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Abstract

analysis of canine glucocorticoid sensitivity.

Background: Glucocorticoids, among the most widely utilized drugs in veterinary medicine, are employed to treat
a wide variety of diseases; however, their use often induces adverse events in dogs. The efficacy of glucocorticoids
usually depends on dosage, although differences in sensitivity to glucocorticoids in individual animals have been
reported. Glucocorticoids bind to the cytoplasmic glucocorticoid receptor (GR), which is expressed in almost all
cells. These receptors are key factors in determining individual sensitivity to glucocorticoids. This study examined
individual differences in glucocorticoid sensitivity in dogs, focusing on reactivity of the GR to prednisolone.

Results: We first molecularly cloned the GR gene from a healthy dog. We discovered a mutant GR in a dog
suspected to have iatrogenic Cushing syndrome. The mutant GR had extra nucleotides between exons 6 and 7,
resulting in a truncated form of GR that was 98 amino acids shorter than the wild-type dog GR. The truncated GR
exhibited very low reactivity to prednisolone, irrespective of concentration.

Conclusions: We have identified the truncated form of canine GR in a dog with iatrogenic Cushing syndrome. This
truncated form showed the very less sensitivity to glucocorticoid in vitro, unfortunately, we could not elucidate its
clinical significance. However, our data is a first report about the function of canine GR, and will facilitate the
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Background
Glucocorticoids are used to treat numerous diseases, in-
flammatory conditions, transplant rejection, and various
autoimmune disorders in both human and veterinary
medicine. The primary expected effects of glucocorti-
coids are anti-inflammatory and immunosuppressive in
nature and depend on the dose of medication. Generally,
whereas lower doses of glucocorticoids induce only anti-
inflammatory effects, higher doses are associated with
additional immunosuppressive effects. However, even in
the same species, individual differences in response to
glucocorticoids can occur [1-3].

The functions of glucocorticoids are initiated upon
binding to the cytoplasmic glucocorticoid receptor (GR),
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which is expressed in most types of cells. Because GRs are
nuclear receptors, glucocorticoid/GR complexes are trans-
located to the nucleus, where they are involved in regulat-
ing the transcription of many genes. GRs have several
important functional domains: an N-terminal regulatory
domain (NTD), a DNA-binding domain (DBD), and a
ligand-binding domain (LBD). Cloning and sequencing of
guinea pig GR revealed 24 amino acid differences in the
LBD compared to the human GR. Lower affinity of the
guinea pig GR for dexamethasone in comparison with
mouse and human GR was attributed to 4 of these 24
different amino acid residues [4]. In addition, guinea pigs
have higher levels of circulating cortisol than mice and
humans. Individual differences in sensitivity to glucocorti-
coids due to single nucleotide polymorphisms or GR
structural abnormalities have been frequently reported in
humans [1-3, 5].

Compared with humans, domesticated dogs and cats
are relatively resistant to glucocorticoids [6]. However,
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the mechanism underlying this species-specific differ-
ence remains unclear, and its elucidation has awaited
molecular characterization of the dog GR. In this study,
we molecularly cloned the canine GR from three healthy
dogs and a dog undergoing veterinary treatment for
suspected iatrogenic Cushing syndrome. We determined
the sensitivity of each GR to prednisolone using a re-
porter gene assay. In addition, we identified structural
defects in the GR of the dog undergoing veterinary treat-
ment and determined the GR sensitivity in this dog.

Results

Clinical description of a dog suspected of having
iatrogenic Cushing syndrome

A 6-year-old spayed, mixed-breed dog was referred to the
Yamaguchi University Animal Medical Center for detailed
examination of skin disease. The dog was tentatively diag-
nosed with pemphigus foliaceus at a private hospital 9
months previously. The dog had been treated with prednis-
olone (0.7 mg/kg/day orally) for approximately 3 months.
After the dog was started on the medication, polyuria, poly-
dipsia, and abdominal distension were observed. The pem-
phigus foliaceus was neither ameliorated nor aggravated.
After prednisolone withdrawal, calcinosis cutis was ob-
served on the dorsal skin. Two months later, on the day of
consultation at our hospital, the adverse reaction due to
glucocorticoid therapy had already disappeared, except for
extremely severe calcinosis cutis over the entire dorsal skin
(Fig. 1a and b). Table 1 shows the results of a blood exam-
ination on this day.

Nucleotide and deduced amino acid sequences of canine
GR cDNA

Before analyzing the nucleotide sequence of the dog’s GR,
the nucleotide sequence of the canine GR was molecularly
cloned and analyzed, as it had not been reported previ-
ously. PCR amplification of the dog GR cDNA (derived
from one liver and two PBMCs all from healthy beagles)
using the primers YTM673 and YTM674 provided a DNA
fragment with an expected size of approximately 2500 bps.
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Nucleotide sequencing of the full-length dog GR revealed
a cDNA clone covering 2522 bps and containing an open
reading frame of 2343 bps encoding a protein of 780
amino acids (Fig. 2). The nucleotide sequence of the dog
GR was 91, 87, and 89% identical to that of human GRa
(GenBank Accession No. P04150), mouse (Mus musculus)
GRa (GenBank Accession No. P06537), and guinea pig
(Cavia porcellus) GRa (GenBank Accession No. P49115),
respectively.

Alignment of the predicted amino acid sequence of the
dog GR cDNA clones with those of the human, mouse,
and guinea pig cDNAs is shown in Fig. 3. The deduced
amino acid sequence of the dog GR cDNA exhibited 92,
89, and 88% homology with that of the human, mouse,
and guinea pig GRa polypeptides, respectively. Consistent
with the high homology of the predicted dog GRa amino
acid sequence to those of other species, the dog GRa
appeared to be composed of an N-terminal regulatory
domain (NTD), a DNA-binding domain (DBD), a hinge
region (HR), and a ligand-binding domain (LBD), similar
to the human, mouse, and guinea pig receptors. These re-
sults suggest that the function of the dog GRa is similar to
that of other species. Of the functional domains, the DBD
was the most conserved between species, and no amino
acid differences were found between the human, dog, and
mouse GRas. The LBD also exhibited high homology be-
tween species, whereas the NTD exhibited less homology.

Phosphorylation of the human GRa at many sites (T8,
$45, S113, S134, S141, S203, S211, S226, S234, S267, and
S404) has been reported, and this is considered to play
an important role in GRa functions, such as transactiva-
tion and nuclear export [7-9]. Compared with the hu-
man receptor, most of the phosphorylation sites were
conserved in dog and mouse GRa, except those at resi-
dues 8 and 234. The threonine at residue 8 was less
conserved between species. The serine at residue 234 of
the human GRa was changed to a proline in the mouse,
dog, and guinea pig receptors.

In addition to phosphorylation, GRa undergoes other
types of posttranslational modifications, such as acetylation,

Fig. 1 Bilateral hair loss on truncal regions and calcinosis in a dog with iatrogenic Cushing syndrome. a Alopecia and calcinosis cutis on the
dorsal region of this dog. b Close-up image of lesions exhibiting calcinosis cutis in (a)
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Table 1 Hematological and biochemical findings in the dog on day 1
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Red blood cells 853 x 10* /ul BUN 10.6 mgy/dl
Hemoglobin 19.5 g/dl Creatinine 0.6 mg/dl
Hematocrit 53% AST 241U/l
Mean corpuscular volume 64.0fl ALT 521U/
Mean corpuscular hemoglobin 229pg ALP 511U/
Mean corpuscular hemoglobin concentration 357 g/dl GGT 101U/1
Albumin 30g/dl
White blood cells 7329 /ul Total Cholesterol 197 mg/dl
Band neutrophils 73 /ul Glucose 99 mg/dl
Segmented neutrophils 5864 /ul Na 148 mEg/I
Lymphocytes 586 /ul N 3.8 mEq/I
Monocytes 220/l cl 114 mEqg/I
Eosinophil 586 /4l Ca 9.5 mgy/dl
1P 44 mg/dl
Platelet 440x 10" /ul CRP 0.3 mg/dl
Total protein 7.0g/dl

SUMOylation, and ubiquitination (Fig. 3) [10-12]. All
reported modification sites in the human GRa were
completely conserved in the mouse, dog, and guinea
pig receptors.

A number of inactivating mutations (N72D, V321A,
V423A, R477H, 1559D, V571A, D641V, G679S, V729],
F737S, 1747M, and L773P) in the human GRa gene are
known to cause familial GC resistance [1-3] (Fig. 3).
Compared with the inactivating mutations reported in
the human GRa, most of sites were well conserved be-
tween the mouse, dog, and guinea pig receptor genes.
However, the dog GR has a histidine at residue 72 rather
than an asparagine.

Nucleotide and deduced amino acid sequences of the GR
cDNA of the treated dog

PCR amplification of the cDNA of the dog treated at our
hospital using the primers YTM673 and YTM674 gener-
ated a DNA fragment with a slightly larger size than an ex-
pected size. The nucleotide amino acid sequence of this GR
clone was aligned with that of dog wild type GR (Fig. 2),
which revealed that the GR of the dog undergoing treat-
ment had an extra 69 nucleotides between nucleotides
2032 and 2033 compared with dog wild type GR. These
extra 69 nucleotides matched a part of the nucleotide
sequence of dog genomic DNA corresponding to intron 6
(Fig. 4a). Insertion of these extra 69 nucleotides between
exons 6 and 7 introduced a frameshift and a premature ter-
mination codon (TGA) 15 bp downstream of the insertion.
This insertion is thus predicted to result in a truncated
protein of 682 amino acids, compared to the normal (wild
type) 780 amino acids (Fig. 4b).

Overexpression of dog GR in COS-7 cells

To confirm the molecular size of the treated dog’s GR
(cGRALBD) cloned in this study, FLAG-tagged cGRALBD
or wild type GR were transfected into COS-7 cells, and
the expression of the GR was examined by western blot-
ting using an anti-FLAG antibody (Fig. 5a). A single band
of the expected molecular weight and several bands of
lower molecular weight were observed in COS-7 cells
transfected with FLAG-tagged dog GR in COS-7 cells,
whereas a band showing a lower molecular weight than
wild type GR was confirmed in COS-7 cells transfected
with the FLAG-tagged cGRALBD.

Sensitivity of the treated dog’s GR to prednisolone

To compare the sensitivity to glucocorticoids of the treated
dog GR and wild type GR, the luciferase activity of the
glucocorticoid response element (GRE) of mouse mammary
tumor virus (MMTYV) was determined in COS-7 cells trans-
fected with either GRa expression vector, followed by treat-
ment with various concentrations of prednisolone (Fig. 5b
and c). The concentration of prednisolone resulting in the
maximum luciferase activity was 2.0x 10" >uM for the
normal, healthy dog (Fig. 5b). The calculated ECsy of dog
GR-induced luciferase activity was 0.2 x 10”* M.

To determine the effect of deletion of the LBD in
c¢GRALBD on glucocorticoid sensitivity, the luciferase activ-
ity of the GRE was determined in COS-7 cells transfected
with ¢cGRALBD and treated with various concentrations of
prednisolone. The luciferase activity of cGRALBD was very
low, irrespective of the concentration of glucocorticoid, and
unaltered by any increase in the prednisolone concentration
(10~* to 10~ > uM). However, the activity increased slightly
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TTTTGCCTGGTAGCTGATGATAATCACTG
>

ATGGACTCCAAGGAATCATTAAGTCCCCCCAGTAAAGAAGAAATCTCTAGCAGTGTGCTTGGTCGGGAGAGGGGAAATGTGATGGACTTC
M D S K E s L 8 P P S K E E I s s 8 vV L Y K T L R G G A T V

TATAAAACCCTGAGGGGAGGAGCTACTGTGAAGGTTTCTGCGTCTTCACCCTCACTGGCTGCTGCTTCTCAGTCAGACTCCAAGCAGCAA
G R ERGNV MDDV F K VS AS S P SLAA A ASQ S D S K Q Q

AGACTTTTGGTTGATTTTCCAAAAGGCTCAGGAAGCCATGCACAGCAGCCAGATCTGTCCAAGGCAGTTTCACTCTCAATGGGATTGTAT
R L L VD F P K G S G S HAQQ?PDIL S KAV S L S MG L Y

ATGGGCGAGACAG. CCAAAGTGATGGG. TGACCTGGGATTCCCACAACAGGGCCAAATCAGCCTTTCCTCTGGGGAAACAGACTTT
M G E T E T XK VM GDNDULGF P Q Q G Q I s L 8 S G E T D F

CGGCTTCTGGAAGARAGCATCGCAAACCTCAATAGGTCAACCAGTGTTCCAGAGAACCCCAAGAGCTCAGTGTCTGCTGTTTCTGCTGCC
R L L EE $ I A NLNURS T S V P ENP K S S V S A V S A A

CCCACAGAGAAGGAGTTTGCACAAACTCTTTCTGATGTGTCTTCAGAACAGCAACATTTA GGCCAGACGGGCACCAATGGGGGCAAC
P T E K E F A Q T L S DV S S E Q Q HL K G QTG TNG G N

GTGAAGTTGTATACCACAGACCAAAGCACCTTTGACGTTTGGAGGAAAAAACTCCAGGATTTGGACTTTACTTCTGGGTCCCCAGAGAAA
v K L Yy TTDIQsSs TF DV W R KX UL QDL D F TS G S P E K

GAGGCGAGTGAGAGCCCTTGGAGATCAGACCTCTTGATAGATGAAAACTGTTTGCTCTCTCCTTTGGCAGGAGAGGACGATCCATTCCTT
E A S E S P WU R SDULL I DENTCLUL S PLAGET DT DUP F L

CTGGAAGGAAACTCGAACGAGGACTGTAAACCTCTCGTTTTGCCGGACACAAAACCTAARATTAAGGATAATGGAGACCTGATCTTAGCC
L E G N SN EDCK P L VL P DT I K P K I KDNGUDTIL I L A

AGCCCCAACAGTGTGCCACTGCCCCAAGTGAAAACAGAAAAAGAAGATTTCATTGAACTCTGCACCCCTGGGGTAATTAAGCAGGAGARAA
s PN SV P L P Q V K TEXEDF I EL CTP GV I K Q E K

CTGGGCCCAGTTTACTGTCAGGCAAGCTTTTCTGGGGCAAATATAATTGGTAATAAARATGTCTGCCATTTCTGTTCATGGTGTGAGTACC
L G P VY CQASV F S GANTITIGDNI KMSA ATI SV HGV S T

TCTGGGGGACAGATGTACCACTATGACATGAATACAGCATCCCTTTCTCAACAGCAGGATCAGAAGCCTATTTTTAATGTCATTCCACCA
s G G Q MY HYDMNTA ASTIL S Q Q QD @Q K P I F NV I P P

ATTCCTGTTGGTTCAGAAAATTGGAATAGGTGCCAAGGATCTGGCGATGATAACTTGGCTTCCTTGGGGACTTTGAACTTCCCTGGTCGG
I PV GS ENUW®WNU RTCOQGSGDUDNTZLA ASTLTGTTULNF P G R
Exon 2 Exon 3
TCGGTGTTTTCTAATGGCTATTCAAGCCCTGGAATGAGACCAGATGTCAGCTCTCCTCCATCCAGCTCCTCAGCGGCAACGGGACCACCT
S VvV F S NGY S SPGMZ&RUZPDV VS S P PSS S S AATG P P

CCCAAACTCTGCCTCGTGTGTTCTGACGAGGCCTCGGGGTGTCATTACGGGGTCTTGACTTGTGGAAGCTGCAAAGTGTTCTTCAAGAGA
P XK L ¢ L V CSDEA ASTGT CHYGVULTT CSGSCZKV F
Exon 3 Exon 4
GCGGTGGAAGGACAACACAATTATCTTTGTGCTGGAAGAAATGATTGTATCATTGATAAGATTCGAAGAAAAAACTGTCCAGCATGCCGC
AV EG Q HN Y L CAGU RNDTCTITIDIZEXKTIT RTI RIEKNDNTCZPATCR
Exon 4 Exon 5
TATCGGAAATGTCTTCAAGCTGGGATGAACTTGGAAGCTCGAAAAACAAAGAAAAAGATAAAAGGAATTCAGCAGGCCACTCCAGGAGCA
Y R K ¢ L Q A GMNTULEA ATRIEKTIEKI KI KTIZXGTIOQOQATP G A

TCACAAGAAACTTCTGAAAATCCTGCTAACAAAACAATAGTTCCTGCAACATTACCACAGCTCACCCCTACCCTGGTGTCCCTGCTGGAG
S Q E T S ENPANIK T I V PATUL P QL TP TUL V S L L E

GTCATTGAACCCGAGGTGTTATACGCAGGGTATGACAGCTCTGTCCCAGATTCGACTTGGCGGATCATGACCACACTCAACATGTTAGGT
v I E P E VL YA GY DS s V?PDSTWURTIMTTTULNMTIL G

Exon 5 Exon 6
GGGCGGCAAGTGATCGCAGCAGTGAAATGGGCCAAGGCAATACCAaEATTCAGGAACTTACACCTGGATGACCAAATGACCCTACTGCAG
G R QV I A AV KW A KATIUPGTFR RNINTZLUHTILUDTUDIOQMTTLL Q

TATTCATGGATGTTCCTCATGGCATTTGCCCTGGGGTGGAGATCATATAGACAATCAAGTGGAAGCATGCTGTGTTTTGCTCCTGATCTG
Y s WM FLM®ATFATLTGTUWZ RS YROQS S G SMTLTCTFAZPDL
Exon 6 Exon 7
ATTATTAATGAGCAGAGAATGACCCTCCCCTGCATGTATGACCAATGTAAACACATGCTGTTTGTTTCCTCCGAGTTACAGAGGCTTCAG
I I NE QR MTTILPCMYUDOQQCZ K HMTILTFUV S S ETLOQTRTILQ
Exon 7 Exon 8
GTCTCTTATGAAGAGTATCTATGTATGAAAACCTTACTGCTTCTCTCTTCAGTTCCTAAGGAAGGTTTGAAGAGCCAAGAACTGTTTGAT
Vs Y EEJYJLCMZE KTTZLTULTULTULS SV P KETGTULI K S QELF D

GAAATTAGAATGACCTACATCAAAGAGCTAGGAAAAGCCATTGTCAAGAGGGAAGGGAACTCCAGCCAGAACTGGCAACGCTTTTATCAA
E I RM T Y I KEUL G XA ATIV KU RTETGNZSSQNUWOQU®RTF Y Q
Exon 8 Exon 9
CTGACAAAACTCTTGGACTCCATGCATGATGTGGTTGAAAATCTCCTTAACTTTTGCTTCCAAACATTTTTGGATAAGACCATGAGTATT
L T K L L DS MHDV VENTLTLINT FEFTCTFOQTT FTILDI KTMS I

GAATTCCCAGAGATGTTAGCTGAAATCATCACCAATCAGATACCAAAATATTCAAGTGGAAATATCAAAAAACTTCTGTTTCATCAAAAG
E F P EMTLAE I I TNIOQTI P XK Y S s G NI XK KL L F H Q K

TGACTGCCTTAATRAAGAAAGGTTGCCTTAAAGARAGTTG
* <

Fig. 2 Nucleotide sequence and predicted amino acid sequence of dog GR cDNA. The nucleotide sequence of dog GR is shown, with the
predicted amino acid sequence shown below the nucleotide sequence. Numbers to the left refer to the nucleotide position in the dog GR cDNA
or amino acid position in the dog GR. Arrows indicate the primers used for cDNA cloning. The asterisk indicates the stop codon. The nucleotide
sequence data reported in this paper were submitted to the DNA Data Bank of Japan (DDBL)/European Molecular Biology Laboratory (EMBL)/
GenBank (Accession No. AB874470). Vertical lines indicate exon-exon boundaries

at very high prednisolone concentrations (10™" to 1 M)

(Fig. 5¢).

Discussion

In this study, we first isolated the dog GR gene from a
healthy normal dog and compared its glucocorticoid

sensitivities to that of the GR of a dog being treated at

our hospital. The dog was being treated for suspected
iatrogenic Cushing syndrome, and its GR was character-
ized by a deletion, which was designated cGRALBD. We

were not able to obtain a complete history regarding the
clinical symptoms and medications for this dog, but
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N-terminal regulatory domaiin

[ ] [ ]
human DSK! SLTP—GREENPSSVLASERGDVMD* RGGATVKVSASSPSLAVASQSDSKOR 59
dog MDSKESLSPPSKEEISSSVLGRERGNVMDEF RGGATVKVSASSPSLAAASQSDSK 60
motise DSKESLAPPGRDEVPSSLLGRGRGSVMDLYKTLRGGATVKVSASSPSVAAASQOADSK 60
guinea MDIRESVTS-~SKEVESSVICSERRNVIDPYKIVRCCATVIVEASCRCLAAMMQSDOKOR 55
*
human RLLVDFPKGSVSNAQQ-------- PDLSKAVSLSMGLYMG GNDLGFPQQOGQIS 111
dog RLLVDFPKGSGSHAQQ - - = = = - - — DLSKAVSLSMGLYMG VMGNDLGFPOOGQTIS 112
moilse RILLDESKGSASNAQOQQQQQOQPQPDLSKAVSLSMGLYMG VMGNDLGYPOOGOLG 120
guinea NN s 110
[ ) [ ) (]
human LSSGETDLKLLEESIANLNRSTSVPENPKSSASTAVSAAPTEKEFPKTHSDVSSEQQHLK 171
do LSSGETDFRLLEESIANLNRSTSVPENPKS -SVSAVSAAPTEKEFAQTLSDVSSEQQHLK 171
molise LSSGETDFRLLEESIANLNRSTSRPENPKSSTPAAGCATPTE FPOTHSDPSSE RK 180
gulnea LPSGETD LLEESIANLSRSTSVPENPKN--SASAVSGTPTEEFPKTQOSDLSSE LK 168
*.*****::*********.**** * kkkk ...** *':* *k kkk BB *
(] @ [ )
human GQTGTNGGNVKLYTTDONTEDI----LODLEFSSGSPGKETNESPWRSDLLIDENCLLSP 227
dog GOTGTNGGNVKLYTTDOSTFDVWRKKLODLDFTSGSPEKEASESPWRSDLLIDENCLLSP 231
molise SQOPGTNGGSVKLYTTDQOSTEDI - ---LODLEFSAGSPGKETNESPWRSDLLIDEN-LLSP 235
guinea SQAGTNGGNVKFPP-DOSTFDI----LKDLEFSSGSPGKERSESPWRPDLLMDESCLLSP 223
*****.** . * _*** *:**:*::*** * % _*****_ **:**_ * k k%
° e ]
human LAGEDDSFLLEGNSNEDCKPLILPDTKPKIKDNGDLVLSSPSNVTLPQVKTEKEDFIELC 287
dog LAGEDDPFLLEGNSNEDCKPLVLPDTKPKIKDNGDLILASPNSVPLPOVKTEKEDFIELC 291
mofilse LAGEDDPFLLEGDVNEDCKPLILPDTKPKIODTGDTILSSPSSVALPQVKTEKDDEIELC 295
guinea LAGEDDPFLLEGNSNEDCKPLILPDTKPKIKDNGDGILSSSNSVPQPQVKIGKEDFIELC 283
*kkkkkk k*k **: *kkkkk :*** * *:*'* :*:*"‘*' * x k% *:******
L} x
human TPGVIKQEKLGTVYCOASFPGANIIGNKMSAISVHGVSTSGGOMYHYDMNTASLS D 347
dog TPGVIKOEKLGPVYCOASEFSGANI IGNKMSAISVHGVSTSGGOMYHYDMNTASLS D 351
mollse TPGVIK( GPVYCOASFSGTNIIGNKMSATISVHGVSTSGGOMYHYDMNTASLS D 355
gulnea TPGVIKOEKLGPVYCOASFSGANIIGNKMSAISVHGVSTSGGOMYHYDMNTASLS D 343
*kkhkkkkkhkxkk *.*** ***.*:******************** *kkhkkkkkhkkkkkkkx *
°
human KPIFNVIPPIPVGSENWNRCOGSGDDNLTSLGTLNEFPGRTVESNGYSSPSMRPDVSSPPS 407
do KPIFNVIPPIPVGSENWNRCOGSGDDNLASLGTLNFPGRSVESNGYSSPGMRPDVSSPPS 411
mofilse KPVENVIPPIPVGSENWNRCOGSGEDNLTSLGAMNFAGRSVESNGYSSPGMRPDVSSPPS 415
guinea KPIFNVIPPIPVGSENWNRCOGSGEDNLTSLGTVNFPGRSVFSNGYSSPGLRPDVSSPPS 403
k. kkhkhkkkdkrkkkhkxhkdkhkxkkxkk ***:***::**_**:** ******_:** * kkkkk
o % DNA binding domain
human SSSTATTGPPPKLCLVCSDEASGCHYGVLTCGSCKVFFKRAVEGOHNYLCAGRNDCIIDK 467
dog SSSAAT-GPPPKLCLVCSDEASGCHYGVLTCGSCKVEEFKRAVEGQOH LCAGRNDCIIDK 470
molise SSSTAT-GPPPKLCLVCSDEASGCHYGVLTCGSCKVEFKRAVEGOHNYLCAGRNDCIIDK 474
gulnea SSSTTT-GPPPKLCLVCSDELSGCHYGVLTCGSCKVFEFKI EG%— LCAGRNDCIIDK 462
* k% *k hkhkkkkhkhkkhkhkhkkkhkk *hkhkhkkkhkhkhkhkhkhkdkhhkhkdkhkhhkhkdkhhdhkhhdkhkhhhkhhrhhhxk
w AA Hinge region
human |IRRKNCPACRYRKCLOAGMNLEARKTKKKIKGIQQATTGVSQETSENPGNKTIVPATLP 527
dog IRRKNCPACRYRKCLOAGMNLEAR KGIQOOATPGASQOETSENPANKTIVPATLD 530
moise | IRRKNCPACRYRKCLOAGMNLE KKIKGIQQATAGVSODT - SENANKTIVPAALP 533
guinea | IRRENCPACRYRKCLOAGMNLQAR KKKIKGIQOQOATTGVSONTSENP -NKTIVPATLP 521
*Xkk . kkkkkkhkxkkkx *****:***i*** * % **_*_* :**** *******:**
Ligand binding domain
human LTPTLVSLLEVIEPEVLYAGYDSSVPDSTWRIMTTLNMLGGRQVIAAVKWAKAIPGFRNL 587
dog LTPTLVSLLEVIEP YAGYDSSVPDSTWRIMTTLNMLGGRQVIAAVKWAKAI PGEFRNL 590
mofilse LTPTLVSLLEVIEPEVLYAGYDSSVPDSAWRI LNMLGGROVIAAVKWAKATPGE L 593
guinea LTPTLVSLLEVIEPEVIHSGYDSTSPDSTWRIMTTLNMLGGROVIAAVKWAKAIPGFKNL 581
kkhkhkkkkhkkkkkhkkkk* :::* **: ***:**** *hkkkkkkk **************:**
%
human HLDDOMTLLQYSWMFLMAFALGWRSYRQSSANLLCEFAPDLIINEQRMTLPCMYDQCKHML 647
do HLDDOMTLLOYSWMFLMAFALGWRSYROSSGSMLCFAPDLIINEQRMTLPCMYDQCKHML 650
molise HLDDOMTLLOYSWMFLMAFALGWRSYROASGNLLCFAPDLIINEQRMTLPCMYDQOCKHML 653
guinea HLDDOMTLLOYSWMFLMAFA RSYKOSNGSLLCFAPDLIINEQRMSLPWMYDQCRYML 641
kkkhkkXkhkhkkkkkxkkk*k ***********: :._.:******* * % % **:** * % % *::**
p+d n
human | YVSSELHRLQVS LCMKTLLLLSSVPKDGLKSQELFDEIRMTYIKELGKATIVKREGN 707
do FVSSELQRLQVS LCMKTLLLLSSVPKEGLKSOELFDEIRMTYIKELGKAIVKREGN 710
moise | FISTELORLOVS LCMKTLLLLSSVPKEGLKSOELFDEIRMTY IKELGKATIVKREGN 713
gulnea  YVSSEL RJ%VH LCMKTLLLLSSVPKEGLKSOELFDEIRMTYIKELGKAIVKREGN 701
*:** * % %k k % * khkkhkhkkhkhkhkdhkhkkhkhkhkkhkhk.hkdhhkhkdhhkhkhkdkhkhkdkhdkhkhkdkrxhkhkhkdkhrhkdxkx
h+d * *
human SSONWOREFYQLTKLLDSMHEVVENLLNYCFQTFLDKTMSIEFPEMLAEIITNQIPKYSNG 767
dog SSONWORFYQLTKLLDSMHDVVENLLNFCFOTELDKTMSIEFPEMLAEIITNQIPKYSSG 770
moise SSONWORFYQLTKLLDSMHDVVENLLSYCFOTFLDKSMSIEFPEMLA. TNQIPKYSNG 773
guilnea SSONWORFYOLTKLLDSLHEIVGNLLNICFKTFLDKTMNIEFPEMLA TNQLPKYSNG 761
*kKEkkkkkk*x *******:*::* ***. * % *****:* kkhkkhkkkkhkhkkkkhkkk*x :****.*
b+
guman NIKKLLFHQK 777
(o) NIKKLLEHOK 780
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Fig. 3 Comparison of the predicted amino acid sequences of GRs from different species. The amino acid sequence of the dog GR was aligned
with that of human, mouse, and guinea pig GRs using Clustal W software. The “*" below columns in the amino acid sequences indicate that the
residues in that column are identical in all sequences in the alignment. The " and “." symbols indicate that semiconserved substitutions were
observed. Numbers to the right refer to amino acid positions. GR amino acid sequences were obtained from the NCBI database (NP_000167.1 for
human, P06537.1 for mouse, and NP_01166458.1 for guinea pig). The GR is composed of four domains, which are shown in shaded boxes: N-
terminal regulatory domain, DNA-binding domain, hinge region, and ligand-binding domain. Each domain was defined according to the domain
composition of the human GR. Closed circles, closed boxes, open box, and closed triangles indicate phosphorylation sites, SUMOylation sites,
ubiquitination site, and acetylation sites, respectively, which were identified in the human GR. Stars indicate known mutation sites in the human
GR associated with natural resistance
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xon Intron7
GTCTCTTATGAAGAGTATCTATGTATGAAAACCTTACTGCTTCTCTCTTCAG gttggtagagcaaca. ... ........... tatctaa
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Intron7
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atct......... oL atcttaaccttttag TTCCTAAGGAAGGTTTGAAGAGCCAAGAACTGTTTGATGAAATTAGAATGACCTA

Fig. 4 Structure of the GR gene in the dog with suspected iatrogenic Cushing syndrome. a Each box indicates an individual exon. Exon lengths
are show in each box and intron lengths are indicated between each box. The extra exon present only in this dog is depicted in black. b Partial
nucleotide sequence and predicted amino acid sequence of the cDNA of the dog treated in this case. The nucleotide sequence of the GR gene
is shown, with the predicted amino acid sequence shown below the nucleotide sequence. The asterisk indicates the stop codon

Exon8

treatment with prednisolone had not been for an ex-
tended period, and the dosage did not seem too high
based on the limited information available to us. We
then considered that this dog could be very sensitive to
prednisolone and hypothesized that the abnormal GR
was more sensitive to glucocorticoid than normal dog
GR. cGRALBD had a shorter LBD than the normal dog
LBD due to alternative splicing generated by insertion of
an extra exon. Furthermore, cGRALBD exhibited poor
sensitivity to prednisolone, in complete contradiction to
our hypothesis. On the one hand, this minimal sensitiv-
ity of cGRALBD to glucocorticoid was consistent with
the results of a previous study showing that an artificial
LBD-deletion mutant human GR had no sensitivity to
glucocorticoid [13]. The LBD plays a role in the binding
of glucocorticoid to the GR, and its sensitivity varies. For
example, the guinea pig GR has lower affinity for dexa-
methasone than the mouse and human GRs [14] due to
4 important differences in the amino acid sequence
between residues 544—551 of the LBD. Asparagine 619,
leucine 620, tyrosine 735, and asparagine 766 in the LBD

of hGR are conserved only in the human and mouse GR,
but in the dog GR, these residues are substituted with
serine, methionine, phenylalanine, and serine, respect-
ively. These differences could contribute the increased
sensitivity of dog GR to prednisolone as compared with
the human and mouse GRs.

In humans, no or little sensitivity to glucocorticoid is
known as cortisol resistance and typically results from a
mutation in the LBD [1]. Among these mutations, I559N
and 1747M are known as dominant negative mutations
[15], which lead to clinical syndromes such as cortisol
resistance. Patients with these mutations present with
increased cortisol levels compared with the normal popula-
tion. The negative glucocorticoid feedback controlling
secretion of both corticotrophin-releasing hormone (CRH)
and adrenocorticotrophin (ACTH) is suppressed as a con-
sequence of diminished glucocorticoid sensitivity. Secretion
of both CRH and ACTH increases, resulting in higher
serum cortisol levels, which appear to compensate ad-
equately for the reduced sensitivity. As the increased serum
cortisol levels are physiologically needed, patients do not
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Fig. 5 Expression and sensitivity of cGRALBD to prednisolone. a COS-7 cells were transiently transfected with pCR3-cGR#3 or a cGRALBD-
expressing vector. Forty-eight hours after transfection, whole cell lysates were prepared and analyzed by western blotting using an anti-FLAG
antibody (M2). The results of 1 of 2 comparable experiments are shown. b, ¢ Lower responsiveness of cGRALBD to prednisolone. COS-7 cells
were transiently transfected with pGL4.36, pRL-SV40, and either a cGR- or cGRALBD-expressing vector and then treated with different doses of
prednisolone (107* to 1 uM) for 24 h. Transactivation of cGR (b) or cGRALBD (c) was evaluated using a luciferase assay. Values were calculated as
% of maximal effect (b) or fold-increase in reactivity to basal treatment (c) and represent the means +SE of more than three
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show symptoms of cortisol excess [16]. The diagnostic
criteria for generalized glucocorticoid resistance include no
clinical signs of Cushing syndrome, increased plasma
total and free cortisol (normal plasma cortisol-binding
globulin concentration), 24-h urinary free cortisol or
17-hydroxysteroid excretion, increased rate of cortisol
production, and resistance to dexamethasone [17]. As
we did not perform all of these examinations, we can-
not completely exclude the possibility that this dog had
cortisol resistance. However, it is unlikely that this dog
had generalized cortisol resistance because it did not
exhibit increased plasma cortisol (baseline cortisol of
1.5pg/dL and 6.18 ug/dL at 3 weeks and 17 months
after the first visit to our hospital, respectively) but did
exhibit increased alkaline phosphatase after treatment
with prednisolone at the private veterinary hospital.
The discrepancy between this dog’s clinical response to
glucocorticoid and harboring a glucocorticoid-unresponsive
form of GR could be explained as follows. Whereas human
patients exhibiting generalized glucocorticoid resistance
have genomic mutations in the LBD of the GR, the treated
dog of this case harbored an alternative splicing variant GR.
This could occur only in peripheral blood mononuclear

cells (PBMCs) from this dog; if other tissues had GRs with
a normal splicing pattern, generalized glucocorticoid resist-
ance should not be observed. Unfortunately, we were not
able to obtain other tissues from this dog and thus could
not determine the expression pattern of GRs in other tis-
sues. Moreover, we were not able to obtain genomic DNA
from this dog, which could have provided information as to
whether this mutant form of GR derived from germ-line
mutations that could induce the abnormal splicing pattern.
In this study, we also cloned the GR from the PBMCs from
two normal healthy dogs, as well as the thymus of a normal,
healthy dog. On the other hands, this dog had only mutant
form of GR in PBMC. This suggested that the mutant form
of GR, cGRALBD, is characteristics of GR in PBMC from
this dog.

In this study, we conducted a molecular characterization
of the dog GR. We also identified a natural mutant GR in
a dog being treated for suspected iatrogenic Cushing syn-
drome and compared its function with that of the GR of a
normal, healthy dog. The precise mechanism controlling
the sensitivity of the GR in dogs remains to be elucidated,
but the results of this study could facilitate further studies
of dog GR sensitivity and/or resistance.
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Conclusions

In this study, we molecular cloned canine GR for the
first time. We also identified a mutated GR from the dog
with iatrogenic cushing’s syndrome. This mutated GR
had very low sensitivity to glucocorticoid treatment as
shown by GR-responsive reporter gene assay. Although
the significance of this mutated GR in iatrogenic cush-
ing’s syndrome is still unknown, but this is the first
report about abrogated canine GR from patient dog.

Methods

Cell culture

COS-7 (African Green monkey kidney) cells were grown
in R10 complete medium (RPMI 1640; Nacalai Tesque,
Kyoto, Japan) supplemented with 10% fetal calf serum,
55uM 2-mercaptoethanol, 100 units/ml penicillin, and
100 pg/ml streptomycin. Cells were incubated at 37 °C in
a humidified atmosphere containing 5.0% CO,.

Molecular cloning of canine GRs

A whole blood was obtained from a dog undergoing vet-
erinary treatment under the dog’s owner consent, and
was used to clone the full-length dog GR. One micro-
gram of total RNA was isolated from each specimen,
treated with Turbo DNA-free (Ambion Life Technolo-
gies, CA), and then transcribed into cDNA using Super-
script III (Invitrogen Life Technologies, CA), according
to the manufacturer’s instructions. Oligo dT primers
were used to prime the first-strand synthesis for each
reaction. For a control dog sample, the frozen stocked
c¢DNA of canine thymus and PBMCs in previous study
{Mizuno:2009tw} was used.

The primers to amplify dog GR cDNA, YITM673 (5'-
TTTTGCCTGGTAGCTGATGA-3") and YTM674 (5'-
CAACTTTCTTTAAGGCAACCTTTC-3), were designed
based on predicted sequences of the GR as determined
from the dog genomic database (GenBank Accession No.
NW_876266.1). Using these primers, the dog GR gene was
amplified from c¢DNA using a KOD plus kit (Toyobo,
Osaka, Japan) according to the manufacturer’s instructions.
Pre-denaturation at 94°C for 2 min was followed by 35
cycles of PCR amplification consisting of denaturation at
94.°C for 10 s, annealing at 60 °C for 30's, extension at 68 °C
for 3 min, and then a final extension at 68 °C for 10 min
using a PCR System 9700 (Perkin-Elmer, Waltham, MA).
Each gel-purified PCR product was inserted into Smal
restriction sites of the pBluescript SK (-) vector (designated
pBS-GRa full#1). The constructed insert-containing vector
was sequenced using M13 (- 20) forward primer and
M13 reverse primer with a BigDye Termination v3.1
Cycle Sequencing kit (Perkin-Elmer) and analyzed using a
PRISM3100-Avant sequencer (Applied Biosystems, Foster
City, CA) at the Yamaguchi University Center for Gene
Research. The resulting sequencing data were compared
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to the previously reported GR using ApE (A plasmid
Editor) and Clustal W software.

Construction of expression vectors

To obtain the vector encoding the dog GR, two
FLAG-tag sequences were added at the N-terminus
of the GR. PCR was carried out with each primer
pair, YIM1033 (5'-AGGAATTCGACTCCAAGGAAT-
CATA-3') and YTMI1034 (5-CCAGAGGAAAGGCT
GATTTG-3’), using pBS-GRa full#1 as a template. The
PCR product was purified and digested with Bg/l and EcoRL
To obtain the second half of the cGR, pBS-GRa full#1 was
digested with Bgll and Xbal. The amplified product carry-
ing the FLAG tag and the corresponding second half
digested with restriction enzymes were ligated into the
EcoRI and Xbal sites of the pCR2xFL vector. The nucleo-
tide sequence of the clone was confirmed by sequencing, as
described above.

Western blot analysis

For transfection, cells were plated in a 6-well plate at
3.0x10° cells in 2ml of R10 medium 24h prior to
transfection. Cells were transfected using TransIT-LT1
(Mirus Bio Corporation, WI) transfection reagent ac-
cording to the manufacturer’s instructions. In brief, 1 pl
of TransIT-LT1 and 1pg of one of the GR expression
vectors were mixed in 100 pl of un-supplemented RPMI
1640 medium. After incubation for 15min at room
temperature (RT), the mixture was added to the cells. At
48 h after transfection, the cells were washed with D-
PBS(-) and stored at - 80 °C until use.

For western blot analysis, cells were pelleted and then
lysed with 1% NP40 lysis buffer (150 mM NaCl, 10 mM
Tris-HCl [pH7.5], 1mM EDTA, 1mM PMSF, and
complete Mini EDTA-free protease inhibitor mixture
[Roche Diagnostics K.K., Tokyo, Japan]), centrifuged at
15,000 rpm for 15 min at 4°C, and then the supernatant
was collected. Extracted proteins were separated by 8%
SDS-PAGE and then transferred onto a PVDF mem-
brane (Hybond-P GE Healthcare, Little Chalfont, U.K.).
The membrane was blocked with 5% nonfat dry milk in
1x TBS-T (1x TBS, 0.05% Tween-20) for 1 h at RT and
then incubated with anti-FLAG antibody (clone M2, 1:
1000; Sigma-Aldrich, St. Louis, MO) overnight at 4 °C.
The membrane was then washed three times with TBS-T
for 10 min and incubated with horseradish peroxidase—
conjugated goat anti-mouse IgG polyclonal secondary
antibody (Zymed, South San Francisco, CA) (1:4000 dilu-
tion) for 1h at RT. The membrane was washed three
times with TBS-T for 10min each and visualized by
immersion in Western Lightning Chemiluminescence re-
agent (Perkin—Elmer). Immunoreactive bands were quan-
tified using a Las 3000 mini luminescent image analyzer
(Fujifilm, Tokyo, Japan), and the data were analyzed using
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Science Lab 2005 (Fuyjifilm). Immunoblots were then
stripped and re-probed with anti-actin antibody (clone C-
11, 1:1000; Santa Cruz Biotechnology, Inc).

Luciferase assay

At 24 h prior to transfection, cells were plated at 2.0 x 10°
cells in 1 ml of R10 medium in a 12-well plate. Cells were
transfected using TransIT-LT1 (Mirus Bio Corp.) transfec-
tion reagent. In brief, 3 pl of TransIT-LT1, 330 ng of pGL-
4.36 (Promega, Madison, WI), 10 ng of pRL-SV40 (Pro-
mega), and 670 ng of one of the GR-expressing vectors in
100 pl of Opti-MEM serum-free medium (Gibco®, Invitro-
gen Life Technologies, CA) were mixed. Twenty-four
hours after transfection, cells were detached and re-plated
in a 96-well plate (2.0 x 10* cells in 75 pl of R10 medium)
in triplicate. Cells were incubated for an additional 24 h,
and then serial dilutions of prednisolone were added to
each well. After 24 h of incubation, the cells were lysed
using a Dual-Glo™ Luciferase Assay System (Promega), and
luciferase activity was assessed using a DTX800 Multimode
Detector (Beckman Coulter®, Brea, CA) according to the
manufacturer’s instructions. Firefly luciferase activity was
normalized to renilla luciferase activity generated from the
PRL-SV40 vector in the same cells. ECs, values were
calculated based on concentration-response curves using
GraphPad Prismé6 software (GraphPad, Inc., La Jolla, CA).
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