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Abstract

Hif-30, a member of the hypoxia-inducible factorH{IF) family, enters the nucleus and
regulatessgene expression in response to hypoxia. The molecular basis of its nuclear
localizatiendis not cleaHIF-1a and HIF-2a use a bipartite nuclear localization signal
(NLS) to enter the nucleus. This motif is not conserved irBHifAlthough there is a
conserved Arg/Lys ricmotif in theHif-3a N-terminal regiongdeletionof this regionhas
minimal effecton Hif-3a nuclear localization. Here,we mappedhe functional NLS to

the unigue-Germinal regiorof Hif-3a andidentified 2 clusters of basic residues critical
for its nuclear localization. The two NLS motifs are functionally redundaunt.results,
thus, suggest th&tif-3a nuclear localizatioms mediated through two redundant NLS

motifs located in its unique @rminal region

Key words: Hypoxia, hypoxia-inducibléactor, nuclear localization signal, zebrafish

Abbreviations: HIF, Hypoxia-inducible factor; NLS, nuclear localization signal; pVHL,
von Hippel-Lindau protein; TAD, transactivation domain; HRE, hypoxia response

elements; LZIP, leucine zipper
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Hypoxia inducible factors (HIFgre evolutionarily ancient transcription factors
thatplay key roles in coordinating the transcriptional response to hypderadnza
2012. HIFs are madby an oxygen-regulatedsubunit and atablep suburit [also
known.as ARNT|(Keith et al., 2011). In human and othertebratesthereare3 HIF-a
genes (Prabhakar and Semenza, 204/R)le HIF-1a and HIF-2 have similar domain
structureand share high sequence identjtldd=-3a has a distinct @erminalregion and
its sequence identities KIF-1a and HIF2a are relatively low(Prabhakar and Semenza,
2012; Duan, 2016). To date, our knowledge of HIF bioliggyainly derivedrom
studies on HIF-d& and HIF-2. Under normal oxygen tensioH]F-1a/2a is hydroxylated
at conseryed proline residues by prolyl hydroxylases (PHDs). The hydroxylated HIF-
la/20. in'turi are recognized by von HippetLindau protein (pVHL) andargetedor
proteasome degradatioRr@bhakar and Semenza, 2012). Under hypoxic condittiRs
la/20. are stabilizec&ndenter the nucleus via a bipartite nuclear localization sequence
(NLS) motif.in the Cterminal region(Kallio et al., 1998; Luo et al., 2001). Thiym
dimerswithithecommonHIF-B subunit and regulate target gengressiorby binding to
hypoxia responselements (HRE) innomoter regions of target genes (Prabhakar and
Semenza; 2012).

HIF-3a is unique in that itacks the €TAD domain but containg uniqueLZIP
domain in the Germinal regionGu et al., 1996; Zhang et al., 2012arlier studies
suggested.that HiBo has weak or no transcriptional activity or evenacts as a negative
regulator ofiHIF1/20 (Gu et al., 1996; Makino et al., 2001; 2007). We now understand
that theHIF-3a gene gives therise tomanyvariants due to alternative splicing
alternative promoters, and alternative translation initiation cof@nan, 2016)These
different HIF-3a isofornms have distinct and sometimes even opposite biological actions
(Duanz2016)We have receit reported thahypoxia increased the nuclear presence of
zebrafishHif-3al (the fultlength proteinreferred as HiBBa hereafter) and that Hif3a
binds.te'specific region(s) in its target genes and stimulates their expriesavm
(Zhang etwal,, 2014). Importanthis function is conserved fll-length human HIF-3
(Tazeke et al., 1998; Zhang et al., 2DHobw Hif-3a/HIF-3a enters the nucleus is still
unclear.The objective of this study is to determine the structural motif(djfi3o

responsible its nuclear localization.
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Materials and Methods

Chemicals.and Reagents. PCR primers, Oligo(DT)18, and routine chemicals were
obtaingd from Sangon Biotech (Shanghai, Chivaht DNA polymerase and restriction
enzymes'were purchased from New England BioLabs (Ipswich, MA, U3®KOD

kit wasipurchased from TOYOBO (Shanghai, China). DMEM, McCoy’s 5A medium,
OPTEFMEM; fetal calf serum, and antibiotics were purchased from GiGecand Island,
NY). Lipefectamine was bought from InvigenLife Technologies (Carlsbad, CA, USA)

Plasmid‘Construction: The construction of zebrafish Hilk3EGFP has been reported
previously (Zhang et al., 20L.2Several H{#3o truncation mutants\1-346, A1-456,
A391-626,:A509-626, were generated by PCR and subcloned into the pGERE
plasmidwusing the primers shown in Supplemengddle 1 To generatehe B-GatEGFP
dual tag plasmidthe open reading frame piGal was amplified by PCR using pSV40-
LacZ plasmid as template. The primers are 5’
CCGCTEGAGGCCACCATGGTCGTTTTACAACGTCGTGARG' ard 5'-
CCCAAGCTTTTTTTGACACCAGACCAACTGGT3'. The amplified PCR product
was digesteavith Xhol and Hindlll and subclonggEGFRN1, resulted in th@-Gal
EGFP plasmidDNA fragment corresponding to variowegronsof Hif-3a1, including
aminoacid(aa#57-626457-517, 518-626, 518-567, and 568-626 were amplified by
PCR using primers shown in Supplemental Table 2. The PCR products were inserted into
the 3's end of-Gal in the -GalEGFP plasmidSite-directed mutagenesis was used
change specific residue(s) € S2Hif-3a-EGFP and3-GalHif-3u-EGFPaspreviousy
reported«(Zhang et al., 2016) using the primers shown in Supplemental Table 3.

Cell CultureyTransfection, and Subcellular Localization: Hela cells wereultured as
previously reported (Zhang et al., 2012). For transfection, cells were seeded o 35-
tissue culture dishes. Plasmid DNA was transiently transfected into cells as described
previously (Zhang et al., 2012)hirty-six hours later, cells were washed and

counterstained with DAPI. After rinsing in 1x PBS, images were recorded with a Nikon
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ECLIPSE 80i microscope equipped with a digtamera (Melville, NY) with appropriate

filters and a digital camera.

Resultsand Discusion

HumanHIF-1a and HIF-2a use a bipartite NLS motif located in the C-terminal
region to enter the nucleus (Kallio et al., 1998; Luo et al., 260E)}30 /Hif-30 C-
terminal region differs considerably from Hille and -2 (Zhang et al., 2012). Sequence
analysis showed th#te bipartite NLS motifs not conserved in Hide. Cterminal region
Insteadthere is a Arg/Lys rich sequence conserved in théelminal regionsn all three
HIF-as(Supplemental Fig. 1). To test whether the fi&rminal region iunctionally
important'we engineeredif-3a A1-346-EGFPand Hif3aA1-456-EGFP, 2 Hif-3a
deletion mutants taggedth EGFP(Fig. 1A). When transfected into Hela celfall-
lengthHif-3a-EGFPsignalwas detected in the nuclems96% tiansfected cellsin 4%
transfectedells its signal in the neus was stronger thdhatin the cytoplasm (Fig. 1B;
Table“1)in"eomparison, GFP signal was distributed both in the nucleus and cytoplasm in
100% cells‘transfected with the EGFP vector (Fig. 1B; Table 1). Deletion of aaitho a
(aa)1346 did not change theubcellular distribution of Hisa-EGFP(Table 1). TheHif-
30A1-456-EGFP signal was detected in the nucie@5% transfected cells. 6%
transfected cells, thdif-3aA1-456-EGFP signalvas greatemn the nucleugTable 1)
Theseresultssuggested thahe Nierminal regiorHif-3a is largdy dispensablealthogh
it may berinvolved in the nuclear localization of HBif-to some degree. These data have
in good agreement with a previous study on zebrafish ¢fif¢Zhang et al., 2016). Hif -
302, analternatively spliced zebrafish Hif3o variant that lacks the N-terminalregion
(including belchbHLH, PAS, PAC and part of ODD domain), is able to enter the nucleus
andhas HREdependent activityZhang et al., 2016).

There are several clusters of charged amino acids in-thar@hal regions of
HIF-3a (Supplemental Fig. 1).o determine whether any of them actslasfunctional
NLS motif(s), two truncation Hit3a mutants were generated. Deletion of the Germinal
sequencéi.e.,Hif-30aA391-626EGFPandHif-3aA509-626-EGFP greatly reduced the
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nuclear presendéig. 1; Table 1)In cells transfected witHlif-3adA509-626-EGFP, 0%
cells showed nuclear signalhese data suggest that&minal region of HH3a is
critical. A caveat of the abovexperiment is the size of tlfiesion proteins. It is known
that proteins smaller th&0 kDa can diffuse across the nuclear p&@sitiwald and
Singer, 2012). To overcome this probleme engineered g-GalEGFPdual reporter
plasmid(Fig. 2A). B-Gal has a molecular size 80 kDa and it does not contain any
known"NLS"(Bear et al., 1999)Ve inserted HH3a457-626to test whethethe C-
terminalregioncontains a functional NLS motif (§Fig. 2A). While B-GatEGFP was
exclusivelypresent in the cytoplasrthe B-GalHif-30457-626-EGFP signal was detected
only inghemnucleus (Fig. 2Brable2). We dividedHif-304457-626 into two fragments,
Hif-30457-517 and Hif3a518-626 (Fig. 2A) When tested in Hela cells, B-GakHif-3a.
457-517-EGFP was distributed in the cytoplasm. In comparfis@alHif-30518-626-
EGFPsignalwascompletelynuclear (Fig. B; Table2), suggesting there is a functional
NLS meitif(s) inthis region.The Hif-304518-626 region was further divided irtt@o
smallerfragmentand testedWhile p-GalHif-30518-567EGFP signal was nuclear
100% transfected cellthe B-GalHif-30568-626EGFP signal was detectetbrein the
nucleus(N>C) in 9% of the cells transfected (FigB2Table2). In 66% of the cells
transfeeted, the B-GalHif-30568-626EGFP signal was detectedhnth the nucleus and
cytosol. In the remaining 2b transfected cells, the signal waainly distributed in the
cytoplasm (Fig. 2; Table)2These data suggested that there are likatyfunctional
NLS metifsyOneis located within aa 518-567. This appears to tsreng activity The
otherislecated between d&&68-626 andis activity is weaker Sequence analysis
identifiedtwo clusters of basic residuesHif-3a aa518-567, i.e., R523K524R525 and
K544K545 (Supplemental Fig. I)o test whetheany ofthese residueare critical, they

were changed into Aland the impact on nuclear localization was testéden
R523K524yand R525 were all mutatdbde signal was detectedly in the cytoplasm
(Figi'3A, Table 2). Next, these three residues was mutated individAlile mutation

of 523R had no effect, change either K524 or R525 abolished the nuclear localization of
B-GalHif-3a518-567EGFP.In comparison, mutation of K544 and K545 had little effect
(Fig. 3A, Table 2). These data suggest that K524 and R525 aralcwifie next

investigated thémportance of théasic residues in Hi3o 568-626 regionThe results
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showed that mutation of K578, R579, andR&i86into Alainto in the f-GalHif-30568
626-EGFP background abolished theelear localizationKig. 3B, Table 2). In contrast,
mutation of R610, R615, and R616 did not change the subcdtiaidizationof p-Gal
Hif-30568-626EGFP(Fig. 3B, Table 2 These data suggest thia¢ K578 and R579
motif are.eritical for thaveaknuclear localization activitin Hif-30568-626EGFP

To determine the relationship betwabasetwo functional NLS motifs
mutations'were introducedto p-GalHif-30457-626EGFP, which contains bothLS
motifs."Mutation of K524 and R525 did not change the nuclear localizatiprGaft-Hif -
30457:626EGFP Fig. 3C, Table P suggesting thah thepresencef the K578 and
R579metifpmutation of K524 and R525 alone is not enough to reduce the nuclear
localization‘Likewise, mutation of K578 and R579 jirGalHif-304457-626EGFPhad
little effect(Rig. 3C, Table 2). When all these 4 residues are mutated into Ala, the nuclear
location was abolished. This interaction is specific because mutation of R610/BR6a5/R
with K524A/R525A did not alter the nuclear location of B-GaklHif-304457-626EGFP
(Fig. 3CyTFable 2).

Thesabove findings suggest thiere are two functional NLS motifs located in
the unigue C-terminal region bfif-3a. One contains K524 and R525 and this motif has
stronger-activity and can be considered the primary site. Another, containing K578 and
R579, has weaker activity. Importantly, these two motifs are functionally redunaant. |
theabsencef the K578/R579notif (i.e., in theB-GalHif-30518-567EGFP
backgreund), mutation of K524 and R525 abolished the nuclear localizatiine.
presencefthe K578/R579otif (i.e., in theB-GalHif-304457-626-EGFPbackground),
however, mutation of K524 and R525 had little effect. Likewise, mutation of the
K578/R579motif only affects the nuclear localizationdif-3a in the absence of the
K524/R525 motif. When botNLS motifs were mutated, the nuclear signal was
abolishedEig. 3C, Table 2). These findingaggest that the nuclear localization
mechanisnof Hif-3a is distinct from those previously reported for HIF-1a and -2a. It
should be,mentioned that our conclusion is based on observations usintgthara
fragments. Wiile the Nterminal sequence is largely dispensable (as indicatétifbB3o-
1-346EGFP and Hif30-1-456 EGFP data)it appears t@lay aminorrole in the nuclear
localization ofHif-3a. Future studies are needed to further evaligeénterplay
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between the Merminal region and the two NLS motifs located in thee@ainal regon
in the full-lengthHif-3a context and tgerformfunctional assays to examine the effects
of these mutations in altering the downstream target gene expression.

Much less is known about HI¥e biology compared to that dfllF-1a and -2a.
This is paftiay due to the existence of multigfiF-3a variants. At least8 distinct HIF
3a protein products have been documented (Duan, 2016). These HIF-3a variants are
expressedin different tissues and/or different developmental stagetull-length
human HIF-3aHIF-3al, has HREdependent transcriptional activity (Gu et al., 1998;
Zhang et al.; 2014Human HIF3a2 and 304 isoformswhich lacks the @erminal LZIP
domainy have been shown to inhibit HIF-d&ction by competing for the common HIF-
B subunit (Maynad et al., 2005; 2007). Likewise, overexpression of mouse IPAS, a short
HIF-3a variantthat lacks the LZIP domaiimn HelLa cells inhibits hypoxia-induced HRE-
dependent reporter gene activity and the mRNA levels of VEGF and PGK1, twaxHIF-1
target genes (Mako et al. 2001). Although a previous study showed that mouse IPAS
uses asbipartite type NLS in thetBiminal region to enter the nucleus (Torii et al., 2013),
this sequence is not present in the full-lendtR-3a and otheHIF-3a isoforms. Until
this stidy, there is no report on the nuclear localization mechawmiiuail-length and
longerr-hiumaIF-3a isoforms.Sequence analysis suggests that these two functional
NLS motifs identified inthis studyare conserved ithefull-length humaiIF-3o (HIF-
3al) and several longlF-3a variants including HIF3a isoform 8 and HIF-3a isoform 9,
but is absent in short HIFe isoforms, such as HIF-3a isoforms 2-5. Future studies are
neededto-find out whethéhtese conserved motifs act in a similay in the nuclar

localization of the full-length and longer humidif-3a isoforms.
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Tablel. Subcellular distribution of vayus Hif-3u-EGFPfusion proteins

Constructname Subcelluladistribution
(% transfected cel)s

N>C N=C
EGFP 0 100%
Hif-30-EGFP 96 0
Hif-3a A1-346-EGFP 97 0
Hif-3a A1-456-EGFP 85 15 0
Hif-3aA391-626-E5FP 13 79 8
Hif-30A509-626-E5FP 0 98 2

Table 2 Subcellular distribution ofariousp-GatEGFPfusion proteirs

Construct name

Subcelluladistribution

(%) transfected cells

B-Gal-EGFP
B-Gat457-626EGFP

B-Gat457-517EGFP

B-Gat518°626EGFP

B-Gat518:567EGFP
B-Gat518-567/R523A/K524A/R525&GFP
B-Gak518:567/R523AEGFP
B-Gal518-567/K524AEGFP

B-Gal -518"567IR525AEGFP
B-Gat518:567/K544A/K545AEGFP
B-Gat568-626EGFP
B-Gal568:626/K578A/R579AEGFP
B-Gak568-626/K578A/R579A/R586AGFP
B-Gat568-626/R610A/R615A/R616/EGFP
B-Gat457-626 [K524A/R525AEGFP
B-Gat457-626 /K578A/R57T9AEGFP

N N>C N=C C
0 0 0 100
100 0 0 0
0 0 0 100
100 0 0 0
100 0 0 0
0 0 0 100
100 0 0 0
0 0 0 100
0 0 0 100
100 0 0 0
9 66 25
0 0 100
0 100
8 63 29
100 0
100 0
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B-Gal457-626/K524A/R525A/K578A/R579AGFP 0 0 0 100

B-Gal457-626/ 100 0 0 0
K524A/R525A/R610A/R615A/R616A&=GFP

Figure legends

Fig. 1 Hif-3a C-terminal region is important faruclear localization. (A) Schematic
diagramssshowing Hi3a-EGFPplasmids engineered and tested. (B) Representative
views of three categories of subcellutéstribution of GFP signaN=C, GFP signal is
distributed.in both nuclear and cytosol; N, complete nuclear; N>C, stronger GFP signal i

the nucleughan the cytoplasnbale bar =20 pm.

Fig. 2."Mapping the functional NLi& Hif-3a C-terminal region(A) Schematic diagrams
showingp-GalHif-3a-EGFPplasmidsngineere@dnd tested (B) Representative views

Panels.af.arecells transfected with the plasmisisown in (A). Scale bar 20 um.

Fig. 3"Mapping key residues critical for Hié nuclear localization. (A) Schematic

diagrams showing Hi3a-518-567 point mutants engineered and tested. A representative
result is'shown on the left panel. (B) Schemaitgrhms showing Hifo-568-626 point
mutants engineered and tested. A representative result is shown on the left panel. (C)
Schematic. diagrams showing f-Gal457-626EGFP poinimutants engineered and tested.

A representative result is shown on the leftgdaBcale bar 20 um.

Supplemental Figure legends

Supplemental Fig. 1. Sequence alignment of the N-terminal region ssrdhxal region
of the indicated proteins. zf, zebrafish, h, human. There is a highly conserved sequence in
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the Nterminal region containing NLS like sequence (underlined by dottee)i There
are several clusters of charged residues ifBtdifnoted by stars and boxes).
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