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Abstract

Background The physiological significance of a large family of heat-shock proteins (HSPs), comprised of the cytosolic
HSP90A and the endoplasmic reticulum component of HSPB, is evident in prokaryotes and eukaryotes. The HSP90A is
believed to play critical roles in diverse physiological functions of cell viability and chromosomal stability including stress
management. Heightened abundance of Asp90p transcript was documented in Channa striatus, a freshwater fish, which is
capable of surviving within an extremely hypoxic environment.

Methods and results To better understand the mechanism of hsp90f gene expression, we investigated its genomic organi-
zation. Eleven exons were identified, including a long upstream intron with a remarkable similarity with human, but not
with chicken counterpart. Dual-luciferase assays identified promoter activity in a 1366 bp 5'-flanking segment beyond the
transcription initiation site. Examination detected a minimal promoter of 754 bp containing a TATA-box, CAAT-enhancer in
addition to providing clues regarding other enhancer and repressor elements. The driving capability of this minimal promoter
was further validated by its binding ability with TATA-box binding protein and the generation of GFP expressing transgenic
zebrafish (F,). Further, deletion of an inverted HIF (hypoxia inducible factor) motif RCGTG (upstream of the TATA-box)
dramatically reduced luciferase expression in a hypoxic environment (CoCl, treated cultivable cells) and was identified as
a cis-acting HIF responsive element, necessary for the hypoxia-induced expression.

Conclusions The results obtained herein provide an insight regarding how Asp90p gene expression is controlled by HIF
responsive element in teleost both during hypoxia stress management and normal physiological functions, and suggested
that the hsp90p gene promoter could be used as a potential candidate for generating ornamental and food-fish transgenics.
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Introduction protecting organisms from environmental stress-mediated

cellular damages [1]. There are mainly three families of

Heat-shock proteins (HSPs), a large family with vary-
ing molecular weights, are termed molecular chaperones.
Ample evidences suggested that HSPs play critical roles in
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HSPs consisting of two high molecular weights such as
HSP90 (85-90 kDa) and HSP70 (68-73 kDa), and a low
molecular weight HSP (16—47 kDa). HSP90 and HSP70
are mainly associated with the critical functions linked with
folding and assembly of other cellular proteins [2, 3]. They
also maintain protein homeostasis pertaining to chaperon
functions, minimizing apoptotic cell death, and cellular
stress management [4—6].

HSPIO0 is a highly conserved family of proteins consist-
ing of cytosolic HSP90A and HSPB in the endoplasmic
reticulum and are commonly expressed in both prokaryotes
and eukaryotes [7]. Subfamilies of HSP9OA are HSP90f1,
HSP90pB2 and HSP90P proteins. Cytosolic HSP90 homo-
logues are encoded by two or more genes [8]. HSP90
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constitute 1-2% of total protein in non-stressed cells and
suggested to participate in normal physiological and bio-
logical functions [9]. However, its increased amount (4—6%)
was documented under stress conditions [10]. HSP90 is
constitutively expressed in the cytosol [11], while HSP90S1
and HSP90p2 are reported to be inducible [12]. HSP90p is
believed to be responsible for cell viability. Accumulated
evidences suggest that HSP90 participates in diverse physi-
ological functions including signal transduction [13, 14],
assembly/disassembly of several protein complexes [15],
skeletal muscle differentiation [16] and chromosomal sta-
bility [17]. The physiological role of HSP90 during biotic
and abiotic stresses has been documented [18-20]. Elevated
transcript abundances were documented in goldfish (Caras-
sius auratus) in summer [21] and during heat exposure in
two bay scallop populations (Argopecten irradians irradi-
ans and Argopecten irradians concentricus) [22]. The hsp90
gene expression was induced following bacterial infection
in Ya-fish, Schizothorax prenanti [23]. The hsp90b gene
expression was potentiated during ammonia toxicity and
bacterial infection in riverine fish, Botia reevesae [24]. How-
ever, functional implications of each subunit remain to be
elucidated.

Aquatic organisms are exposed to various environmental
biotic and abiotic stresses. Heightened expression profiles
of HSPs were documented in teleosts exposed to several
aspects of altered micro-environmental stress factors like
that of salinity, temperature gradients, heavy metal contami-
nations, etc. [19, 25-29]. The fish also represent a valuable
model vertebrate for undertaking experiments to elucidate
the physiological functions of HSPs [21].

The hsp90 genes of chicken [30, 31] and human [32, 33]
have been cloned and characterized. The presence of com-
mon putative elements like HSE, a CAAT box, and Spl1 sites
near the TATA box are documented. The information on
these aspects in teleosts is very limited despite being the
most diversified Kingdom. The promoter region of Asp90
gene was cloned and sequenced in scallop (Argopecten
irradians irradians and Argopecten irradians concentricus)
[22]. However, in vivo promoter activity data was lacking.

Channa striatus (Family: Channidae) is a freshwater mur-
rel fish with commercial importance and therapeutic value.
Even though murrel is an air-breathing fish (having acces-
sory respiratory organ), its natural habitat in muddy and
marshy waters is well known. Interestingly, it can manage
drought conditions by hibernating under hard-backed mud
crust [34]. Thus, this species is very useful to undertake
studies on physiological pathways associated with adapta-
tions in severely hypoxic conditions. Adaptations to hypoxic
and near anoxic conditions are linked with behavioural
changes of hypo-metabolic activities [35]. The Asp90p gene
is reported to be over-expressed during hypoxic conditions
[36]. Currently, ‘climate change’ is a global concern and
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hence it is essential to better understand the mechanism of
expression of each member of the HSP family during biotic
and abiotic stress. Because HSP90g is involved in normal
physiological functions and hypoxia stress adaptation, we
intended to clone and characterize the hsp90f gene of mur-
rel, including characterization of its promoter activity with
an intention to understand its mechanistic expression.

Material and methods
Fish sample and genomic DNA extraction

Adult C. striatus (about 500 g weight) fishes were collected
from the Institute’s farm (ICAR-Central Institute of Fresh-
water Aquaculture, Kausalyaganga, Bhubaneswar, India).
Genomic DNA was isolated from liver following standard
protocol of phenol—chloroform extraction as described ear-
lier [37].

Isolation and sequencing of 5'-flanking genomic
region and intron sequences of C. striatus hsp90f
gene

To isolate the full-length gene sequence including the
5'-upstream region of the gene with the promoter, four dif-
ferent restriction genomic DNA libraries were constructed
using PCR based Genome Walker Universal Kit (Clontech,
USA) as per manufacturer’s instructions and described else-
where [38, 39]. Briefly, Genomic DNA was extracted from
C. striatus liver and digested with four restriction-enzymes
(Dral, EcoRV, Pvull and Stul). The digested product was
then ligated with Genome Walker adaptor (Clontech). The
adaptor-ligated genomic DNA was used as a template for
the PCR amplifications. We cloned and characterized C.
striatus hsp90p cDNA as reported earlier [36]. We designed
several primer sets from our sequence as well as sequence
information of other species available in the public domain.
To amplify the 5" upstream region, the restriction digested
libraries were amplified independently using a gene specific
reverse primer (5'-GCTTTGGTCATCCCAATTCCAGTG
TCA-3") designed from the second exon and forward adaptor
primer 1 (AP1; 5'-GTAATACGACTCACTATAGGGC-3').
Fifty-fold diluted PCR products were used as the template
for the second PCR amplification using GSP2 (5-TGCGGT
CAGCTTTGTTTGGGATGATG-3') and nested AP2 (5'-
ACTATAGGGCACGCGTGGT-3'). Finally, EcoRYV restric-
tion library generated a single band of 2.4 kb (above the
ATG) that was gel-excised, purified, cloned into pPGEMT-
Easy vector (Promega, USA) and bi-directionally sequenced.
Similarly, several primer sets were designed and synthesized
to amplify Introns from these Genome-Walker libraries. Few
important primers are enlisted in supplementary Table 1. All
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PCR products were then cloned into pGEM-T easy vector
(Promega) and sequenced bi-directionally.

For analyzing regulatory sequences in the putative pro-
moter region, NNPP (Promoter Prediction by Neural Net-
work), Mat Inspector tool (http://www.genomatix.de/)
and TFSEARCH (http://www.cbrc.jp/research/db/TFSEA
RCH.html) were applied together to make a comprehensive
prediction.

Reporter constructs

To construct a luciferase reporter vector using the 5’
upstream region of the hsp90p gene, the — 1366/+ 1
genomic sequence of the gene was analyzed. A series of
5'deletions of the Asp90p promoter were constructed by PCR
amplification and fusion to a luciferase gene of pGL4-Basic
vector (Promega, USA). Five deleted constructs: HSP90p.
C1, HSP90B.C2, HSP90B.C5, HSP90B.C6, HSP90.Ahif.C5
were prepared with incorporation of desired restriction sites
in the amplifying primers by base modification. The full-
length reporter construct (HSP90B.C1) contained all ele-
ments of the regulatory region (— 1269/+ 1) obtained from
an amplified fragment using EcoRV modified forward primer
S'-atgttccgtcttggatategcaccctg-3" and Bgl/Il modified reverse
primer 5'-gtgccttctgcagatctgacgecagg-3'. The HSP90S.C2
was constructed from an amplified fragment using EcoRV
modified forward primer 5'-tccgtcttggatategcaccctg-3' and
BglIl modified reverse primer 5'-tccacagatctagaccgagc-3'.
The HSP90P.C5 reporter construct was prepared from an
amplified fragment using Xhol modified forward primer
5'-caggtctttetegagtcaggccca-3" and Bg/Il modified reverse
primer 5’-gtgccttctgcagatetgacgecagg-3', while the reporter
HSP90B.C6 was derived from an amplified fragment using
Xhol modified forward primer 5'-gtgctcgagaaacgaagcacge-
cttcc-3" and Bg/II modified reverse primer 5'-gtgccttctgea-
gatctgacgcagg-3'. All the amplified fragments digested with
their respective restriction enzymes were inserted into the
multiple cloning site of PGL4-Basic vector and transformed
in DH5a competent cells. The correct orientation of the pro-
moter was validated by sequencing.

HIF (Hypoxia inducible factor) element was deleted from
the HSP90P.CS5 to generate HSP90P.Ahif.C5. Briefly, PCR
amplification was carried out for HSP90S.C5 DNA using
upstream forward primer (5'- ctagcctcgagtcaggecca-3')
contain Xhol site (— 753) and reverse primer (5'- ggctccag-
gattacaccactgacg-3' modified for Pfol site, — 221) situated
upstream to HIF element. The amplified fragment was gel-
extracted and ligated to Xhol and Pfol (located — 132 bp
downstream to HIF site but upstream to TATA-box) digested
larger fragment of HSP90B.C5. This resulted to generate
HSP90B.Ahif.C5 lacking HIF element. For luciferase analy-
sis the construct was transfected into Escherichia coli BL21
competent cells.

Cell maintenance, transient transfection and dual
luciferase assay

HEK?293 cells were maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM, Invitrogen, USA) with 10% FBS
(Invitrogen, USA), 0.01% MEM non-essential media and
0.01% Sodium pyruvate at 37 °C in a humified CO, (5%)
incubator (Eppendorf, New Brunswick, USA). Dual-lucif-
erase assay was performed as reported earlier [40, 41]. To
measure luciferase activity, each reporter construct (1 pg/
well) along with co-reporter vector pRL (Rinella luciferase
vector, Promega, USA) were transiently transfected into
HEK?293 cells (1 x 10° cells/well of 24-well plate) using
Lipofectamine 2000 (Invitrogen, USA) as per manufactur-
er’s protocol. Cells were harvested 48 h post-transfection,
lysed with100 pl passive lysis buffer (Promega, USA), cen-
trifuged at 12,000 rpm for 5 min to collect the supernatant.
The supernatant was used to measure luciferase activity
using Dual Luciferase Reporter Assay System (Promega,
USA). The promoter activity was expressed by relative
luciferase activity (RLA). Three independent experiments
were performed with triplicate wells.

Transient transfection and reporter gene assays
for validation of activity of HIF

To assay the activity of HIF, the HEK293 cells were incu-
bated with CoCl, (Cobalt chloride) solution for hypoxia
treatment. To optimize the CoCl, concentration that
maintains hypoxic condition without compromising cell
viability, the cells were incubated in DMEM complete
media with different serial dilutions of CoCl, i.e. 150 uM,
100 uM, 50 uM, 25 uM and O pM for 24 h. According to
the significant expression of HIF and microscopic obser-
vation of cell phenotype, CoCl, at a final concentration of
100 uM was selected to introduce hypoxia. Transfection
was performed using Lipofectamine 2000 transfection rea-
gent in a 24 well plate with 1x 10° cells per well (500 pl
per well; DMEM complete media without antibiotics) at
80-90% confluence. The vector-containing-promoter in
the concentration of 1 ug was co-transfected with con-
trol vector pRL-SV40 (Promega, USA) in the molar ratio
1/50. HSP90B.C5, HSP90B.ACS5 and HSP90B.C6 con-
structs were transfected in two sets—one set was treated
with 100 uM CoCl, (hypoxic) and another set was without
CoCl,, which served as a control. The CoCl, media was
treated 24 h post-transfection and incubated for 24 h in a
conventional incubator (37 °C, 5% CO,). After 48 h post-
transfection, luciferase activity was measured. Luciferase
activity was quantitated in a Luminometer using the Dual-
Luciferase-Reporter assay kit (Promega, USA).
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DNA immunoprecipitation

DNA immunoprecipitation was carried out by using the
Immunoprecipitation Kit Dyna-bead Protein G (Invitro-
gen, USA) following manufactures instruction. Recombi-
nant TATA Binding Protein (TBP) (Cloud—Clone Corp.,
USA) and anti-TBP antibody, mouse monoclonal (Gene Tex
Inc., USA) were used for this assay. Briefly, the Dyna-bead
Protein G was conjugated with anti-TBP antibody (Sigma-
Aldrich) within the supplied binding buffer for 15 min at
room temperature. In other reaction, 436 bp DNA fragment
amplified from HSP90B.C6 (containing TATA element)
was incubated with TBP protein with binding buffer at the
same condition. Both incubated samples Dyna-anti-TBP
conjugated protein G and TBP mixed DNA fragments were
allowed to mix together and incubated for 30 min at room
temperature in a rotator. Subsequently, the precipitate was
washed three times by using supplied washing buffer to
remove the excess unbound DNA. Rabbit IgG (in place of
anti-TBP) was used as a control in a separate reaction. The
final eluted products were subjected to PCR amplification
(at an annealing temperature 58 °C) followed by 1.2% aga-
rose gel electrophoresis, stained with ethidium bromide and
photographed.

Transgenic zebrafish using Tol2 transposon system

The Tol2 transposon construct was prepared as described
[42, 43]. Briefly, multisite recombination reactions were
performed using the Tol2 kit—three entry donor vector
system namely, pSE-MCS containing multiple cloning sites
for ease of promoter sequence insertion, pME-EGFP middle
entry vector containing an in built EGFP reporter gene and
p3E-polyA SV40 signal sequence. The pSE-MCS vector was
used to clone our Xhol/HindIll digested hsp90p promoter
sequence. Multigate cloning was performed by combining
these three vectors with pDestTol2pA2 destination vector for
multigate recombination reactions using the LR clonase. The
resultant destination vector (here after pTol2-Hsp90-eGFP)
contained at its 5’-end our promoter followed by middle-
EGFP and 3'polyA signal element—order was confirmed
by sequencing.

Transposase RNA was synthesized using the pCS2FA-
transposase plasmid as a template. DNA was linearized
with Notl and purified using the Qiagen PCR Purifica-
tion Kit. Capped RNA synthesis was performed using the
mMessage mMachine SP6 kit (Ambion, Austin, TX, USA).
One cell stage embryos were injected with 25 pg of pTol2-
Hsp90-eGFP plasmid along with 25 pg Transposase mRNA.
Embryos were raised in E3 embryonic media at 28.5 °C for
5 days and then to adult hood in a standalone zebrafish sys-
tem. Bright field and fluorescent images were taken using
Leica MZ16 FA stereo microscope.
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Fig. 1 hsp90p gene structure of Channa straitus. A The 5'- upstream
sequences of C. straitus hsp90f gene showing promoter and other
regulatory elements. The+1 indicates the transcriptional initiation
site and the box shows the transcription initiation site (ATG). The
putative TATA, GATA, HIF, E-Box, STAT, CAAT, E4BP4, etc. are
marked by arrows. The 11 exons are underlined. B Schematic repre-
sentations showing comparative hsp90f gene structure in C. straitus,
Homo sapiens (GenBank Accession no. J04988), and Gallus gallus
domesticus (GenBank Accession no. X83230)

Results
Genomic organization of hsp90p gene

The hsp90p cDNA of C. striatus was isolated and char-
acterized previously, however the information on Asp90p
gene structure and promoter is lacking [36, 41]. Gene-
specific primers with complete homology were designed
to perform PCR based genome walking. The 5'-flanking
sequence was amplified from the EcoRV library using
specific reverse primers, designed from the first coding-
exon of C. striatus hsp90p, 175 bp downstream of the
translational start codon. Approximately, 2.4 kb upstream
sequence from ATG start codon was obtained from EcoRV
digested library and possible matching of cis-regulatory
elements were retrieved from the Genomatix database.
Similarly, intron sequences were amplified from the PCR
amplifications of libraries using several primers designed
from the cDNA sequence. Alignments of cDNA and
genomic DNA sequences identified multiple introns. The
identified hsp90p gene contained 11 exons (size rang-
ing from 98 to 334 bp) and a noncoding exon of 64 bp
(Fig. 1A, B). Exon—intron boundaries were lined with
a typical donor—acceptor (gt-ag) conformation. A long
intron of 1022 bp was detected. Contrary to the chicken
hsp90p gene, which contains only 7 exons, there was a
remarkable similarity with the human counterpart, con-
sisting of 11 exons and a long upstream intron (Fig. 1B).
The postulated initiating methionine codon is at the
coding exon 1. The transcription initiation site designated
as position +1 was determined to be 1086 bp upstream
from the translation initiation site (Fig. 1A). The DNA
sequence in upstream transcription site constituting of
1366 bp was further analyzed using Transfact tool. This
region predicted several DNA motifs, characteristic of pro-
moter regions. A nucleotide sequence (TATATAG) which
conforms to the Goldberg-Hogness consensus TATA box
(TATA(A/T)A(A/T)) at positions — 51 bp upstream of
the transcription initiation site. One more putative TATA
box was predicted to be positioned at — 895 bp. One pre-
dicted CAAT box was positioned at — 1103 bp, which is
far away from TATA-box. Additional consensus sequence,
which is known as STAT3 enhancer, was predicted to be
positioned at — 133 bp. Moreover, two subunits of STAT
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A

TATAAACATACCCCARAT( GCCGTATARAGTAATARAATAGCTGTCARRAGGTTGATART TARAAAAAATCCTCGTARTGTTCCGTCTTGGAT TAGCACCCTGGCTAGTAAC TTCC TTGACG TTTACGTAC _j3))
CAGATTACAGGCG TTGTTTTGTGTGT TGT! 'GCTGACCTGGAAATGTTAGCTGCACK TTTGTATTACCT: \CACC:! \Ci GCCTTCTGCAATTAT: &) \T G TTTTTACAATT CCGAATTTA 1057
—— —_— ey -
E2F E4BP4 CAAT BOX
AGAARATCAAGCTTTCGGTTTTACTTTTAARRAGCCTCACCTAAGTCTAAGTCATCTCTCTATAT, TAAATACGTAAAGTACAGT! TAGAGCGTCAAARACTTTATTATCCARAGCAAATATATTTATTTTGCATATCTGAGGAGCA 902
SATB1
CATATAAATGATAATATTTCAGGAAAAAATAACAGATGCARAT! TTATCARACTGTTTGTACATTAATATTCAAGAAATCARATAATTTTTCCARTGETTTCAGCTCGGTCTTGATTTGTGGARRATTCTCAGGTCTTTGTAGAGTC 747
TATABOXG y1a gox  STAT
AGGCCCAGGTTTACTTGACTTTATTCCTGTTGG TTATTAGCT: GICTT: TTATTACATTAGGATGTAACCAAGGAAGCGCTATACAGTCGTCTTTATATGTGTATATGTATATATGTATICTTTTTCTICTICTTATGATT _59)

TTATTATTGAAACAATATTATTAT TATTTGATGCTAGCCGGTARGCGCTCAGTTACCATGGTGTTTTTGTTGTAGATACTCGCGCTGTTCAGCAGCTGCACCGCGAGGCCTGCGTGTGACTAGTCCGTGACGTCAGTTTAGGCGGTTTTTTTIC 437
——— —— -

-BOX E2a

ATGGAARGTGCT: G GCCTTCCCTTTT; TATTCTTCCAT! T CCATCGTCATGTTAC: T: i TGGCTTGGAGTTTTCACCGATCATATTTTTACATCGATGCAGAT g)
—— — - -
STAT SALL1 E-BOX
ATTTCATTGTCAGTGGTATGTTGCGGCAACTTTCAAARATCTAGTGCGTCAGTGGTGTAATGT CGGAGCGTTTTT CCGCCGe GGGCAGC: GTTCGCT! CasCT GCTGAATTCTAGCATGTTCCAGG 127

—— ——

HIF +1 STAT3
AGAGAACTTCA( GGGCTGGAGCGGTAGGTGGTGCACC TGGATATAGCCGCACAGT CGCGTGTGTATAAAGATT TTTGTTAAAAGGAGCTCCCTTTCTATTTCCCTGCGTCAGACAGCAGAAGGCACAGTATTTTGGTTG 429

TATA BOX Non- coding Exon

CATATTATTCAAGATAAGTCAACG: T GCTAGCGATTTGTTTTCAGTAGAGAATGTTATGGTCTATTAATATTT CGTTACT: CARCCGTAACTAACGTTATTTAGTGTTTCCATGGTAAGTCACGACAG 484

TAACCTTTTAGCATCCCGGCCGCCTTGCTAATGAGCAGGTAGCATTARACGGTTTGTCCGGCCACTGCTACGCGTCGTGAAACGGTAACGTTCACTGCTCCTGCCGCTGTGAT TTTGTCGTGTAACGCTGCTGAGGGCCGGTGTCTGTGAAGGGT +339

GTGAATGCGGCACAGTGCAGCGCCGTTGAGCTCGGTTTGCACCAAGGCAGGTGCGGTGAAGT TCATATCGCCGACTCGGTTTACATAACGT TATTCATAACTAGCTGTGATAAT TCACACACTAACCGACTAGCTTAAACACCCCCCACCCCATT 4494

ACTGACGTTAAGCAGTTACCTTTAAAACGTTTAACTTCTCTTAACGTTACGACT TAACGGTARAATCAATTCCTCTGTCGCTCGATCGTTGGT TTAGTGCT TAACGGTTGATTACGTAACTAGGGTTACGATCGATTTGTGTTACGT 4649

TTATGATAAACTAGTGTCTTCCGCTTTACACGTTACCCTARATTACAAGTGATAGCTTTAGCTTCACGTGTCGTCCTCCATCATCACCCTCTTTTTTTAATTTTTACT TTCGTTTTAACATGCAGTCCAACGTTATATGTTCGGATTGATGTTCT +804

TCAGCACGTGTTTGCGGACTCCATTGTCTCAGTCACTCGACGCCATGT TGAATAACTGCTACTTCCGCCTTTCGATAGE, TGTGGC: TCCCGCTAAT, CCTTTGTGCACTTGATCAGATTGTAGTGTACTCGTACGATGARAC +959

TCCGCCCGGGTAGCTCACTGARAGTAGTAATAGT TTTACCATCATTGTACTAGT TATTCTTGTCTCTTARAAGTAATA TT TCAAGTTGGATTATAGCCAATTTGGTTGTTTTCTGCAGGRTGOCTGAAGAAATGCACCAAGAGGAGG +1114

Exon-1
AGGCTGAGACCTTTGCCTTTCAGGCAGAGATCGCTCAGCTAATGTCCCTGATCATCAACACCTTTTATTCCAACAAAGAGATCTTTCTCAGGGAGCTCATCTCCAATGCCTCTGATGTAAGTATGCAGATGCTGTTTTCTGTGTGTARATTGTAA 41269

ATGCCTCTAGTGTGACAGCATTTTAATTAATGTTACTTTTGATAATGGCT TTARAGCAGCTGTTGGGARATCTATTGT TCTTAACCTGTCAATGTTTAT, TCTGGACARAATTCGCTATGAAAGCCTGACAGACCCAACCAAGCTGGA 404
Exon-2
CAGCGGCARAGATCTGARAATTGACATCATCCCARRCARAGCTGACCGCACCCTGACCCTTATTGACACTGGARTTGGGAT! GCTGACCTCATT: TGGGT: TCGCC TCTGGCACC TTCATG! CTTC 41579

TATTACGATAAAATGTTGTCGAGACTGCTGCATGTAGAGAATTGCAGACCACTTCCTTTGTAACCCTGAA TAT TGCATTTAATCATCAGGGTTTGAGACTTCATAAATAATTGITAATAGTTAATCCTTCTAATTGTGTTTTT 41734

CTAGGCTGGAGCTGACATCTCCATGATTGGACAGTTTGGTGTGGGTTTCTACTCTGCATATCTTGTTGE TTGTTGTCATTACC TGATGAT AGTATGCCT! GICCTCTGCCGGAGGTTCATTCACAGTCAGAG | 1ggg
Exon-3
TTGACARTGGT: TCTAGGCATCACT. TTGACATTGCATTTAGATTTAGTCATTTGGGAGATGCTTTTATCCARAGTGACTTAC TGAAGCATAATCARAGTC CTC: GTGCTARGATCCAT 42044

TARGATTTAAGTACATGARAGGAGCGTTTGTTTTAAGTGCATAAGGAAGATGCAGAAGAGTTTACACTCTTGATATTCTACTTATTCTATCTTTGTTTATARAATGTARGTCCCACATGCTGCTTICTAGGTT ATGGGCAGTTTCTATAACA +2199

ATAGTGAGGAGAGTGGAAAGTCACATGTTATGTGC TGTTTAAATGCTTCACAGGCAATCTAGT CAGAACAT TTGGCTGTTGTGATTCCTTCCTCGTGTTT, TGATCTTGT ATGTTTACTTTTAT CCCARATCACTGATGGTGG 42354

CTTTCARATGTCAAATTGTCTTTTTGGACARAGCATGTGACTTTCTGTGCGT TARTGTTCACAGGTGAGCCCATTGGTCGCGGAACARRAATTATCCTGTACCT CAGAGT. T GGAT TTGT 42509
Exon-4
CAAGAAGCACTCCCAGTTCATTGGCTACCCCATCACCCTCTTTGTAAGCATGGAATTTCAGTAGATGACAATATTAAGT TTAGGCTAGT TTAAACTGT TTGGGCCACTGTAGCATTAACAACTAGTAATCTTTGATTGCAGGTAGAGAAGGAGCE 42664

Exon-5
T GGAGATCAGTGATGATGAGGC: A T T CARGC T TGT TCTGACGAT T G c 42819

AGAT! TACATCGACC: TGAAT, (ele} CCATCTGGAC! CCCTGATGACATCAC: GGAGTACGGAGAGTTCT: GTCTGACTAATGACTGGGAGGATCACCTGGCTGTARRGGTAARTGAT 4)g74

GAATAGAA TTGCATGTAGCTTTCTACTAAATGTGGTCCATCGGTTTTAATT TTCCTTGTTGATTTCTGGCTTATTGCCCAGAGACGACCCTGCCCCAACTCCTTTCTTCATTTCTTCATTTGCATCT. TGTCCCAGCATAAGC 13129

TGCATTTATAAATTAGCATAAGCTGCATTTATAAATAAGTGAGCACACT TGT TGTTT TGGACAGTGCTTACTGATCTGCATGGGGGTGTATGTGTGTTCCACTGAARAAGCATATTCCAGCTCTARATTGTCAGGGCCCACTGGCTARARACTTA 13284

ATTGTACTCTCTTTTGACAGCACTTCTCAGT TCAACTTGAATT CCCTGCTCTTTATTCCC TGCACCTTTTGACCTCTTTGAGAACAAGARAAAGAAGAATAACATCAAGCTGTACGTCAGGAGGGTTTTCATCATGGAC 13439
Exon-6
AACTGTGAAGAGCTCATCCCAGAGTACCTAAGTAAGTTGACTGTCTCCCACAARATAAGTACCATAGCTCTTGCATTTAGCAT TAGCTCACAGGCACTGCTTAAATGTAATGTTAAAATATGTTTGACTARACTGTAATTARAATTTGTTCCAGA 43504
Exon-7

CTTTGTGCGTGGTGTAGTGGACTCTGAGGACCTGCCCCTCAACATCTCCAGAGARATGCTGCAGCAGAGCAAGAT TCTCAAGGTCATACGCARGARCATCGTCARGARGTGTCTAGAGCTCTTTGCTGGACT GGCTGAGGACAAGGAGAACTACA 13749

AGRAATTCTATGAAGCCTTTTCCARARACATCARGGTGATGARARATGTGCAATTACAACAGT TARAGTGTGTTTGCTTTAGACCACATTGGACCATARTTGTGTGTGAATGACAAGC: TAGTGAAGGACTTTGRAT CTCTTAAGTG 43904

GCCATTTAATATGCATTTACCCAAAGAACAGCTGTAGTTCTGCACTGTTCTAAAAACATCAGATTGATATGCCAAGGTTTCCAGAAGCTGGTGTTCATTGTCAGCCTTCAGTTTGACAT: CARATGCTTAAGGGCAGTGGGCTATAAAGACC +4059

TTTGGARACCTTGGTCAGTTGTGCATARTTT TACGGAGTTCCAAAGCTTAAACTAAGT TGAARTGGTAACTCAACTTGTACAGTTGT TTATTGTTGCTTGTGARATGTATTIGTTTAATAGGGCCTAACTAGCCATCATAAT +4214

TCTTTTCAGGARGCTGCTTTAACCCATGAACTGATTAGTGGCAATTARCCTTGTTT TTCTATTGTGTTTTAACAATTGTCCATTATTGTCTCTGTAGCTGGGAATTCAT TTCTCAARACCGCARGRAGCTCTCTGRACTGCTTCGT 44369
Exon-8
TATCACAGCTCCCAGTCT T AACTTCCCTCACAGAGTACCTTTCCCGCACARAGGAGAACCAGAAGTCAATCTACTACATTACTGGTGAGTCCATAGAATCAATGTTTCCAGTAACACTAGAGCTTARARACTTCTAAGTCATTCA +4524

TARAAGCTCACAAATTTGCACATAAGGAAAATTGTAATTGCATARAT TTGTATTTCATTTTCTTTTTTTAATCTCTAGGT GAGAGCARGGATCAAGTGGCCAACTCTGCT TTTGTTG! TGTC AGCGCGGCTTTGAGGTCCTGTACATG 14679
Exon-9
ACAGAGCCCATTGACGAGTACTGTGTCCAGCAGTT, TTGAT Gi TGGTCTCAGTCACC TGGRACT GCCRRATTTGAGRACCTCTGCAR 44834

AGTCAT TACTTGACAAGAAAGT! TCAGTGATTCTAAGGGTTTTTTTTTTTTTTTTCTCARAAATGTACTCTCATATTTTAGGTTTTAGTTTTAAGTGTACAACTGCCGTTGACAGTGTTTTGTCTGGTAACAGGTGCCCT 44989

AATTTCACACGACTTGTATTGTCGTGAT CTTGAGTT CATTAGGTATTGTGCCTTCAAGCTTGCCTTGCTTTGACCTTGTTTTTT A TTGGAGGTTCCAGGTTAACTGTGTGAAGTCCAGCACCTCTAACTCCTGTTGA 45144

ATGTGGCTGTAATGCTGTCCTAACAGATTTGAGTTTTAAARAGAATGT TACGGTGGATTAAGAATAAC, TAGTTTATTGACCC TATTTTACTAACTACTCACATTCAGTGCATGTTATTTTTTCCAGTAGTTTGACTATAGTGTACA 15299

TTATGATAAAATAGATACAGAATTAAAACATTGARAGCATAAGCGGTGGGGGCTAATGAGAAGGGGTCTAGCTGGCTARGATGTACTTTTT AAATAACTTGGGCTAATTTTTATGGAAACTI TAGGARATT TARATTGTTTGGACCARACC 15454

TTGTGARACTGCTGTCTGGATGT T TATTCATAATGGT TACTAARACAGTGAATTTACCAGTGTAGGTARTCCARATATCACATGTGTTGGTTGTTTTTTTTTTTGITTGT TTTTTGTTTCAATAAGCCTTGE 45609

TTTAATAAAATAGTGTTCTCCTATTCATATTTTGAATATTTAATAGAAATTTGTGCTATGGAGACATTCTGTTTGTTGGT! TGTCTGATTCTTCATCAATTATACTAGGCTCTGTAAATCCTCAAATGTAGGAAAGACTTTARATGGGGCAT +5764

TTGAAACGGTTTTT TTTGACGGAATTGTTTTAACGCAAGACTTGTCCACATGCACTTAATGGTGCTGAAGTTGAT T TGTTTTTTTTTTTTTGTTTTTTTTCTAACAAGTCTGTCTTGCATGCTTTATTAACATGAT! TTT 45919

TTTGAATCTTCAAATTCCTCACCTTGCTGTCTCTAATGTCTGGATCCATTGTCTAGGTGACAGTGTCTAACAGACTGGTGTCATCACCCTGCTGCATTGT: GTACCTATGGCTGGAC CATGGAGAGGATCATGA: GGCA 16074
Exon-10
e, TAACTCTACCATGGGCTACATGATGGCT: CATCTGGAGATCAACCCTGACCACCCCATTGTGGATACACTCAGACAGAAGGCTGAAGCTGAC CGAC: TGTC TCGTCATCCTGCTGTTT TGC 16229

TGCTGTCCTCAGGTTTCTCCCTGGAT GACCCACT! CCGCATCTACAGAATGATTAAACTCGGACTGGGTAAGCACACACAGCAAATGCATATTTATATACTTGCAACATG TTGGTTCCATTGCTTTGTCAACTGACAT +6384.

ATGTTGGCGTCTCTAGGTATCGACGATGAAGATGTTCCCACAGAGGAGGCCACCTCTACAGCTGTCCCAGATGAGAT TCCTCCAT TAGAAGGCGACGCTGATGATGATGCCTCACGCAT TGATTAR coce CCTCT 46539

AGATTCCAAACACTCCAGCCTCACTTTCAATTGTTCATCTTAAAACTGCAGTAACTGCAACACCAATAGTTGTTCATATTGTGTGGT CAATGTTGCTCTTGTGTCTAGAGTATTTACTGCGAGACCTTTARAAGCAGTTTTGGTTITTCCT 46694

ATTCAAGTTATTGGTGACACCACATTAGTTTTAACAAGTACCCTGTTGCACCTAATTTTARATGT TGGTGTGGTAAGTGTGAACAT TGGAATAGTACATTCCATAATCAGGTCTCGAGGGTTCARGGAGGTTATGCTCATGTGCARCACTTGCAT 16849

GGAGAGAGGACTGTACTGTATGATTCCTTTGCCTGAGTCCAGGCTTGTCTGTATTCGTCTTGTTTTGCARAAACGAT TARAGATGTAATACCTTATTTGTCTTTGCCTTTATCAATCTTTATAATAAAGATAATCTTTATCTGCACTTACTTAAG L7004

GCTAATCATT TTCTGACTTTAAGTTGGTTCAGGTTCTTTCATGTG +7053
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Fig.1 (continued)

binding elements positioned at — 439 and — 880 bp, which
are known to be involved in signal transduction and tran-
scriptional activation, were identified. Two core consensus
E-boxes (5'-CANNTG-3") were also identified at position
— 329 and — 498 bp (Fig. 1A). An E2F activator found at
-1202. Enhancer GATA- was also detected at — 888 bp
position (Fig. 1A). A special AT-rich region (termed) was
predicted at — 881 bp and E4BP4 motif in negative ori-
entation was found at —1130. A transcriptional repressor
known as SALLI (at — 376 bp) was also identified. Impor-
tantly, a putative HIF, defined as having a consensus core
sequence (5'-RCGTG-3"), was predicted to be positioned
at — 184 to — 187 bp upstream from the transcription ini-
tiation site. X-box is present at — 543 bp. These results
indicated the presence of promoter and regulatory regions,
which are responsible to drive hsp90f expression.

Promoter activity analysis of hsp90p gene

To identify core promoter along with other regulatory ele-
ments of the hAsp90p, in vivo luciferase assays were per-
formed using five different deleted constructs designated
as HSP90B.C1 (1269 bp), HSP90p.C2 (492 bp), HSP0B.
C5 (754 bp), HSP90B.C6 (436 bp) and HSP90B.Ahif.C5
(665 bp) and cloned into pGL4 luciferase plasmid (Fig. 2A).
The constructs were transfected into the HEK293 cell line
and the dual luciferase assay data is depicted in Fig. 2A.
The highest luciferase activity (in the tune of about 40-fold
as compared to control) was detected in cells transfected
with HSP90pB.C5 construct containing a TATA-box (span-
ning — 51 to — 46 bp). Contrary to this, the distantly posi-
tioned TATA-box containing HSP90B.C2 construct failed to
drive luciferase expression. These findings confirmed that
the minimal promoter (HSP90P.C5) element is positioned
immediate upstream of the transcription initiation site. A
portion of DNA containing predicted enhancer elements

@ Springer

(X-box, E-box, STAT, etc.) was deleted from HSP90B.C5
to prepare the HSP90B.C6 construct. The driving capability
of HSP90B.C6 construct was dramatically reduced to about
tenfold as compared to ~40-fold as detected in HSP90p.
CS5. This demonstrated that the putative enhancer elements
like X-box, E-box, STAT, etc. are present in HSP90p.CS.
The least promoter activity (about fivefold) was detected
in HSP90B.C1, which contained an entire 5'-flanking
region (full-length) including sequences of HSP90B.CS5 and
HSP90p.C6. This indicated the presence of strong repressor
element(s).

In vitro DNA immunoprecipitation assay was performed
to examine its binding affinity with purified TATA-box bind-
ing protein (TBP). A 436 bp long DNA fragment containing
the TATA-box domain of HSP90B.C5 could bind with TBP
followed by immunoprecipitation with anti-TBP-agarose
beads. Bound DNA was subjected to PCR amplification.
As shown in Fig. 2B, TBP was immune-precipitated with
DNA fragments, which were detectable with 20 PCR-cycles
as compared to non-detectable control (using non-specific
IgG). The amplified unbound DNA was also proportionately
reduced in comparison to control reaction. These findings
demonstrated/confirmed that a putative TATA-element,
which is positioned in HSP90B.C5, is responsible for the
above promoter activities and thus capable of luciferase
reporter gene expression.

Further, the identified promoter activity of HSP90B.C5
was validated by raising transgenic zebrafish. Tol2 con-
struct with GFP reporter, as delineated in materials and
methods, were co-injected with transposase mRNA into
fertilized eggs. The injected embryos showed expression
of GFP and were grown to adulthood. These adults were
crossed with wild type to check for germline transmission
of the transgene and to establish stable transgenic lines by
in crossing the progenies. The GFP expression driven by
hsp90p promoter could be seen in the 1 cell stage embryos
and remained strongly expressed in a non-spatially restricted
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Fig.2 Mechanism of hsp90p gene expression. A Relative luciferase
activity of different 5'—serially deleted hsp90f promoter-reporter
constructs transfected to HEK293 cell line. The putative TATA box
shown in gray (@) color, E2F activator in black (»), E4BP4 motif
in red (), CAAT box in green (f|), special AT- rich region in yel-
low (), GATA box in light blu¢ (—pme), STAT binding elements
in violet (Ji), X-box in red (), E2a element in blue (), SALLI
repressor element in black (), E-box element in purple ({), AP1
element in black (%), HIF binding factor in red (§f), STAT3 box in
gray (b») color. The results are expressed as the mean of three dif-
ferent experiments+S.E. Top-panel shows the restriction enzyme
sites used to generate constructs in pGL4- Basic. On left, a schematic

pGL4 Basic

0 10 20 30 40
Luciferase Activity

representation of all the 5'—deleted constructs used for transfection is
depicted. Approximate locations of transcription factor binding sites
are shown. B DNA immunoprecipitation assay depicting TBP binds
with TATA box. Immunoprecipitated DNA was detected by PCR
analysis (20 cycles). Lane: 1, 3, 5 with anti-TBP conjugated aga-
rose beads. Lane: 2, 4, 6 with IgG conjugated agarose beads (con-
trol). DNA immune precipitation with TBP (Lane 3) as compared to
unbound DNA with IgG conjugated agarose beads (Lane 4). Relative
unbound DNAs are shown in lanes 5 and 6. C Stable lines of trans-
genic zebrafish (F,) expressing GFP driven by hsp90f minimal pro-
moter (derived from HSP90B.C5). (Color figure online)
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manner throughout the development Fig. 2C. This clearly
validated that the identified promoter is functional and very
strong, which is capable of driving massive GFP expression.

Identification of HIF responsive hsp90 gene
promoter

Our bioinformatics analysis identified a possible inverted
HIF element/motif RCGTG spanning — 187 to — 184 bp
[44, 45]. Tt is positioned upstream of the TATA-box
(HSP90B.C5). HIF is believed to play an adaptive role dur-
ing oxygen limitation for increased expression of HSP90B
gene. The predicted HIF element (spanning — 221 to
— 132 bp) was deleted (HSP90B.ACS5) to validate this HIF
responsive element. Hypoxic conditions-can was imposed
with CoCl, treatment as reported earlier [45, 46]. To verify
the tolerance level (dose) of CoCl,, HEK293 cells were
first treated with various doses as described in materials
and methods. As shown in Fig. 3A, it is evident that cells
remain healthy with proliferating capability when exposed

A
B Xhol Xhol Belll
| ]
-1366 754 426 +

—_— -

_‘.1.._)4_‘_;..0. HSP90B.Ahif.CS

— e

Fig.3 Delineation and functional validation of HIF induced Asp90p
gene promoter activity under hypoxic condition. A Dose dependent
analysis of impact of CoCl, at various concentrations on HEK293
cell line showing healthy cells using up to 100 uM for 24 h. B Lucif-
erase expressions between normal minimal promoter (HSP90B.C5)
and HIF deleted minimal promoter (HSP90f.Ahif.C5) showing HIF

@ Springer

up to 100 uM CoCl,, as compared to distorted cells treated
with 150 uM CoCl,. As shown in Fig. 3B, CoCl, treatment
phenomenally heightened luciferase expression driven by
HSP90B.C5 construct to the tune of more than 150-fold
as compared to non-treated transfected cells. Contrary to
this, HSP90B.ACS failed to drive heightened luciferase
expression in the presence of CoCl,. HSP90B.C5 construct
was also capable of driving increased luciferase reporter
expression in the presence of CoCl,. From these data, it
was possible to identify a HIF responsive element, cis-
acting elements necessary for the hypoxia-induced expres-
sion of the hAsp90p gene.

Discussion

HSP90B is believed to play critical roles in maintaining
regular physiological functions and in mitigating various
abiotic and biotic stresses [1, 21]. Adaptation to hypoxia
is likely to be mediated by a complex and finely tuned

HSP90B.C5

M Hypoxia treated

B Normoxia

HSP90B.C6

pGL4 Basic

0 30 60 90
Luciferase Activity

120 150 180

induced heightened luciferase expression during oxygen limitation
(hypoxic treated with CoCl,) in HSP90B.C5 as compared to mutant
HSP90B.Ahif.C5, while luciferase expression remained constant in
both the constructs in the presence of oxygen (normoxic). The sym-
bols of regulatory elements are same as depicted in Fig. 2A
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mechanism involving multiple factors. We have shown that
HSP90p plays a significant role in mitigating challenges
of hypoxia faced by C. striatus in its natural habitat [36,
47]. Little information is available regarding the molecular
mechanisms involved in adaption to extreme environmental
stressors. Since hsp90p gene expression is activated during
its prolonged exposure to hypoxic environment knowledge
on genomic organization and mechanisms regulating C.
striatus hsp90p gene expression is essential to understrand
the role of this gene in hypoxia response [36].

Here, we present the genomic organization and mecha-
nistic expression of hsp90f gene from hypoxia tolerant C.
striatus. Like that of human, fish hAsp90p gene is transcribed
from 11 exons. Every reported species contains an untrans-
lated region (UTR) upstream of the start codon. This is the
first evidence of hsp90p gene structure in any teleost fish.
HSP90 chaperon proteins are highly conserved [7, 36] across
eukaryotes, it appears that the gene structure of hsp90p to
differ from species to species. A longer intron in C. striatus
relative to hsp90f genes of other vertebrates [30, 32] might
be linked with major regulatory functions, since C. striatus
is capable of adapting against environmental stressors better
than other reported vertebrates.

The minimal promoter region (HSP90p.C5), containing
TATA-box, positioned at — 51 bp upstream of the transcrip-
tion initiation site, was identified by in vivo luciferase assay.
This is in line with the previously identified chicken Asp90p
gene promoter, where the TATA-box was located at — 26 bp
from the transcription initiation site [30, 31]. In vitro DNA
immunoprecipitation assay revealed that TBP was efficiently
bound with this promoter region. Strong driving capability
of this promoter in transgenic zebrafish confirmed the notion
that the Asp90f gene is ubiquitously expressed throughout
the body for various biological needs/functions starting from
post-fertilization. We also observed that GFP expression
was induced by stress, while observing transgenic zebrafish
under microscope (data not presented). This supported the
notion that hsp90p gene expression is linked with normal
biology and stress physiology. When the predicted X-box,
E2a and STAT consensus elements were deleted from
HSP90B.C5, to derive HSP90p.C6; its promoter activity
was reduced dramatically. This is indicative of the fact that
the deleted elements are enhancers. This is possible because
STAT transcription factor binding sites are known to act
as enhancers, which are mediated by interleukins for Asp
genes [3]. Similarly, X-box and E2a are reported to poten-
tiate promoter activities [48, 49]. Surprisingly, the entire
5'-flanking region (HSP90f.C1); containing TATA-box and
a distantly positioned CAAT-enhancer (— 1103 bp) includ-
ing other possible enhancers like E2F (— 1202), GATA-1
(— 888 bp), etc.; failed to drive reporter gene expression as

compared to HSP90B.C5 and HSP90.C6. This provided a
clue that there must be strong repressor motif(s). The repres-
sor functions could be mediated by a special AT-rich region
(— 881 bp) and a negatively oriented E4ABP4 (— 1137 bp)
elements as reported earlier [50]. A putative domain known
as SALLI (at — 371 bp) was identified as a possible strong
transcriptional repressor [51]. It would be interesting to
examine these possible repressive functions. Nevertheless,
we confirmed that the hsp90f gene is induced by hypoxic
stress and an inducible HIF element was functionally linked
with hypoxia stress management.

In conclusion, the genomic organization and HIF induc-
ible expression of the Asp90p gene of hypoxia tolerant fresh-
water fish (C. striatus) were presented. These findings, along
with established laboratory-based stress treatment protocol,
demonstrated that C. striatus has the potential to become a
candidate model fish (large-body) for studies investigating
hypoxia stress adaptation. The HIF inducible promoter of
this gene successfully drove reporter gene (GFP) expression
in zebrafish. This could have immense implications in the
future to generate transgenic food fishes, such as commer-
cially valuable farmed carps, for desirable traits of interests
[52]. This is possible since we had already established gene
integration protocol via homologous recombination using
CRISPR/Cas9 nuclease in carps [53]. It is likely that trans-
genic carp, expressing desired gene driven by inducible
hsp90p gene promoter, could be reared in higher density
(over-crowding) that may limit oxygen supply for maximum
expression of desirable traits. Thus, it might be possible to
implement cage-culture practice, which has proven to be not
effective in carps. Our findings also provide an avenue to
generate color-variant ornamental transgenic freshwater fish
using the HIF inducible hsp90p gene promoter of C. striatus.
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tary material available at https://doi.org/10.1007/s11033-021-06657-7.

Acknowledgements This work was funded by DBT and DST Women
Scientist Scheme, Govt. of India. We thank Dr. Scott Steward-Tharp,
Department of Pathology, University of Iowa for grammatical
reviewing.

Author contributions HKB: overall designing and execution of the
project, manuscript writing. SDM, SM, MMS and KP: gene charac-
terization experiments, Writing—original draft, reviews and editing.
VC, BM, RKS: transgenic experiments, maintenance of zebrafish and
manuscript editing.

Declarations

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

@ Springer


https://doi.org/10.1007/s11033-021-06657-7

6500 Molecular Biology Reports (2021) 48:6491-6501
References 18. Delaney MA,.Kle.:sius PH (2904) Hypoxi.c condigions .indu.ce
Hsp70 production in blood, brain and head kidney of juvenile Nile
. . tilapia Oreochromis niloticus (L.). Aquaculture 236(1):633-644.
L Jsﬁt‘l’sY’ Li 1\%1 ;I"ytﬁ“‘} E, L“;;‘Az’osl";r)‘ﬁgf;a‘{ght B, ‘i‘?ari https:/doi.org/10.1016/j.aquaculture.2004.02.025
» BIOWD M, .u usw.amy ( . sy rescues nutrien 19. Chen JD, Yew FH, Li GC (1988) Thermal adaptation and heat
stress by promoting leucine upt.ake in ER ™ breast cancer. Nature shock response of Tilapia ovary cells. J Cell Physiol 134(2):189—
569(7755):275-279. https://doi.org/10.1038/s41586-019-1126-2 199. https://doi.ore/10.1002/jcp. 1041340204
2. Lanneau.D, de Thonel A Maur.el .S’ Didelot C, Garrido C (20(.)7) 20. Kwon G, Sungho G (2019) Isolation and characterization of heat
Apoptosis versus cell differentiation: role of heat shock proteins shock protein 90 in Kumgang fat minnow Rhynchocypris kumgan-
HSP90, HSP70 and HSP27. Prion 1(1):56—60. https://doi.org/10. ;gensis Cytologia 84:299-308
4161/pri.1.1.4059 L. . 21. Kayhan FE, Duman BS (2010) Heat shock protein genes in fish.
3. Stephanou A, Latchman DS (1999) Transcriptional regulation of Turk J Fish Aquat Sci 10:287-293. hitps://doi.org/10.4194/trjfas
the heat shock protein genes by STAT family transcription factors. 2010.0218 ’ ’ ’ ’ ’ ’
Gene Expr 7(3-6):311-319 . 22. Yang C, Wang L, Liu C, Zhou Z, Zhao X, Song L (2015) The
4 Morlmoto RI (1998) Regulation of the }}eat shock transcrip- polymorphisms in the promoter of HSP90 gene and their asso-
tional response: cross talk between a.famlly of heat shock fac- ciation with heat tolerance of bay scallop. Cell Stress Chaper-
tors, molecular chaperones, and negative regulators. Genes Dev ones 20(2):297-308
12(24):3788-3796 ’
. 23. PuY, Zhu J, Wang H, Zhang X, Hao J, Wu Y, Geng Y, Wang
3. Basu S, Totty NF, Irwin MS.’ Sudol M.’ Downwarq g (20(.)3) Akt K, Li Z, Zhou J, Chen D (2016) Molecular characterization
phosphorylates the yes-associated protein, YAP, to induce interac- and expression analysis of Hsp90 in Schizothorax prenanti. Cell
tion with 14-3-3 and attenuation of p73-mediated apoptosis. Mol Stress Chaperones 21(6):983-991 ’
Cell 11(1):11-23. https://doi.org/l(?.1016/3}09?—2765(02)00776—1 24. Chuanjie Q, Ting S Hu.iguo D (2016) The cloning of a heat
6. Hightower LE, Norris CE, Diiorio PJ,.Fleldmg E (2015) Heat shock protein 90f gene and expression analysis in Botia reeve-
shock responses of closely related species of tropical and desert sac after ammonia-N exposure and Aeromonas hydrophila chal-
fish. Am Zool 39(6):877-888. https://doi.org/10.1093/icb/39.6. lenge. Aquac Rep 3:159-165
877 ’ : .
. . . 25. Mosser DD, Van Oostrom J, Bols NC (1987) Induction and
7. Chen B, ZI}ong D, Monteiro A (2.006) Comparative genomics decay of thermotolerance in rainbow trout fibroblasts. J Cell
and evolution of the HSP90 family of genes across all king- Physiol 132(1):155-160. hitps://doi.org/10.1002/jcp.10413
doms of organisms. BMC Genomics. https://doi.org/10.1186/ 20122 ’ ’ ’ ’ ’ ’
3 11-147tl_2A164]‘5_17_Sli)% ME. Naim HY (2018) The HSP90 family: 26. Sanders BM (1993) Stress proteins in aquatic organisms: an envi-
- poter A, bl-sapban > ham ( .) et amily: ronmental perspective. Crit Rev Toxicol 23(1):49-75. https://doi.
structure, regulation, function, and implications in health and org/10.3109/10408449300104074
gg;;;ZbInt J Mol Sci 19(9):2560. https://doi.org/10.3390/ijms1 27. Grosvik BE, Goksoyr A (1996) Biomarker protein expression in
. . . primary cultures of salmon (Salmo salar L.) hepatocytes exposed
9. Csermely P, Schnaider T, Soti C, Prohaszka Z, Nardai G (1998) to environmental pollutants. Biomarkers 1(1):45-53. https://doi.
The 90-kDa molecular chaperone family: structure, function, and org/10.3109/13547509609079346
clinical applications. A comprehensive review. Pharmacol Ther - . .
. 28. Hassanein HM, Banhawy MA, Soliman FM, Abdel-Rehim SA,
79(2):129-168. https:/(dm,org/lO,1016/s0%63—7258(98)00013—8 Muller WE. Schroder HC}; (1999) Induction of hsp70 by the her-
10. Creyel G, ~Bates H, Hu}keshmen H, Cotterill § (2001) The Dros— bicide oxyfluorfen (goal) in the Egyptian Nile fish, Oreochromis
ophila Dpit47 protein is a nuclear Hsp90 co-chaperone that inter- niloticus. Arch Environ Contam Toxicol 37(1):78-84. hitps://doi
acts with DNA polymerase alpha. J Cell Sci 114(11):2015-2025 ore/10 1(')07/5002449900492 ’ ’ ’ ’
11. Voss AK, Thomas T, Gruss P (2000) Mice lacking HSP90beta fail 29 Waglng i’F Zeng S, Xu P, Zhou L, Li GF (2016) Two HSP90 genes
12 tc? dz\;elé)p da plat;egtl;ll i;bi/.rll?.t?' é‘,) eveg) Iiameln ¢ 127(51 ):\)1\;.1 ! . in mandarin fish Siniperca chuatsi: identification, characterization
- Jrach bederro o YALCKL S, ITEY o, BAriuenga o, WINssinger and their specific expression profiles during embryogenesis and
N, De Massy.B, Nef S, Picard D (.2010) The moleculm chaperone under stresses. Fish Physiol Biochem 42(4):1123-1136
Hsp90alpha is req'mred for meiotic progression of spermatocytes 30. Meng X, Jerome V, Devin J, Baulieu EE, Catelli MG (1993) Clon-
Beyond /;;?)clll;;elnﬁ n thel mousedg 1175075;(? NE 5(12):¢15770. https:// ing of chicken hsp90 beta: the only vertebrate hsp90 insensitive
O1.01gl 1 0. journa’.pone. /- to heat shock. Biochem Biophys Res Commun 190(2):630-636.
13. Pearl LH (2005) Hsp90 and Cdc37" a chaperone cancer con- htps://doi.org/10.1006/bbrc. 1993.1095
spiracy. Curr Opin Genet Dev 15:55-61. https://doi.org/10.1016/j. 3] Meng-; X ].3aulie1i EE Cateili MG (1995) Tsolation of chicken
gde.2004.12.011 ’ h ’ ’ . :
. . . sp90 beta gene promoter. Biochem Biophys Res Commun
14. Horejsi Z, Takai H, Adelman CA, Collis SJ, Flynn H, Maslen S, 202(2):644—6%1. hftps://doi.org/lo.1006/bbrc.1995.1091
Skel:.’l S.V[’ de };‘;%FCPT’ Boullton S %)ng).cm pht‘?sll’};"'dq%t 32. Rebbe NF, Hickman WS, Ley TJ, Stafford DW, Hickman S (1989)
ent binding o . complex Lo 15 essenfial for m Nucleotide sequence and regulation of a human 90-kDa heat
and SMG1 stability. Mol Cell 39(6):839-850. https://doi.org/10. shock protein gene. J Biol Chem 264(25):15006-15011. https://
s 11\/([) 1]?£J.molc§1.T20éo.os.%3; 5012) The role of Hsn90 in rotei doi.org/10.1016/0378-1119(87)90012-6
- Va lnevyc ’bloug/. hi ( Bi ) h ¢ ;o :’ 01 8283p3 _161175“)6;12“ 33. Prodromou C (2016) Mechanisms of Hsp90 regulation. Biochem
}Clom?//ed" .asse;’llo %1 g/‘.’cbb‘m 1(2)81)11809 8031 (3):674-682. J 473(16):2439-2452. https://doi.org/10.1042/BCI20160005
ttpbﬁ 01.01g/ 1% J-bbamcr. Py . 34. Martin KLM, Graham JB (1998) Air-breathing fishes: evolution,
16. Garcia de la Serrana D, Johnston IA (2013) Expression of heat diversity, and adaptation. Copeia 1998(1): 1-254
Siofli f;r"teml(Hsfpiol) Pa‘.ralofues ‘SPrfg‘Sﬂged ;’ygafn;iz ;g‘ds ™ 35. Mohapatra S, Chakraborty T, Kumar V, DeBoeck G, Mohanta KN
sxeietal muscle o tlantic sa mon. FLo ne‘ ( ).e: (2013) Aquaculture and stress management: a review of probiotic
17. Kaplan KB, Li R (2012) A prescription for “stress’-the role of intervention. J Anim Physiol Anim Nutr 97(2013):405-430
Hsp90 in genome stability and cellular adaptation. Trends Cell 36. Mohapatra SD, Chakrapani V, Rasal KD, Subudhi E, Barman

Biol 22(11):576-583. https://doi.org/10.1016/j.tcb.2012.08.006

@ Springer

HK (2017) Hypoxia-induced gene expression profiling in the


https://doi.org/10.1038/s41586-019-1126-2
https://doi.org/10.4161/pri.1.1.4059
https://doi.org/10.4161/pri.1.1.4059
https://doi.org/10.1016/s1097-2765(02)00776-1
https://doi.org/10.1093/icb/39.6.877
https://doi.org/10.1093/icb/39.6.877
https://doi.org/10.1186/1471-2164-7-156
https://doi.org/10.1186/1471-2164-7-156
https://doi.org/10.3390/ijms19092560
https://doi.org/10.3390/ijms19092560
https://doi.org/10.1016/s0163-7258(98)00013-8
https://doi.org/10.1371/journal.pone.0015770
https://doi.org/10.1371/journal.pone.0015770
https://doi.org/10.1016/j.gde.2004.12.011
https://doi.org/10.1016/j.gde.2004.12.011
https://doi.org/10.1016/j.molcel.2010.08.037
https://doi.org/10.1016/j.molcel.2010.08.037
https://doi.org/10.1016/j.bbamcr.2011.09.001
https://doi.org/10.1016/j.tcb.2012.08.006
https://doi.org/10.1016/j.aquaculture.2004.02.025
https://doi.org/10.1002/jcp.1041340204
https://doi.org/10.4194/trjfas.2010.0218
https://doi.org/10.4194/trjfas.2010.0218
https://doi.org/10.1002/jcp.1041320122
https://doi.org/10.1002/jcp.1041320122
https://doi.org/10.3109/10408449309104074
https://doi.org/10.3109/10408449309104074
https://doi.org/10.3109/13547509609079346
https://doi.org/10.3109/13547509609079346
https://doi.org/10.1007/s002449900492
https://doi.org/10.1007/s002449900492
https://doi.org/10.1006/bbrc.1993.1095
https://doi.org/10.1006/bbrc.1995.1091
https://doi.org/10.1016/0378-1119(87)90012-6
https://doi.org/10.1016/0378-1119(87)90012-6
https://doi.org/10.1042/BCJ20160005

Molecular Biology Reports (2021) 48:6491-6501

6501

37.

38.

39.

40.

41.

42.

43.

44,

45.

liver of freshwater fish, Channa Striatus. Turk J Fish Aquat Sci
17:565-579. https://doi.org/10.4194/1303-2712-v17_3_13
Barman HK, Das V, Mohanta R, Mohapatra C, Panda RP,
Jayasankar P (2010) Expression analysis of B-actin promoter
of rohu (Labeo rohita) by direct injection into muscle. Curr Sci
99(8):1030-1032

Mohapatra C, Patra SK, Panda RP, Mohanta R, Saha A, Saha JN,
Mahapatra KD, Jayasankar P, Barman HK (2014) Gene struc-
ture and identification of minimal promoter of Pou2 expressed in
spermatogonial cells of rohu carp, Labeo rohita. Mol Biol Rep
41(6):4123-4132. https://doi.org/10.1007/s11033-014-3283-6
Patra SK, Chakrapani V, Panda RP, Mohapatra C, Jayasankar P,
Barman HK (2015) First evidence of molecular characterization
of rohu carp Sox2 gene being expressed in proliferating spermato-
gonial cells. Theriogenology 84(2):268-276. https://doi.org/10.
1016/j.theriogenology.2015.03.017

Mohapatra C, Barman HK (2014) Identification of promoter
within the first intron of Plzf gene expressed in carp spermatogo-
nial stem cells. Mol Biol Rep 41(10):6433—-6440. https://doi.org/
10.1007/s11033-014-3525-7

Mohanta R, Jayasankar P, Mahapatra KD, Saha JN, Barman HK
(2014) Molecular cloning, characterization and functional assess-
ment of the myosin light polypeptide chain 2 (mylz2) promoter of
farmed carp, Labeo rohita. Transgenic Res 23(4):601-607. https://
doi.org/10.1007/s11248-014-9798-8

Kwan KM, Fujimoto E, Grabher C, Mangum BD, Hardy ME,
Campbell DS, Parant JM, Yost HJ, Kanki JP, Chien CB (2007)
The Tol2kit: a multisite gateway-based construction kit for Tol2
transposon transgenesis constructs. Dev Dyn 236(11):3088-3099.
https://doi.org/10.1002/dvdy.21343

Zhong Y, Huang W, Du J, Wang Z, He J, Luo L (2019) Improved
Tol2-mediated enhancer trap identifies weakly expressed genes
during liver and beta cell development and regeneration in
zebrafish. J Biol Chem 294(3):932-940. https://doi.org/10.1074/
jbc.RA118.005568

Hu CJ, Iyer S, Sataur A, Covello KL, Chodosh LA, Simon MC
(2006) Differential regulation of the transcriptional activities of
hypoxia-inducible factor 1 alpha (HIF-1alpha) and HIF-2alpha
in stem cells. Mol Cell Biol 26(9):3514-3526. https://doi.org/10.
1128/MCB.26.9.3514-3526.2006

Dai ZJ, Gao J, Ma XB, Yan K, Liu XX, Kang HF, Ji ZZ, Guan HT,
Wang XJ (2012) Up-regulation of hypoxia inducible factor-1alpha

46.

47.

48.

49.

50.

51.

52.

53.

by cobalt chloride correlates with proliferation and apoptosis
in PC-2 cells. J Exp Clin Cancer Res. https://doi.org/10.1186/
1756-9966-31-28

Wu D, Yotnda P (2011) Induction and testing of hypoxia in cell
culture. J Vis Exp 54:¢2899. https://doi.org/10.3791/2899
Mohapatra SD, Kumar K, Jayasankar P, Barman HK (2013)
Establishment of dry-down hypoxic stress treatment protocol for
snakehead freshwater fish, Channa striatus. Int J Fish Aquat Stud
1(2):36-39

Thanos D, Gregoriou M, Stravopodis D, Liapaki K, Makatou-
nakis T, Papamatheakis J (1993) The MHC class II E beta pro-
moter: a complex arrangement of positive and negative elements
determines B cell and interferon-gamma (/FN-gamma) regulated
expression. Nucleic Acids Res 21(25):6010-6019. https://doi.org/
10.1093/nar/21.25.6010

Peyton M, Moss LG, Tsai MJ (1994) Two distinct class A helix-
loop-helix transcription factors, E2A and BETA1, form separate
DNA binding complexes on the insulin gene E box. J Biol Chem
269(41):25936-25941. https://doi.org/10.1016/S0021-9258(18)
47336-X

Cowell IG, Hurst HC (1994) Transcriptional repression by the
human bZIP factor E4BP4: definition of a minimal repression
domain. Nucleic Acids Res 22(1):59-65. https://doi.org/10.1093/
nar/22.1.59

Kiefer SM, McDill BW, Yang J, Rauchman M (2002) Murine
Salll represses transcription by recruiting a histone deacetylase
complex. J Biol Chem 277(17):14869-14876. https://doi.org/10.
1074/jbc.M200052200

Barman HK, Rasal KD, Chakrapani V, Ninawe AS, Vengayil DT,
Asrafuzzaman S, Sundaray JK, Jayasankar P (2017) Gene editing
tools: state-of-the-art and the road ahead for the model and non-
model fishes. Transgenic Res 26(5):577-589. https://doi.org/10.
1007/s11248-017-0030-5

Chakrapani V, Patra SK, Panda RP, Rasal KD, Jayasankar P, Bar-
man HK (2016) Establishing targeted carp TLR22 gene disruption
via homologous recombination using CRISPR/Cas9. Dev Comp
Immunol 61:242-247. https://doi.org/10.1016/j.dci.2016.04.009

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.4194/1303-2712-v17_3_13
https://doi.org/10.1007/s11033-014-3283-6
https://doi.org/10.1016/j.theriogenology.2015.03.017
https://doi.org/10.1016/j.theriogenology.2015.03.017
https://doi.org/10.1007/s11033-014-3525-7
https://doi.org/10.1007/s11033-014-3525-7
https://doi.org/10.1007/s11248-014-9798-8
https://doi.org/10.1007/s11248-014-9798-8
https://doi.org/10.1002/dvdy.21343
https://doi.org/10.1074/jbc.RA118.005568
https://doi.org/10.1074/jbc.RA118.005568
https://doi.org/10.1128/MCB.26.9.3514-3526.2006
https://doi.org/10.1128/MCB.26.9.3514-3526.2006
https://doi.org/10.1186/1756-9966-31-28
https://doi.org/10.1186/1756-9966-31-28
https://doi.org/10.3791/2899
https://doi.org/10.1093/nar/21.25.6010
https://doi.org/10.1093/nar/21.25.6010
https://doi.org/10.1016/S0021-9258(18)47336-X
https://doi.org/10.1016/S0021-9258(18)47336-X
https://doi.org/10.1093/nar/22.1.59
https://doi.org/10.1093/nar/22.1.59
https://doi.org/10.1074/jbc.M200052200
https://doi.org/10.1074/jbc.M200052200
https://doi.org/10.1007/s11248-017-0030-5
https://doi.org/10.1007/s11248-017-0030-5
https://doi.org/10.1016/j.dci.2016.04.009

	Genomic organization and hypoxia inducible factor responsive regulation of teleost hsp90β gene during hypoxia stress
	Abstract
	Background 
	Methods and results 
	Conclusions 

	Introduction
	Material and methods
	Fish sample and genomic DNA extraction
	Isolation and sequencing of 5′-flanking genomic region and intron sequences of C. striatus hsp90β gene
	Reporter constructs
	Cell maintenance, transient transfection and dual luciferase assay
	Transient transfection and reporter gene assays for validation of activity of HIF
	DNA immunoprecipitation
	Transgenic zebrafish using Tol2 transposon system

	Results
	Genomic organization of hsp90β gene
	Promoter activity analysis of hsp90β gene
	Identification of HIF responsive hsp90β gene promoter

	Discussion
	Acknowledgements 
	References




