, this biotinylation is

sensitive to the ZF mutation. Because sequences N-terminal to the

BAP motif are shared between the two constructs, this suggests that

sequences C-terminal to the BAP motif might confer sensitivity to

ZF mutation.

If NACA recruits the PHD2 ZF to the ribosome, we would pre-

dict that translational stalling of BAP-containing polypeptides

should enhance the biotinylation catalyzed by the PHD2 ZF BirA

fusion, since stalling should increase the time the nascent

polypeptide is in the vicinity of the BirA fusion protein. To test

this, we generated a construct in which a hemagglutinin (HA)-

tagged green fluorescent protein (GFP) was fused to the BAP

sequence, followed by an optimized translational arrest peptide

(TAP) of XBP1u (Yanagitani et al, 2011; Shanmuganathan

et al, 2019) (Fig 2G, construct 5). The XBP1u TAP adopts a dis-

tinctive conformation in the ribosomal peptide tunnel that arrests

translation (Shanmuganathan et al, 2019), the biological function

of which is to allow the association of an upstream XBP1u

polypeptide sequence with the endoplasmic reticulum. When

in vitro translated, we observe that this GFP-HA-BAP-TAP protein

is readily biotinylated by PHD2 ZF-BirA in a manner sensitive to

ZF integrity (Fig 2H, top panel). Moreover, the biotinylation is

diminished by a TAP mutation (V254P/A255S/W256A) that abro-

gates its capacity to arrest translation (Shanmuganathan

et al, 2019) (Fig 2G, construct 6, and Fig 2I, top panel). This

mutant substrate is insensitive to mutations that ablate the PHD2

ZF (Fig 2J). These observations support a model in which NACA

recruits the ZF of PHD2 to the ribosome.

Translational pausing of HIF-2a potentiates its prolyl
hydroxylation by PHD2

The results just described lead us to consider the possibility that a

sequence in HIF-2a might itself cause translational pausing and

thereby promote NACA-mediated, PHD2-catalyzed hydroxylation of

HIF-2a. We reasoned that such a sequence would be conserved

through evolution. We examined the conservation of residues in

HIF-2a across vertebrate species (HIF-2a is not present in inverte-

brates). In addition to the well-characterized bHLH domain, PAS

domain, NODD, C-terminal oxygen-dependent degradation domain,

and C-terminal activation domain, we noted a highly conserved, 34

amino acid sequence (residues 620–653) that resides about 100

amino acids C-terminal to the primary site of prolyl hydroxylation

(this region is colored in red in Fig 3A). It contains a motif,

WPPDPP, that contains multiple copies of a Pro-(Pro/Gly/Asp)

dipeptide motif that is enriched in polypeptide sequences in collided

ribosome pairs (disomes) which result from translational pausing

(Han et al, 2020). More notably, it contains a Pro-Pro-Asp tripeptide

motif (orange box in Fig 3A) that is among the most highly enriched

tripeptide sequences occupying the exit-peptidyl-aminoacyl (E-P-A)

sites of the downstream ribosome of disomes in HEK293 cells (Han

et al, 2020).

To test the possibility that this sequence might mediate transla-

tional pausing and thereby facilitate the activity of the PHD2 ZF-

BirA fusion protein (and by inference, the hydroxylase activity of

PHD2), we substituted the TAP sequence of GFP-HA-BAP-TAP with

the HIF-2a sequence noted above (Fig 3B, construct 7). As shown in

Fig 3C (top panel, lanes 4 and 5, top bands), the resulting construct
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Figure 2. PHD2 zinc finger is recruited to the ribosome by its zinc finger.

A Diagram of PHD2 and constructs employed for in vitro translation studies. ZF, zinc finger; PH, prolyl hydroxylase domain. Mutations are as indicated.
B In vitro translation/biotinylation reaction. BAP, biotin acceptor peptide. 60S and 40S subunits of ribosome are as indicated.
C Proteins were prepared by in vitro translation using reticulocyte lysates and analyzed by aFlag western blotting.
D Diagram of HIF-2a and constructs employed for in vitro translation studies. HA, hemagglutinin; bHLH, basic helix–loop–helix; PAS, Per-Arnt-Sim domain; NODD, N-

terminal oxygen-dependent degradation domain; CODD, C-terminal oxygen-dependent degradation domain; CTAD, C-terminal activation domain; BAP, biotin
acceptor peptide; TPS, translation pause sequence. P531 is the primary site of prolyl hydroxylation in HIF-2a. The capacity of the PHD2 zinc finger to enhance
biotinylation of the indicated constructs is summarized to the right.

E–K In vitro translation/biotinylation reactions using reticulocyte lysates and the indicated constructs (E, F, H–K). Streptavidin far western (FW) assesses biotinylation.
Anti-HA western blot (WB) measures translated protein. (G) Diagram of constructs employed for in vitro translation studies. GFP, green fluorescent protein; TAP,
translation arrest peptide from XBP1u. The capacity of the PHD2 zinc finger to enhance biotinylation of the indicated constructs is summarized to the right.
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is biotinylated by PHD2 ZF BirA in a manner sensitive to ZF integ-

rity. As an internal control, construct 8 (Fig 3B), which lacks the

HIF-2a sequence, was translated in the same reaction and we find

that biotinylation of this construct is not enhanced by the ZF

(Fig 3C, top panel, lanes 4 and 5, bottom bands). Mutation of the

WPPDPP motif to AAAAAA reduces biotinylation (Fig 3B, construct

9, and Fig 3D, top panel). This mutant substrate is insensitive to

mutations that ablate the integrity of the PHD2 ZF (Fig 3E). Muta-

tion of this WPPDPP motif in the context of full-length HIF-2a BAP

also impairs biotinylation (Fig 2D, construct 4, and Fig 2K, top

panel). As a further test of specificity, we compared the behavior of

this HIF-2a sequence with that immediately downstream of the pri-

mary site of prolyl hydroxylation (Fig EV5A, construct 13). Again,

ZF-dependent enhancement of biotinylation is seen with the former

(Fig EV5B, top panel, lanes 4 and 5, top bands) but not the latter

(top panel, lanes 4 and 5, bottom bands). On the basis of these find-

ings, we designate the 34 amino acid sequence in HIF-2a a transla-

tional pause sequence (TPS).

A
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Figure 3. HIF-2a contains a conserved translational pause sequence.

A Sequence conservation of HIF-2a across 203 vertebrate species. Sequences were aligned using MUSCLE (Edgar, 2004) and visualized using Jalview (Waterhouse
et al, 2009). Bottom, sequence of proposed TPS in HIF-2a across species. Light shading = residues identical to human HIF-2a. Dark shading = WPPDPP motif.
Orange box = PPD motif.

B–I (B, G) Diagram of constructs employed for in vitro translation studies. In construct 7, underlining indicates sequence that is mutated in construct 9. In (G), P564
indicates the primary site of prolyl hydroxylation in HIF-1a, and TPS is the proposed translational pause sequence. The capacity of the PHD2 zinc finger to enhance
biotinylation of the indicated constructs is summarized to the right. (C–F, H, I) In vitro translation/biotinylation reactions using reticulocyte lysates and the indicated
constructs. Streptavidin far western (FW) assesses biotinylation. Anti-HA western blot (WB) measures translated protein.

J In vitro translation (IVT)/biotinylation reactions using Hela cell lysates and the indicated constructs. Streptavidin far western (FW) assesses biotinylation. Anti-HA
western blot (WB) measures translated protein. Bottom, the indicated proteins were prepared by in vitro translation using Hela cell lysates and analyzed by aFlag
western blotting.
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A critical prediction of our model is directionality—i.e., the

enhancement due to ZF recruitment should only be seen when the

pause sequence is C-terminal to the site of posttranslational modifi-

cation. We tested this by placing the pause sequence N-terminal to

the BAP sequence in a GFP-HA-HIF-2a-TPS-BAP construct (Fig 3B,

construct 10). As shown in Fig 3F, under conditions in which

enhancement of biotinylation is readily seen in GFP-HA-BAP-HIF-2a
TPS (construct 7; top panel, lanes 4 and 5, top bands), it is abol-

ished when the pause sequence placed before the BAP motif (top

panel, lanes 4 and 5, bottom bands). Thus, the pause sequence acts

in cis and depends on its positioning with respect to the site of

cotranslational modification.

Examination of GFP-HA-BAP fused to a shorter 22 amino acid

HIF-2a sequence (residues 624–645) does not show enhancement of

biotinylation in a ZF-dependent manner (Fig EV5A, construct 14,

and Fig EV5C, top panel). Additional N- and C-terminal truncations

also fail to reveal enhancement of biotinylation (Fig EV5A, con-

structs 15 and 16, and Fig EV5D, top panel).

The experiments just described examined HIF-2a. Examination

of a fragment of HIF-1a that contains its C-terminal half and that

lacks its bHLH and PAS domains (Fig 3G, construct 11) is also

biotinylated in a manner sensitive to the ZF mutation (Fig 3H, top

panel). Examination of HIF-1a sequences across species reveals a

conserved 58 amino acid sequence (residues 702–759) within this C-

terminal half of HIF-1a (Fig EV5E). Fusion of this HIF-1a sequence

to the GFP-HA-BAP construct (Fig 3G, construct 12) results in

enhancement of biotinylation in a ZF-dependent manner (Fig 3I, top

panel, lanes 1 and 2), similar to that seen with GFP-HA-BAP-HIF-2a
TPS (top panel, lanes 3 and 4, top bands), and dissimilar to the

behavior of the GFP-HA-BAP negative control (top panel, lanes 3

and 4, bottom bands). This HIF-1a sequence lacks the WPPDPP

motif found in the TPS of HIF-2a. Additional experiments will be

required to identify specific determinants in the HIF-1a sequence

that promote translational pausing. Taken together, these studies

suggest that translation pausing promotes prolyl hydroxylation of

both HIF-1a and HIF-2a.
The in vitro translation experiments just described employed

reticulocyte lysates. We also examined the full-length HIF-2a BAP

construct (Fig 2D, construct 1) using Hela cell extracts. We prepared

PHD2 ZF-BirA fusion proteins using these extracts, and we find that

the wild-type version induces biotinylation of the HA-HIF-2a BAP

construct that is substantially diminished by the C32S/C36S ZF

mutation (Fig 3J, top panel), similar to what is observed with this

construct using reticulocyte lysates (Fig 2E).

Translational pausing would be predicted to lead to increased

occupancy of the mRNA by ribosomes at the site of pausing. Ribo-

some profiling provides information on the distribution of ribo-

somes on mRNA. We inspected published ribosome profiling

datasets, and we identified studies (Werner et al, 2015; Gameiro &

Struhl, 2018; Chen et al, 2020) in which there is a prominent ribo-

somal footprint in the area of the predicted pause site on the HIF2A

mRNA (Fig 4A). For comparison, a similar footprint is seen in these

same studies at the known pause site of the XBP1u mRNA (Fig 4B).

Importantly, the HIF2A ribosome footprint is centered on the Pro-

Pro-Asp motif of the predicted HIF2A pause sequence, just as the

XBP1u footprint is centered on the Leu-Met-Asn motif of the known

XBP1u pause sequence. The Leu-Met-Asn motif of XBP1u occupies

the E-P-A sites of the stalled ribosome (Shanmuganathan

et al, 2019), suggesting the Pro-Pro-Asp motif of HIF-2a might do

the same.

Translational pausing can lead to disomes resulting from ribo-

some collisions (Han et al, 2020; Meydan & Guydosh, 2021). Such

disomes would not be readily apparent in conventional ribosomal

profiling studies, which typically size select for monosomes

(McGlincy & Ingolia, 2017). We examined whether disomes could

be detected on the HIF2A mRNA. Our general approach was to lyse

tissue, perform RNase I digestions, isolate RNA, and then reverse

transcribe the Hif2a mRNA using a primer (RT-mHif2 30) that is

complementary to the predicted disome linked to an adapter

sequence (Fig 4A and Appendix Fig S2A) (Li et al, 2019). Using an

appropriate Hif2a specific 50 real-time PCR primer (mHif2 disome

50) and a 30 real-time PCR primer (M13 reverse) that hybridizes to

the adapter sequence, this then generates amplicons of sufficient

size for detection by real-time PCR. This, in turn, allows assessment

for the presence or absence of disomes. We performed measure-

ments on RNA in which the RNase I digestion was omitted to

provide a reference point for calculating DCT values

(DCT = CT�RNase � CT+RNase). We also performed measurements

using a negative control primer pair hybridizing well upstream of

the predicted disome site (Appendix Fig S2A), as well as parallel

experiments using primers for the known Xbp1u pause site (Fig 4B

and Appendix Fig S2B).

Following lysis of mouse kidney, RNase I digestion, and isolation

of RNA, we performed a single reverse transcription using the RT-

mHif2 30 primer targeting the predicted Hif2a disome site, and we

find that real-time PCR using primers to detect the predicted Hif2a

disome lead to a significantly higher number of amplicons than con-

trol primers hybridizing well upstream of the predicted disome site

(Fig 4C). In a control experiment with an analogous primer set, we

observe the same result when testing for disomes at the known

Xbp1u pause site (Fig 4D). In additional experiments, we performed

two separate reverse transcription reactions—one targeting the pre-

dicted Hif2a disome site as before, the other targeting the control

upstream site. Again, real-time PCR reveals higher amplicon counts

for the predicted Hif2a disome than the control upstream site

(Fig 4E), and the same result is seen in an experiment examining

Xbp1u disomes at its known pause site (Fig 4F). These results

provide evidence for the presence of disomes on the Hif2a mRNA at

the predicted pause site.

Erythrocytosis-associated PHD2 zinc finger mutations impair
binding to NACA

A subset of erythrocytosis-associated mutations in the PHD2 gene is

found in its ZF. We previously reported that these mutations, which

include Y41C, C42R, and K55N, all impair the interaction between

the PHD2 ZF and p23 (Sinnema et al, 2018; Song et al, 2019). In

light of the erythrocytosis observed in NacaAA/AA mice (Fig 1D), we

extended these studies to NACA. We first coexpressed NACA and

the PHD2 mutants in HEK293FT cells and performed coimmunopre-

cipitation experiments. In Fig 5A (top panel), we show that the

three ZF mutations impair the interaction between the ZF and

NACA. We next performed in vitro biotinylation assays. We fused

all three ZFs to BirA, prepared recombinant versions of each by

in vitro translation, and then tested them using the in vitro biotiny-

lation assay. Consistent with previous results (Sinnema et al, 2018),
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we find that the C42R mutation impairs the ability of the ZF to pro-

mote biotinylation of the HIF-2a BAP substrate (Fig 5B, top panel).

We now find that the other two mutations, Y41C and K55N, do so

as well. Hence, erythrocytosis-associated ZF mutations lead to

defective PHD2 binding to NACA and defective PHD2 function

in vitro.

The Tibetan PHD2 zinc finger maintains binding to NACA

Tibetans have adapted to the chronic hypoxia of high altitude, and

display evidence of natural selection of a PHD2 haplotype that

encodes for a D4E/C127S double amino acid substitution (Xiang

et al, 2013; Lorenzo et al, 2014). Two important phenotypic

features of Tibetan adaption are robust hypoxic ventilatory

responses, and avoidance of the erythrocytosis that typically accom-

panies residence at high altitudes (Bigham & Lee, 2014). The two

PHD2 residues (D4 and C127) that are mutated in Tibetans flank the

ZF, and we have previously demonstrated that this results in

impaired interaction of the PHD2 ZF with p23 (Song et al, 2014).

This, in turn, could account for the augmented hypoxic ventilatory

responses in Tibetans because both p23AA/AA mice and mice with

Tibetan Phd2 display the same respiratory phenotype (Song

et al, 2020).

That previous report did not study the interaction of Tibetan

(Tib) PHD2 with NACA. To examine this, we coexpressed either

WT or D4E/C127S PHD2 with NACA in HEK293FT cells, and then

immunoprecipitated the NACA. In contrast to its previously

observed effect on the PHD2:p23 interaction (Song et al, 2014), we

find that the D4E/C127S mutation maintains the PHD2:NACA inter-

action (Fig 5C, top panel). We next fused the Tibetan PHD2 ZF to

BirA (Fig 5D), prepared recombinant protein by in vitro translation,

and then tested it in the in vitro biotinylation assay. As shown in

Fig 5E (left, top panel), the Tibetan PHD2 ZF can induce biotinyla-

tion of the HIF-2a BAP construct to levels comparable to that seen

with the WT PHD2 ZF, and different from that of a C32S/C36S

mutant (ZFmut) that ablates the ZF. A similar result is seen when

the GFP-HA-BAP-HIF-2a TPS fusion protein is employed as the sub-

strate (Fig 5E, right, top panel).

We further tested the integrity of the Tibetan PHD2:NACA inter-

action by crossing the NacaAA/AA mice with a mouse line bearing a

knock-in of Tibetan PHD2 exon 1 (Phd2Tib, which contains the D4E/

C127S substitution) (Song et al, 2020). This mouse line displays

normal hematocrit and hemoglobin levels (Song et al, 2020). Our

reasoning was that if there is a defect in the interaction of the

Tibetan PHD2 ZF with p23 but not with Naca, then the red cell mass

of Tibetan Phd2 mice should retain sensitivity to disruption of the

Phd2:Naca interaction induced by crossing these mice with the

NacaAA/AA mice. We find indeed that Phd2Tib/Tib; NacaAA/AA mice

display erythrocytosis as compared to Phd2Tib/Tib mice (Fig 6A). We

also examined the effect of the NacaAA mutation in the context of a

control mouse line bearing a knock-in of wild type human PHD2

exon 1 (Phd2WT), and find that, as expected, these Phd2WT/WT;

NacaAA/AA mice also display increased hematocrit and red blood cell

counts as compared to Phd2WT/WT mice (Fig 6B). These studies

reinforce the notion that the Tibetan PHD2:NACA interaction is

intact, because the PXLE > PXAA mutation retains the ability to

induce an erythrocytosis in a Tibetan Phd2 background. Impor-

tantly, they now provide an explanation of how a Tibetan PHD2 loss

of function allele (with respect to p23 interaction) can avoid predis-

position to erythrocytosis (via maintained interaction with NACA).

Collectively, these findings indicate that the Tibetan PHD2 muta-

tion behaves differently than the erythrocytosis-associated PHD2 ZF

mutations. The latter impair interaction with NACA, impair PHD2

ZF function in vitro, and are associated with erythrocytosis in vivo,

while the former maintains interaction with NACA, maintains PHD2

ZF function in the in vitro biotinylation assay, and is not associated

with erythrocytosis in vivo.

Discussion

Prolyl hydroxylase domain protein 2 is a key oxygen sensor of the

HIF pathway, and it has drawn considerable attention because of its

central role in the control of red cell mass. Indeed, PHD2 inhibitors

have been approved for use in Asia and Europe to treat anemia

associated with chronic renal disease (Chen et al, 2019a, 2019b),

and they are being considered for a host of other ischemic and

inflammatory diseases (Rabinowitz, 2013; Chan et al, 2016). These

inhibitors target the well-characterized prolyl hydroxylase domain

of PHD2. In contrast, far less is known about its other domain, the

N-terminal ZF. This domain is particularly intriguing because Tibe-

tans possess PHD2 amino acid substitutions that flank the ZF and

impair its interaction with the HSP90 cochaperone p23 (Xiang

et al, 2013; Lorenzo et al, 2014; Song et al, 2014). Tibetans have

adapted over the course of thousands of years to the chronic

hypoxia of high altitude (Beall, 2014; Bigham & Lee, 2014; Simon-

son, 2015; Moore, 2017), and this altered interaction with p23 could

account for the augmented hypoxic ventilatory responses that have

been observed in Tibetans (Song et al, 2020).

Here we show that in addition to binding the PXLE motifs in p23,

FKBP38, and HSP90, the ZF of PHD2 also binds to this motif in

NACA and that this latter interaction plays a critical role in allowing

PHD2 to maintain normal control over red cell mass (Table 1).

NACA binds to NACB to form a heterodimeric NAC complex (Wied-

mann et al, 1994), and it may be noted that PHD2 has been identi-

fied in immunoprecipitates of NACB (also known as BTF3) in large-

◀ Figure 4. Evidence for disome formation on the Hif2a mRNA.

A, B Ribosome profiling results of sequences corresponding to the (A) proposed HIF-2a and (B) known XBP1u translational pause sites (Werner et al, 2015; Gameiro &
Struhl, 2018; Chen et al, 2020), visualized using GWIPS-viz (Michel et al, 2014). Proposed positions of monosome and disome at the pause site, and positions of
primers for reverse transcription and real-time PCR are shown. * = Termination codon. Red boxes highlight the (A) proposed and (B) known tripeptide sequences
that occupy the E-P-A sites in the ribosome.

C–F Mouse kidney was lysed, treated with or without RNase I, and RNA was isolated. The RNA was reverse transcribed with the indicated primers for (C, E) Hif2a and
(D, F) Xbp1u mRNA, and then analyzed by real-time PCR for disomes using the indicated primers. DCT = (DCT = CT�RNase � CT+RNase). Biological replicates (from
three males), with mean � SD are shown. *P < 0.05, **P < 0.01, by unpaired two-tailed t-test.
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Figure 5. Erythrocytosis-associated but not Tibetan PHD2 zinc finger mutations impair binding to NACA and function.

A HEK293 FT cells were transfected with expression plasmids for the indicated proteins. The cells were lysed and subjected to immunoprecipitation with anti-Flag anti-
bodies, and then the immunoprecipitates and aliquots of lysate were examined by western blotting as indicated. ZFmut = C36S/C42S.

B In vitro translation/biotinylation reactions using reticulocyte lysates and the indicated constructs. Streptavidin far western (FW) assesses biotinylation. Anti-HA west-
ern blot (WB) measures translated substrate. Bottom, the indicated proteins were prepared by in vitro translation using reticulocyte lysates and analyzed by aFlag
western blotting.

C HEK293 FT cells were transfected with expression plasmids for the indicated proteins. Tib, Tibetan. The cells were lysed and subjected to immunoprecipitation with
anti-Flag antibodies, and then the immunoprecipitates and aliquots of lysate were examined by western blotting as indicated.

D Diagram of PHD2 and constructs employed for in vitro translation studies. Mutations are as indicated.
E In vitro translation/biotinylation reactions using reticulocyte lysates and construct 1 (left) or construct 7 (right). Streptavidin far western (FW) assesses biotinylation.

Anti-HA western blot (WB) measures translated substrate. Bottom, the indicated proteins were prepared by in vitro translation using reticulocyte lysates and analyzed
by aFlag western blotting.
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scale proteomic studies (Huttlin et al, 2021). NACB lacks a PXLE

motif, suggesting that this interaction is indirect and is mediated

through NACA. The NAC complex is a ribosomal chaperone that

plays an essential role in directing nascent polypeptides as they

emerge from the ribosome exit tunnel to their proper cellular loca-

tions (Wiedmann et al, 1994; Gamerdinger et al, 2015). In particu-

lar, it plays an essential role in directing nascent cytosolic proteins

to the cytoplasm. It competes with other complexes, particularly

SRP, at the ribosome exit tunnel (Jomaa et al, 2022). SRP directs

proteins to the endoplasmic reticulum. The PXLE motif is strongly

conserved in vertebrate NACA (Fig 1B). It is also present in NACA

from some invertebrates, such as D. melanogaster

(Appendix Table S1). Of note, it is not present in NACA from the

simplest animal, Trichoplax adhaerens, which instead possesses p23

and HSP90 homologs that harbor PXLE motifs (Appendix Table S1).

The positioning of NACA at the port of the ribosomal exit tunnel

would allow recruited PHD2 to cotranslationally prolyl hydroxylate

HIF-2a (Fig 7A). Critically, this is enhanced by a translational pause

site encoded within HIF-2a (Fig 3A). Appropriately, this pause site

is C-terminal to the primary site of hydroxylation in HIF-2a (Pro-

531). If the pause site were N-terminal, it would not be expected to

enhance prolyl hydroxylation, and this is borne out by the results of

our in vitro assays evaluating the position of the pause site (Fig 3F).

Furthermore, the distance between the primary site of hydroxylation

(Pro-531) and pause sequence (residues 620–653) is about 100

amino acids, which would ensure the hydroxyl acceptor proline is

outside the ribosome exit tunnel (which can accommodate 30–40

amino acids) and thereby accessible for modification at the time that

pausing occurs. Our model provides a mechanism by which PHD2

can efficiently scan nascent polypeptides for HIF-a substrates.

Programmed translational pauses are well described in both

prokaryotes and eukaryotes (Ito & Chiba, 2013). In eukaryotes, per-

haps the best-described example occurs with XBP1u, a central com-

ponent of the unfolded protein response (Yanagitani et al, 2011).

Programmed translational pausing at the C-terminus of XBP1u

allows exposure of an upstream hydrophobic polypeptide sequence

that targets the XBP1u mRNA to the endoplasmic reticulum, where

the transmembrane endoribonuclease IRE1a splices XBP1u to

XBP1s. The latter, in turn, encodes for the active transcription factor

XBP1s. The translational pausing of HIF-2a bears some similarity to

that of XBP1u, but it differs in two key respects. First, instead of

relying on targeting to a different cellular locale where an enzymatic

activity resides, it relies on a ribosomal chaperone (NACA) that

directly recruits the regulatory enzyme (PHD2). Second, instead of

relying on alteration (splicing) of the mRNA to produce a distinct

protein product, it involves direct cotranslational, site-specific modi-

fication (hydroxylation) of the protein. In this regard, it should also

be noted that the site-specificity of this hydroxylation modification

sets it apart from other cotranslational modifications that occur at

the ribosome, such as modifications at the N-terminus of nascent

polypeptides (Varland et al, 2015). At present, it is not known

whether the HIF-a translational pause is itself sensitive to oxygen
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Figure 6. Naca PXLE > PXAA mutations induce erythrocytosis in Tibetan Phd2 mice.

A, B Hct, Hb, and RBC counts were measured in (A) Phd2Tib/Tib; NacaAA/AA and (B) Phd2WT/WT; NacaAA/AA mice and compared to (A) Phd2Tib/Tib and (B) Phd2WT/WT controls,
respectively. In (A), n = 10 with seven males and three females in each group. In (B), n = 10 with five males and five females in each group. Biological replicates,
with mean � SEM are shown. *P < 0.05, **P < 0.01, by unpaired two-tailed t-test.
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concentration or redox state, nor is it known whether disomes

induced by pausing trigger either ribosome quality control or mRNA

no-go decay pathways.

Prolyl hydroxylase domain protein 2 hydroxylates HIF-a at a rela-

tively simple LXXLAP consensus sequence (Ivan et al, 2001; Jaak-

kola et al, 2001; Yu et al, 2001; Huang et al, 2002), raising a long-

standing question of how specificity in this pathway is achieved.

One factor that contributes to specificity is a peptide loop in the cat-

alytic domain of PHD2 that is involved in substrate discrimination

(Flashman et al, 2007; Villar et al, 2007). The present studies iden-

tify another factor, namely, the use of a PHD2 domain (the ZF) that

allows its recruitment to the ribosome that, in turn, is coupled to

and exploits a programmed translational pause. In this view, HIF-a
is an efficient substrate for PHD2 because it contains both a hydrox-

ylation motif and an appropriately positioned translational pause

sequence.

There is no single strict consensus sequence for peptide

sequences that induce translational pauses. Nevertheless, pausing

sequences share in common the capacity to establish specific con-

tacts within the ribosome exit tunnel. Such contacts occur in a

sequence-specific manner. The HIF-2a pause sequence that we

describe here contains a WPPDPP sequence. Contained within this

is a highly conserved PPD motif that is enriched at the E-P-A sites of

the stalled ribosomes (Han et al, 2020). Given this, as well as

assessment of previous ribosome profiling data (Fig 4A), we pro-

pose that the PPD motif occupies the E-P-A sites of the ribosome

paused on the HIF2A mRNA. More definitive assessment of this, as

well as determination of other specific contacts within the ribosome

exit tunnel, must await additional studies such as structural ones.

This WPPDPP sequence also contains a WPP motif. Interestingly,

such a motif has been identified in a genetic selection from random

libraries for sequences that can induce translational pausing in

E. coli (Tanner et al, 2009), hinting that there may be peptide motifs

that pause translation across multiple kingdoms of life.

Human erythrocytosis-associated mutations have yet to be identi-

fied in the translational pause sequence of HIF-2a. Instead,

erythrocytosis-associated mutations have been identified in both the

ZF and catalytic domain of PHD2 (Lappin & Lee, 2019). At present,

we have no evidence that either of these types of mutations acts by

a dominant negative mechanism. Indeed, in the case of catalytic

domain mutation P317R, current evidence indicates that it acts by a

haploinsufficiency mechanism (Arsenault et al, 2013).

We find that Tibetan (D4E/C127S) PHD2, while defective in its

interaction with p23 (Song et al, 2014, 2020), retains its binding to

NACA (Fig 5C). Consistent with this, the NacaAA allele is able to

induce erythrocytosis in a Phd2Tib/Tib background (Fig 6A). Since

NACA is the PXLE-containing protein that is critical for maintenance

of normal red cell mass (Figs 1D and 7B), this now provides an

explanation for why Tibetans are not predisposed to erythrocytosis

despite harboring a loss of function PHD2 allele—namely, the defect

selectively affects its binding to p23 but not NACA (Fig 7C). Consis-

tent with this, it has been observed that the Tibetan PHD2 allele

(when examined irrespective of HIF2A allele status) is not correlated

with hemoglobin levels in Tibetan highlanders (Tashi et al, 2017).

Clearly, another factor that likely contributes critically to their rela-

tively low hemoglobin levels is that they harbor a HIF2A allele,

available evidence of which suggests to be a partial loss of function

allele (Bigham & Lee, 2014). Indeed, the HIF2A locus is the one that

is consistently most strongly correlated with hemoglobin levels in

Tibetans (Beall, 2014). Our findings also distinguish the effects of

the Tibetan mutation on ZF function from those associated with ery-

throcytosis, which disrupt interaction with NACA (Fig 7D).

Based on these current studies as well as our previously pub-

lished work, we propose that the relative importance of differing

PHD2 ZF: PXLE-containing protein interactions occur in an organ-

specific manner (Fig 7B). In the EPO-producing cells of the kidney,

the PHD2:NACA interaction plays a critical role in the normal regu-

lation of red cell mass. In the carotid body, on the other hand, the

PHD2:p23 interaction plays a critical role in the maintenance of the

hypoxic ventilatory response. Whether this is due to cell-specific dif-

ferences in levels of expression of the components of these path-

ways, posttranslational modifications, or some other mechanism

remains to be determined. The cell-dependent utilization of different

pathways is somewhat analogous to the manner in which transcrip-

tion factors can use transcriptional coactivators in a tissue-specific

manner to achieve tissue-specific gene expression (Spiegelman &

Heinrich, 2004). Importantly, such an arrangement provides the

template in which alterations in ZF binding properties can provide

Table 1. Summary of mutations affecting the PHD2 zinc finger and its ligands, and their effects on red cell mass and ventilatory control

Gene Organism Mutation Effect on red cell mass Effect on ventilatory control References

Naca Mouse L38A/E39A Erythrocytosis NDa This study

p23 Mouse L159A/E160A None Increased HVRb This study and Song et al (2020)

Fkbp38 Mouse L45A/E46A None None This study and Song et al (2020)

Combined Hsp90a
and Hsp90b

Mouse L720A/E721A
L711A/E712A

None ND This study

Phd2 Mouse D4E/C127S None Increased HVR Song et al (2020)

PHD2 Human D4E/C127S Nonec ND Tashi et al (2017)

PHD2 Human Y41C Erythrocytosis ND Sinnema et al (2018)

PHD2 Human C42R Erythrocytosis ND Sinnema et al (2018)

PHD2 Human K55N Erythrocytosis ND Song et al (2019)

aNot determined.
bHypoxic ventilatory response.
cWhen examined irrespective of EPAS1 allele status in Tibetan highlanders.
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selective alterations in HIF outputs to facilitate adaptation to the

chronic hypoxia of high altitude.

Materials and Methods

Mouse lines

Hsp90bL711A/E712A (Hsp90bAA) mice were generated using Crispr tech-

nology. A guide RNA plasmid, pUC57-sgRNA-Hsp90b, was con-

structed by subcloning into the Bsa I site of pUC57-sgRNA (a gift

from Dr. Xingxu Huang, Addgene plasmid # 51132) a duplex consist-

ing of the following two oligonucleotides: 5-TAGGATCCTCAT

CGCCTTCCAGAG-30 and 50-AAACCTCTGGAAGGCGATGAGGAT-30.
A single-stranded oligodeoxynucleotide donor (Ultramer grade) was

synthesized by IDT and consisted of the following sequence: 50-GT
GGCTTACTTAAATCTGTGTCTTTCTCTTAGGCATCGATGAAGATGA

GGTCACTGCAGAGGAGCCCAGTGCTGCTGTTCCTGATGAGATCCC

ACCAGCTGCAGGCGATGAGGATGCCTCGCGCATGGAAGAGGTGGA

TTAAAGCCTCCTGGAAGAAGCCCTGCCCTCTGTATAGTATCCCCGT

GGCTCCCCCAGCAGCC-30. A construct to express Cas9, pBS-SK-

Cas9, has been described (Song et al, 2020). Hsp90b gRNA was

transcribed from Dra I linearized pUC57-sgRNA-Hsp90b using a

MEGAshortscript T7 kit (Ambion Cat #AM1354). Cas9 polyadeny-

lated mRNA was transcribed from Xba I linearized pBS-SK-Cas9

using a mMESSAGE mMACHINE T7 Ultra Transcription kit (Ambion

Cat #AM1345). Both Hsp90b gRNA and Cas9 mRNA were purified

using a MEGAclear kit (Ambion Cat #1908). A mixture of Hsp90b
gRNA (50 ng/ll), Cas9 mRNA (100 ng/ll), and donor oligonu-

cleotide (100 ng/ll) was injected into the cytoplasm of fertilized

C57BL/6 oocytes by the University of Pennsylvania Transgenic &

Chimeric Mouse Facility. From this procedure, a male mouse with

homozygous knock-in of the Hsp90bAA allele was obtained.

Sequencing of 10 potential off-target loci, two with 2 mismatches to

the gRNA sequence and eight with 3 mismatches (there were no off-

target loci with 0 or 1 mismatches in the C57BL/6 genome), did not

reveal any off-target effects of the gRNA. The sequences of the

primers to examine potential off-target effects are provided in

Appendix Table S2. The mouse was bred to a C57BL/6J female, and

a mouse with a heterozygous knock-in was obtained. Breeding of

heterozygous mice yielded Hsp90bAA/AA mice. These mice were

maintained in a C57BL/6 background.

Hsp90aL720A/E721A (Hsp90aAA) mice were generated using Crispr

technology in an analogous manner. A guide RNA plasmid, pUC57-

sgRNA-Hsp90a, was constructed by subcloning into the Bsa I site of

pUC57-sgRNA a duplex consisting of the following two oligonu-

cleotides: 50-TAGGAAGAAATGCCTCCCCTGGA-30 and 50-AA

ACTCCAGGGGAGGCATTTCTT-30. The single-stranded oligodeoxynu-

cleotide donor consisted of the following sequence: 50-CGGACATTAAC
TGTAACATTTATTTCCAAAACAAGGTATTGATGAGGATGATCCTACT

GTGGATGACACCAGTGCTGCTGTAACTGAAGAAATGCCTCCAGCTG

CAGGAGATGACGACACATCACGCATGGAAGAAGTAGACTAAGTC

ACCAGAACTATGTGTTTGCTTACCTTCATTCCTTCTGATAATATAT

TTTCCA-30. Following injections of a mixture of the Hsp90a gRNA,

Cas9 mRNA, and donor oligonucleotide into fertilized C57BL/6

oocytes, a male mouse with homozygous knock-in of the Hsp90aAA

allele was obtained. Sequencing of two Hsp90a pseudogenes with 0

mismatches to the gRNA sequence, Hsp86-ps1, and Hsp86-ps2

(Moore et al, 1991), revealed either knock-in or deletions at these

pseudogenes. Sequencing of eight additional potential off-target loci,

two with 2 mismatches to the gRNA sequence and six with 3 mis-

matches (there were no off-target loci with 1 mismatch) did not

reveal any other off-target effects of the gRNA. The sequences of the

primers to examine potential off-target effects are provided in

Appendix Table S3. The mouse was bred to a C57BL/6J female, and

a mouse with a heterozygous knock-in was obtained. Breeding of

heterozygous mice yielded Hsp90aAA/AA mice. These mice were

maintained in a C57BL/6 background.

NacaL38A/E39A (NacaAA) mice were generated using Crispr tech-

nology. A guide RNA plasmid, pUC57-sgRNA-Naca, was constructed

by subcloning into the Bsa I site of pUC57-sgRNA a duplex consist-

ing of the following two oligonucleotides: 50-TAGGAGTCTTGTTC
CTCGAGCTC-30 and 50- AAACGAGCTCGAGGAACAAGACT-30. The

single-stranded oligodeoxynucleotide donor consisted of the follow-

ing sequence: 50-TGATGAGGTGCCACCTCTTAAAATTCTATTGTT
GAGTAAAAGTTACCTGTCATCCTAGGATCGGGAACAGAGTCTGAC

AGTGATGAGTCAGTACCAGAAGCTGCAGAACAAGACTCCACACAG

ACGGCCACGCAGCAAGCCCAGGTGTGTGCTCTCTTAATTACTTAC

ATTGAGTCAAGAATGCACTAGGGGACAAGTG-30. Following injec-

tions of a mixture of the Naca gRNA, Cas9 mRNA, and donor

oligonucleotide into fertilized C57BL/6 oocytes, a male mouse with

homozygous knock-in of the NacaAA allele was obtained. Sequenc-

ing of a single Naca pseudogene with 0 mismatches to the gRNA

sequence revealed knock-in at this pseudogene. Sequencing of six

additional potential off-target loci, two with 1 mismatch to the gRNA

sequence, one with 2 mismatches, and three with 3 mismatches did

not reveal any other off-target effects of the gRNA. The sequences of

the primers to examine potential off-target effects are provided in

Appendix Table S4. The mouse was bred to a C57BL/6J female, and

a mouse with a heterozygous knock-in was obtained. In subsequent

breeding, the knock-in in the pseudogene was segregated from the

knock-in at the Naca locus. Breeding of heterozygous mice yielded

NacaAA/AA mice. These mice were maintained in a C57BL/6

background.

◀ Figure 7. Proposed model for PHD2 and PHD2-associated mutations.

A Left, nascent HIF-2a polypeptide is translated. The site of prolyl hydroxylation has not yet emerged from the ribosome exit tunnel. Middle, the translational pause
sequence (purple) slows translation. PHD2, which is recruited by NACA to the ribosome exit tunnel, can then modify the exposed hydroxyl acceptor prolyl residue
(red). Right, prolyl hydroxylated HIF-2a emerges from the ribosome exit tunnel.

B In the EPO-producing cells of the renal cortex, PHD2 is recruited to the translation machinery by NACA. In the carotid body, PHD2 is recruited to the HSP90 pathway
by the HSP90 cochaperone p23.

C Tibetan PHD2 has a selective defect in interaction with p23, but not with NACA, leading to a loss of function (LOF) phenotype in the carotid body. However, Tibetan
PHD2 does not produce an LOF phenotype (erythrocytosis) in the EPO-producing cells of the renal cortex because PHD2 interaction with NACA is preserved.

D Erythrocytosis-associated PHD2 mutations display defective interaction with NACA.
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p23L159A/E160A; NacaD38-39 (p23AA; NacaD) mice were generated

as follows. A mixture of Cas9 mRNA along with Naca gRNA and

Naca donor oligonucleotide prepared as above was injected into the

cytoplasm of fertilized p23AA/+ (C57BL/6 background) oocytes.

From this procedure, a female mouse was obtained that was

heterozygous for p23AA at the p23 locus and homozygous for a 6 bp

in-frame deletion at the Naca locus (NacaD). This deletion removes

amino acids 38 and 39 from the Naca protein. The mouse was bred

to a C57BL/6 male, and a female mouse that was heterozygous for

p23AA at the p23 locus and heterozygous for NacaD was obtained.

Sequencing of a single Naca pseudogene with 0 mismatches to the

gRNA sequence revealed a 3 bp deletion at this pseudogene.

Sequencing of six additional potential off-target loci, two with 1 mis-

match to the gRNA sequence, one with 2 mismatches, and three

with 3 mismatches revealed an off-target 1 bp insertion at one of

the sites with 1 mismatch (chr4:52821593). The other five sites did

not show off-target effects. The sequences of the primers to examine

potential off-target effects are the same as those employed previ-

ously and are provided in Appendix Table S4. In subsequent breed-

ing, the two alleles with off-target deletion/insertion as described

above were segregated from the p23AA; NacaD allele. These mice

were maintained in a heterozygous state in a C57BL/6 background.

They were also separately backcrossed five times to 129S1/SvlmJ

mice (The Jackson Laboratory Stock Number 002448). The mice in

these two different backgrounds were then crossed to generate

p23AA/AA; NacaD/D mice and littermate p23+/+; Naca+/+ controls in a

mixed B6/129 background.

The p23AA (L159A/E160A), Fkbp38AA (L45A/E46A), Phd2WT

(containing a knock-in of wild-type human PHD2 exon 1), and

Phd2Tib mouse lines have been previously described (Song

et al, 2020). Alternate names for the genes examined in the present

study are provided in Appendix Table S5.

Mice were maintained on a 12/12 h light/dark cycle and had

access to standard chow and autoclaved water ad libitum. Unless

otherwise noted, mice were examined at 2–3 months of age, with

approximately equal numbers of males and females. C57BL/6J mice

were obtained from The Jackson Laboratory (Stock Number

000664). All mice used in this study were on a C57BL/6J back-

ground, except for the p23AA/AA and the p23AA/AA; NacaD/D mice,

which were in a mixed B6/129 background. All animal procedures

were approved by the Institutional Animal Care and Use Committee

at the University of Pennsylvania, in compliance with Animal Wel-

fare Assurance, under Protocols 805020 and 805519.

In vitro translation reactions

In vitro translation reactions using reticulocyte lysates were per-

formed using TnT T7 Quick Coupled kits (Promega Cat #L1170).

Typical reactions contained 0.1 lg of template (in pcDNA3 vector),

5 lM biotin, 1 lM ZnCl2, TnT T7 Quick Master Mix, and 1 ll of
in vitro translated FlagPHD2 (1-196)-BirA fusion protein (prepared

using the same kit supplemented with 1 lM ZnCl2) in a total vol-

ume of 9 ll. Reactions were carried out at 25°C for 30 min.

In vitro translation reactions using Hela cell lysates were per-

formed using 1-Step Human Coupled IVT kits (Thermo Fisher Cat

#88882). Typical reactions contained 0.1 lg of template (in

pT7CFE1 vector), 5 lM biotin, 1 lM ZnCl2, kit components, and

0.2 ll of in vitro translated FlagPHD2 (1–196)-BirA fusion protein

(prepared using the same 1-Step Human Coupled IVT kit supple-

mented with 1 lM ZnCl2) in a total volume of 9 ll. Reactions were

carried out at 25°C for 30 min.

Real-time PCR assays for disomes

Assays for the presence of site-specific disome footprints were con-

ducted by measuring RNA fragments protected from RNase I diges-

tion essentially by the method of Li et al (2019). In brief, mouse

tissue lysates were prepared, digested with RNase I, and RNA was

isolated and then reverse transcribed using a primer targeting the

predicted 30 end of the disome with an adapter containing the M13

reverse sequence. The cDNA fragments were quantitated by real-

time PCR using a primer targeting the 50 disome and an M13 reverse

primer. Several controls were performed. In one, RNase I was omit-

ted. In a second, the cDNA fragments were amplified with primers

targeting a nonspecific region upstream of the predicted disome site.

In a third, the RNA was reverse transcribed using the 30 primer tar-

geting the nonspecific upstream region, and the cDNA fragments

were quantified by real-time PCR using primers targeting this non-

specific upstream region. Primer sequences are provided in

Appendix Table S6.

Statistical analysis

Prism 7 software (GraphPad Software) was used for statistical analy-

sis. Statistical analyses used unpaired two-tailed t-tests. P-

values < 0.05 were considered significant. Unless otherwise speci-

fied, data are presented as mean � SEM. No statistical method was

used to predetermine the sample size.

Data availability

All data needed to evaluate the conclusions in the article are present

in the manuscript and Supplementary Materials. The study includes

no data deposited in external repositories.

Expanded View for this article is available online.
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