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¥4

A) HBV DNA o #ft#. B) ADV/ETVEEXN—Z2 7 4 ¥ -

1258 % ® HBV

DNA D% FERE D, C) ADV/ETVHIEN—2 7 4 ~ - 48 % HBV DNA D E

BEOILE. ETViittE% & ¥ 2R THBV DNABETEAZ L WERA (128

488 p=0241) &RL7

ADV e 21log. LAM ¥ +ETV iid T 1.0
log, 3#IMMTO07og TH-o72. ETVIHELXHE
TH6BEAEEE12BNEE 128, 488D
HBV DNAWEEZHET L L, ETViitzH
THBTREEMNET L ETVEEZRL vs
ETViEtE®» v 1238 1.1log vs 0.6log, p=0.032,
48 58 15log vs 1.0log, p=0.241) (Figure 2).

NR—=2 54 » T HBe HUERGHEZ R L7213 Bl
1BIA5EE BN ETRMEEL 2D, 18IZE<
& HBe MUEEMMET L7z, ALT 220 TiE~N—
ATA4 Y, BWEBTHERLGEALZRD o7
(Table 2).

a7

p=0.032,

INNO-LiPA &2 L A HEHML 0L TIE,
A BB, Hilz WO MR ZED L h -
7z, —EROERTI K181 D A/VHA, I F
V26D THANICELTAREDHE O— >
D EDPED Nz, T4 IVAEDETICED %,
v 1 ¢ INNO-LIPA B2 X A IR BE L 2 o
7z (Table 3).

RIFFEFICEERLOBBUT L 5 R EFIIEED
otz 2HH LAM/ADV Sk O M CEE
ENT-DB ADV AR ESG & o TWzA,
ZD2H%EDTADV/ETVEECBTHROTE
BEDMEF) XD 2 ho 72,
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Table 3. ETV/ADV #EN—25 4 », 48 BIZB1T HWHEERA O

A) Baseline

Case | Codon 80 173 180 204 181 233 236 * 184 202 250 194
1 L Vv L I A I T T S M A
2 L V LM I A I N T S M A
3 L V LM A I N T/SCGA S M/NV A
4 LA V L/M VI A I N T S ML A
5 L V LM A% A I N T/ILFM S/G M A
6 L v L M/ AT 1 N T S M A
7 I vV /M. VA A I N T S M A
§ LA V LM M A 1 N T S M A
9 L V ALV A I N T S/ M A
10 L VvV LM MV/I A I N T S M A
11 L V =M.V A I N T S M A
12 L VvV LM MVI A I N T S M A
13 L VA LM MVI AT 1 N T S M A
14 L VA LM -V A I N iy S M A
15 L1 V L/M MVA A I N T S M A
16 L V LM MV A I N T/ILFM S/G M A
7 L1V LM MI ANV 1 N T S M A
18 L V LM v A v N T/SCGA S M A

B) Week 48

Case | Codon 80 173 180 204 181 233 236 184 202 250 194
1 L vV L * A I N T S M A
2 L V LM * A I N T S M A
3 L Vv M Y A I N  GA/IL S M1 A
4 L1 V LM I A I N T S ML A
5 L Vv M v A I N T/ILFM S/ M A
6 ND ND ND ND ND° ND ND ND ND ND ND
7 I Vv L/M I A I N T S M A
8 L1 vV LM 1 A I N T S M A
9 L Vv M Y A I N T G M A
10 L VvV LM % A I N T S M A
11 L Vv M \ A * N T S M A
12 L v M \% A I N T S M A
13 L L M % A/T 1 N T S M A
14 L L LM ' A I N * S M A
5 LI VvV LM Vi A I N T S M A
16 L Vv M \% A I N T/ILFM S/G M A
17 I \% L 1 A I N T S M A
18 L Vv M % A v N  SCGA S M A

A alanine, C: cysteiﬁe, G : glysine, F :phenylalanine, I:isoleucine. L :leucine, M :
methionine. N : asparagine, S : serine, T ! threonine, V : valine.
ND : not detected. * : impossible to judge.

m & = 2 TDF OEHHIC L DY 4 Vv A D HIRETIZK
BEMEMITER T AR T Fu S EEOK TL292S, BRICLAMEZEELTCLEo 7
LEELMEIREYANVAORETHAS. ETV L DBRENEMRPICELEL TS, BEXRRF

(18)
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R & Tl LAM I EFNICH L Tk ADV % §f
H¥sXH#ELTWSEY. 20 LAM/ADV #
B DBEANTH ALY, —EHDBEETIX
HBV DNA O TEHM A +4THH, HBV DNA
DL E SN RO £ 72 LAM itk 41
TiZ LAM/ADV #&iEHZ ADV 2SI $ 5
ZENRETVEINTBY, HBV DNA H AL

Ly, WhBREHIZBWTIE, FHOEE
ENLEINTE . DRibhvbiuid LAM i 50
2R3 % LAM/ADV #8112 ADV i % 315
L7z 1B ZRRER L7248, S OOmERIEY 4 VA%
TVAZAN—%REL, BETHIDVFHEOHE
B &L/ LAMZHIEL, ADV idfikh L
72FFTETVZEMLAEZ S, BIGREY A
WARHEPRES N, ALTfED E®EIL L7 (Table
2, case 1). ZOEFOREZRT 2T, LAM/
ADV BIERISBIZX§ 5 ADV/ETV & O [
FRIF%E % 1T - 72. ETV i LAM it % & ADV i
PEFNZ®®, ADV 2 LAM fifHE & ETV f 5112
FLUTHTA VAR ERET A LIRS
THY, LAM/ADV BERIRBINxT 3 % ADV/
ETV#EZE X TDF AR I N TV AR WAIROH
ReZBToL, T2, KAMHEEEZ THHIC
NrolGBELEZLNS.

ADV RIS § 5 ETV #iE OB 304
FAENEH, WINBEAEDS DR, FHH
DEBPRINBIZT ER . 408D ADV A
Bl (14 1 ADViittEd 0) 2t LTETV %
5 L7284 T3, HBVDNA BHILZEH10%
LIKET, 661 (156%) WCETVtEOHHE % B
D72, —F T HBe HURFYE ADV A% 14 %1 (3
BITADVIED D) 123 % ETV %5 Tid.
HBV DNA BHELRIE L 0D, 157 A D&
# T HBV DNA 13 LAM # 5. % L T 34log.
LAMBESEDHH LD T3%0g KT L, Z0H
ETIFETVREOHBIZED 2dh o 72%. LAM
& ADV @ 2 #liif = A5 % 50 233 5 ETV
%5 T3 48 8 © #%18 T HBV DNA et fb 213
10%, HBV DNA EiI~N—25 4 > 690log &£
296log EALF L7 ETVIHMEIE T2 161(2%)
THIHRLZ”. ADVESEX BT HEICKT
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5 ETV5 Tk LAMB5ESE+ 5 2461 (9
Bl A ADVif ¥ 2 1)) T HBV DNABE ¥ 1k 5 13
42% TdH ), 17% DEF TETV I HHE L
7B T L)Y 4 LR LR S HBY DNA
ETEIZEND L0, EAEI RN &2,
ANERPBEFE L EORNBEANRLZLZ L, B
2T BT 0 7 OBRENERLIARICE)
HAlzHEEbLRE.

S RlH b NH AT - 72 LAM/ADV A6 HIZ 5
9 %5 ADV/ETV & #: 4838 T i3 ¥ 3§ THBV
DNA (X 1.2log & F L7z, BT RIS 2V, 18
Bl 5B A48 D BEF 2 21log ki 2 L
7z IR L7225, ADVARMFIZK T 5 ETV
BB L ) ETVIRERE S RE s L Tw
B ADV/ETV EE T, iAo
MR IERD 2 o7, ADVOHFHES A ETV
it 1 2 B0 L 7 ) et SRR S v 7z,

ADV/ETV &R, B - Rk #lid 8o %
o7z, ADVICEABREOHRENFMA I
520, ETV BB O - DIF BNV ETH
5, MBI V7T L AEBEEODE=Y —%
ERIZITG, DEICE L TRSROAH 2T
ZEVEETHAS.

BhYICZ

LAM/ADV SEERIGHNZH T 5 ADV/ETV #
BEOBEER L, EBEEHMAYE L, L5l
DK TIEdH 55, HBVDNA XET L, #
T HuasiEOHBRIIED ol S, #l
ZHMEZER L, ADV/ETVEEOIR L ZE
HEWEET 2 LEXDH L L Bbh:.
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Liver Fibrosis in Patients with
Chronic Hepatitis C: Noninvasive
Diagnosis by Means of Real-time
Tissue Elastography—~tstablishment
of the Method for Measurement’
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To prospectively measure liver stiffness with real-time
tissue elastography in patients with chronic hepatitis C
and to compare the results with those of clinical assess-
ment of fibrosis by using histologic stage as the reference
standard.

All subjects gave informed consent, and the study was
approved by the institutional ethics committee. Seventy
hospitalized patients (46 men, 24 women; mean age,
65.5 years = 11.7 [standard deviation}; age range, 33-87
years) with chronic hepatitis C underwent real-time elas-
tography between January 2009 and September 2009. Elas-
tography was performed at four liver locations by two inde-
pendent observers. The elastic ratio (ratio of the value in
the intrahepatic venous small vessels divided by the value
in the hepatic parenchyma) was calculated and was com-
pared with histologic fibrosis stage at liver biopsy. The
elastic ratio and clinical fibrosis markers were assessed
by using receiver operating characteristic (ROC) analysis.
The differences between body site and observers were
assessed with k statistics and intraclass correlation coef-
ficients (ICCs).

Real-time tissue elastography cutolf values were 2.73 for F of
_ 2 or greater, 3.25 for F of 3 or greater, and 3.93 for F of 4.
No site differences were observed (k = 0.835, ICC = 0.966),
and the elastic ratio measurement was correlated between
the two examiners (r2 = 0.869, P < .0001). The areas
under the ROC curves for elastic ratio, hyaluronic acid,
type IV collagen, aspartate aminotransferase-to—platelet
ratio index, Fibrolndex, Forns score, and Hepascore were
0.95, 0.32, 0.73, 0.76, 0.76, 0.87, and 0.70, respectively;
the elastic ratio performed better than the serum fibrosis
R R e e T e markers and other scores.
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Real-time tissue elastography is not invasive and could
be used to evaluate liver fibrosis in patients with chronic
hepatitis C.
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hronic viral hepatitis infection in-
creases liver fibrosis and stillness
and is an important cause of liver
cirrhosis (1). Although liver biopsy is
the reference standard for the diagno-
sis of liver fibrosis (2), it is an invasive
procedure, which is difficult to perform
in patients who need to he examined
repeatedly to monitor the progression
of liver fibrosis. Moreover, the evalua-
tion of fibrosis with liver hiopsy is as-
sociated with adverse events (3), sam-
pling errors (4,3), and interpathologist
and intrapathologist variabilities (6).
Therefore, many studies have evalu-
ated other noninvasive methods, such
as the use of sonographic transient elas-
tography (FibroScan; EchoSens, London,
England) (7) and acoustic radiation
force impulse (8) and laboratory tests,
such as the aspartate aminotrans-
ferase-to-platelet ratio index, the
Fibrolndex, the Forns score, and the
Hepascore, [or the assessment of liver
fibrosis stage.
Transient elastography is one of
the techniques that can be used to

Advances in Knowledge:

® In patients with hepatitis C, the

areas under the receiver operat-
ing characteristic curves for pre-
diction of fibrosis by means of
elastic ratio, hvaluronic acid level,
tvpe IV collagen level, aspartate
aminotransferase-to-platelet
ratio index, Fibrolndex, Forns
score, and Hepascore were 0.95,
0.32, 0.73, 0.76, 0.76, 0.87, and
0.70, respectively, indicating that
the elastic ratio performed better
than the other serum fibrosis

- markers and scores.

® For METAVIR stages identified at
histologic examination, real-time
_ elastography cutoff values were
2.73 for F of 2 or greater, 3.25
for F of 3 or greater, and 3.93
for F of 4.

B Qur results were independent of
observer (r* = 0.869, P < .0001)
and measurement positioning

site (intraclass correlation coef-
ficient: 0.966, x = 0.835).

evaluate mean tissue stillness nonin-
vasively (7). Results of several recent
studies (9) have shown that measure-
ments of liver stiffness with transient
elastography are well correlated with
fibrosis METAVIR stages. In addition,
transient elasiography is advantageous
in that it can be repeatedly performed,
does not require a highly experienced
operator, and has a low risk of com-
plications. However, there is a prob-
lem with reproducibility at identical
measurement positions (10). In addi-
tion, it is not a real-time technique,
because the image is not visible while
the measurement is being taken. The
reproducibility of transient elastography
is also substantially recuced in patients
with steatosis and increased body mass
index (BMI) because the modality of
ultrasonography (US) itself has limita-
tions for visualizing the liver clearly in
such patients (11).

Real-time tissue elastography is a
relatively new method [or the measure-
ment ol tissue elasticity. It uses a B-mode
US machine, incorporating elastography
into the conventional US scanner (12).
In the previously reported technique, a
US probe is used to slightly compress
or relax the hody (13), and the echo
signals are captured in real time. This
device calculates the relative hardness
of tissue and displays this information
as real-time color images (14); it can
display tissue elasticity images and con-
ventional B-mode images at the same
time.

The purpose ol this prospective
study was to measure liver stillness
with real-time elastography in patients
with chronic hepatitis C and to compare
the results with those of other clinical
assessments of [ibrosis by using the his-
tologic stage of fibrosis as the reference
standard.

Implications for Patient Care

m Real-time elastography is not
invasive and could be used to
repeatedly evaluate liver fibrosis.

8 Real-time elastography could be a
powerlul tool for time-course
evaluation of liver cirrhosis
during antiviral therapy.

Radiology: Volume 258: Number 2—February 2011 = radiology.rsna.org
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Materials and Methods

Patients

The study protocol was approved by the
institutional review hoard, and written
informed consent was obtained. All en-
rolled patients underwent liver bhiopsy
as part ol the study. Seventy patients
with chronic hepatitis C (mean age,
65.5 years = 11.7 [standard deviation];
range, 33-87 years) were hospitalized
in the Department of Gastroenterology
and Metabology, Ehime University Hos-
pital, Japan, from January 2009 to Sep-
tember 2009, and liver stiffness, which
is related to the grade of liver fibrosis,
was measured. Of the 70 patients, 46
were men (mean age, 63.5 years =*
13.9; range, 33-87 years), and 24 were
women (mean age, 66.6 years £ 10.3;
range, 46-84 vears).

Inclusion criteria were the presence
of hepatitis C virus (HCV) ribonucleic acid
in serum according to real-time poly-
merase chain reaction and positive HCV
antibody. The exclusion criteria were as-
cites (because that might interfere with
measurements), coinfection with other
viruses such as hepatitis B virus, other
liver diseases such as primary hiliary

Published online
10.1148/radiol. 10100319

Radiology 2011; 258:610-617

Abbreviations:

AUC = area under the ROC curve

BMI = body mass index

Cl = confidence interval

ICC = intraclass correlation coefficient
ROC = receiver operating characteristic
ROI = region of interest

Author contributions:

Guarantors of integrity of entire study, Y. Koizumi, M.H.,

Y. Kisaka, L.K., M.A., B.M., YH., M.0.; study concepts/study
design or data acquisition or data analysis/interpretation,
all authors; manuscript drafting or manuscript revision
for important intellectual content, all authors; manuscript
final version approval, all authors; literature research,

Y. Koizumi, M.H., Y. Kisaka, LK., M.A., B.M., YH; clinical
studies, Y. Koizumi, M.H., Y. Kisaka, 1.K., M.A., H.M., BM.,
Y.H.; experimental studies, Y. Koizumi, M.H., Y. Kisaka, |.K.,
M.A., Y.H.; statistical analysis, Y. Koizumi, M.H., Y. Kisaka,
1.K., M.A., YH.; and manuscript editing, Y. Koizumi, MH.,
Y. Kisaka, I.K., M.A.,, B.M,, YH.,, M.O.

Authors stated no financial relationship to disclose.

611



P

/9]
i)

x©
=

ULTRASONDGRAPHY: Real-time Tissue Elastography of Liver Fibrosis

Koizumi et al

Tissue is modeled as spring E> Under the compression

Post -

compression compression

A

Pre -

N

Soft

Hard |2

Soft

yidag

=/

N

a

Small strain

Hard =

Soft

Large strain

Displacement Strain__

=>

Spatial
differential

b.

Site I: Dorsal
Site IV: Lateral

SR\

A " o .
" sAnterior axillary line
1]

Median axillary line

Figure 1 (a) The underlying method of real-time tissue slastography is the measurement and imaging of the strain distribution by adding the
static pressure from the body surface; this is illustrated as a spring model. (b) The four measurement sites for real-time tissue elastography.

cirrhosis, and excessive alcohol con-
sumption. (So that we could compare the
METAVIR stages, which grade liver [ibro-
sis only in patients with hepatitis C).

BMI and skin fold thickness were
measured to determine whether they
had any eflects on real-time tissue elas-
tography measurements.

Method for Measurement of Liver Stiffness
The underlining principle of real-time
tissue elastography is illustrated in
Figure 1a by using a spring model. When
a spring is compressed, displacement
in each section of the spring depends on
the stiffness of the spring: A soft spring
compresses more than a hard spring.
The strain distribution, and in turn
the stilfness in the spring, is mea-
sured by spatially differentiating the
displacement at each location. On the
basis of a previous report (13), we be-
lieved that compressing and relaxing
the tissue with the US probe would
he needed to measure the stilfness.
However, we determined that we could
measure the liver stiffness without add-
ing any pressure [rom the probe because
the liver itsell receives pressure from
the heartbeat automatically. Reflected
US echoes are then used to compute
the displacement and, thus, the strain
distribution in the tissue. The exam-
iners measured liver stiffness at four
sites (Fig 1h), using the same position-

ing sites of the body as Boursier et al
(10). The measurement sites were de-
fined as follows: Site T was the dorsal
decubitus and on the median axillary
line and the [irst intercostal space; site
1I, the dorsal decubitus and on the an-
terior axillary line and the first inter-
costal space; site III, the dorsal decu-
bitus and on the median axillary line
and the second intercostal space; and
site IV, the lateral decubitus and on the
median axillary line and the first inter-
costal space. Real-time tissue elastog-
raphy was performed five times at four
measurement sites by two ohservers
for each patient, in exhalation or in-
spiration to ensure that the liver was
adequately depicted. The mean of the
five measurements was calculated for
comparison with histologic results.

Elastic Ratio

Hepatic elasticity was measured by using
a US scanner with real-time tissue elas-
tography (EUB-7500; Hitachi Medical
Systems, Tokyo, Japan). We used a lin-
ear prohe (EUP-L32; central frequency,
5.5 MHz). This scanner displays the color-
coded elastography image overlaid on
the B-mode image in real time (Fig 2a).
Because this displayed color-coded elas-
tography image shows only the relative
tissue stiffness, a quantitative measuring
technique called the elastic ratio was
utilized.

The elastic ratio is the ratio of strain
distribution in two selected regions of
interest (ROIs). First, it was important
to identify whether the hepatic vein or
the portal vein would be a better in-
ternal control. We measured the value
in the hepatic vein and portal vein
for all 70 enrolled patients. The ROC
curves of the elasiic ratio calculated by
using the ROT of the hepatic vein and
the ROI of the portal vein as internal
controls are shown in Figure 2b. The
areas under the ROC curves (AUCs)
of the elastic ratios obtained by using
the hepatic vein as an internal control
were higher than those obtained by us-
ing the portal vein as an internal control
(intraclass correlation coefficient [ICC]:
0.953 [95% confidence interval {CI}:
0.903, 0.998] vs 0.731 [95% CI: 0.649,
0.886]; P = .0006). On the basis of the
AUCs, the hepatic veins were used as
an internal control. The ROT was placed
on intrahepatic venous small vessels
with a diameter of less than 3 mm and
the hepatic parenchyma simultane-
ously. Subsequently, the ratio of the
value in the inirahepatic venous small
vessels was divided by the value in the
hepatic parenchyma to generate the
elastic ratio.

The elasticity of the hepatic vein
was used as the reference because the
elasticity of the veins does not change
over time, since they do not undergo
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Figure 2:  (a) The elastic ratio is measured between the tissue compressibility of the liver (right) and that of the intrahepatic small vessel (eft). Red indicates that

tissue Is soft, and biue indicates that it is hard. Information about displacement becomes the basis of the elastic information and is obtained by using a supersanic
wave signal. (b) Receiver operating characteristic (ROC) curves of the elastic ratio obtained by using the hepatic vein or portal vein as an internal control.

transformations with disease, such as
arteriosclerosis, and it also does not in-
crease or decrease even when liver pa-
renchyma becomes stilfer. Thus, small
vessels with a diameter of 3 mm in the
liver were used as the standard for
compulting the elasticily ratio, and the
ROI was set as large as possible (usu-
ally 0.3 X 0.5 cm). The ROl in the liver
parenchyma was placed 1 cm [rom the
liver surface and was 2 X 1 cm in size.
A higher elastic ratio indicates harder
hepatic elasticity, corresponding to a
higher stage of fibrosis. None of the pa-
tients had liver tumors in the measure-
ment site that might have interfered
with the real-time tissue elastography.

QObservers

Two hepatologists (M.H. and Y. Koizumi,
with 13 and 6 years ol experience, re-
spectively) performed the liver stifl-
ness evaluation with real-time tissue
elastography; each had already per-
formed at least 100 liver stiffness evalu-
ations (M.H., 350; Y. Koizumi, 120)
prior to the beginning of the study.
Each observer measured the elastic ra-
tio five times at four sites (Fig 1h). The
second observer was blinded to the re-
sults of the first observer. Measurement
time for each measurement site (time
from the beginning of measurement

until completion to identily the elas-
tic ratio with five measurements alter
placing the ROI) was recorded lor each
observer, For measurement site IV, the
measurement time included the time
for nrovement of the patient.

Liver Histologic Assessment

JS-guided percutaneous liver biopsy
(1.6-mm-diameter and 150-mm-long
needle, suction technique) was per-
formed within 1 week after hospitaliza-
tion. Liver biopsy samples less than 12 mm
long were excluded, hecause a sampling
error for identifying liver [ibrosis may
occur with such samples (4). Liver bi-
opsy samples were [ixed in formalin
and embedded in paraffin. Slices (4 pm
thick) were stained with hematoxylin-
eosin and impregnated with silver. Liver
hiopsies that contained fewer than [live
portal tracts (except for cirrhosis) were
excluded [rom the histologic analysis.
Fibrosis was staged by two pathologists
(one of whom was LK., with 16 vears
of experience), who were blinded to all
patient characteristies. Fibrosis was
staged on a four-point scale according to
METAVIR (FO indicated no (ibrosis; F1,
portal fibrosis without septa; F2, portal
fibrosis and few septa; F3, numerous
septa without cirrhosis; F4, cirrhosis)
(15). Activity was graded according to

METAVIR as A0, none; Al, mild; A2,
moderate; and A3, severe (16). Lipid
share was defined as mild, 0% -30%;
moderate, 30%-60%; and severe, more
than 60%.

Serum Fibrosis Markers

Levels of the following blood param-
eters were determined: aspartate amin-
otranslerase, alanine aminotransflerase,
total bilirubin, platelets, gamma-glutamyl
translerase, cholesterol, urea, hyaluronic
acid, type IV collagen, cholinesterase, ol
and a2 globulins, B globulins, y-globulins,
prothrombin index, apolipoprotein-Al,
hapioglobin, and [erritin. The aspartate
aminoiranslerase (AST)-to-platelet ra-
tio index (17) was calculated as follows:
(AST/UNL - 100)/platelet count. (UNL
is the upper limit of the normal aspartate
aminotransferase.) The Fibrolndex (18)
was calculated as 1.738 — 0.064 (platelet
count) + 0.005 (AST) + 0.463 (gamma-
globulin). Forns score (19) was calculated
as 7.811 — 3.131 In(platelet count) +
0.781 In{gamma-ghuamyl transferase) +
3.467 In(age) — 0.014 (cholesterol).
Hepascore (20) was calculated as y/(1 +
v), y=exp [—4.183818 - (0.0249 - age) +
0.7464 - sex] + (1.0039 - «2-macro-
globulin) + (0.0302 - hyaluronic acid) +
(0.0691 - bilirubin) - (0.0012 - gamma-
glutamyl! transferase).
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Statistical Analysis

The AUC of the elastic ratio was then
compared with that derived from stan-
dard laboratory tests published in the
literature, including the aspartate amin-
otransferase-to-platelet ratio index, Fi-
brolndex, Forns score, and Hepascore
(17-20). The ROC curve was prepared
by using a statistical software package
(JMP, version 8; SAS Institute Japan,
Tokyo, Japan).

The diagnostic performance of liver
stilfness evaluation and [ibrosis was de-
termined in terms ol sensitivity, speci-
ficity, positive predictive value, negative
predictive value, diagnostic accuracy,
and AUC. The optimal cutoff values for
liver stiffness were chosen to maximize
the sum of sensitivity and specificity,
and positive and negative predictive
values were computed for those cutoff
values,

Stilfness measurements were not
normally distributed. Therelore, the
elastic ratio was compared with the cat-
egories of the consensus fibrosis siage
by using the Kruskal-Wallis nonparamet-
ric analysis of variance test. Correlations
between the elastic ratio and the histo-
logic fibrosis stage were also analyzed by
using Spearman correlation coefficients.

The correlations between the values
of each observer’s real-time tissue elas-
tography measurements, as well as the
site dilferences, were evaluated hy cal-
culating k coefficients and ICCs. The &
coellicient was defined as follows: poor,
k < 0.4; fair to good, 0.4 = x < 0.75;
and excellent, 0.75 = « (21). The ICC
was delined as [lollows: slight, 0 = 1CC
< 0.20; fair, 0.21 = ICC < 0.40; mod-
erate, 0.41 = ICC < 0.60; substantial,
0.61 = ICC < 0.80; and almost perfect,
ICC > 0.81 (22).

The estimated sample sizes accord-
ing to the two-sample Student { tesi in
the F1-F3 group and F4 groups were 20
and 20 respectively, given a type T error
of .03, a type Il error of .2, and an el-
fect size of 1.785. Multivariate stepwise
logistic regression models were used to
identily independent significant factors
among serum fibrosis markers, METAVIR
fibrosis stage, and activity grade, ste-
atosis, BMI, and skin fold thickness
for the elastic ratio determined with

Patient Characteristics
Characteristic* All Patients (n = 70) Men (n= 46) Women (n=24)
Age (y) 65.5 = 11.7 66.6 = 10.3 63.4 =139
BMI (kg/m?) 232 +3.37 22.8 = 3.05 239 = 3.82
ALT level (IU/L) 428 =314 46.3 = 35.0 359+219
Serum albumin level (g/dL) 3.68 = 0.60 3.61 = 0.61 3.81 = 0.57
Platelet count (104/p.L) 141 =712 14.1 =768 14.1 =6.05
Prothrombin time (%) 916 =181 89.3 = 17.7 95.9 = 18.4
Total bilirubin {mg/dL) 0.9 +0.44 0.95 = 0.49 0.77 = 0.30
GGT level (IUL) 55.5 + 46.8 62.6 = 48.1 419+ 416
Child-Pugh class
A 63 40 23
B 7 6 1
C 0 0 0
Histologic fibrosis stage
F1 12 6 6
F2 16 10 6
F3 19 12 7
F4 23 18 5
Histologic activity grade
A 1 1 0
Al 67 44 23
A2 2 1 1
A3 0 0 0
Histologic steatosis
Mild 68 46 22
Moderate 2 0 2
Severe 0 0 0

Note.—Data are means = standard deviations or numbers of patients.
* ALT = alanine aminotransferase, GGT = gamma-glutamyl transferase.

real-time tissue elastography. The sta-
tistical analyses were performed by using
the JMP statistical software.

Patients

Between January 2009 and September
2009, 70 patients met the inclusion cri-
teria (Table 1). There were no signili-
cant differences in age (P = .54) or BMI
(P = .31) between men and women.
Gamma-glutamyl transferase was sig-
nificantly higher in men (P = .02), but
no significant dilference was seen in the
other biochemical tests hbetween men
and women (Table 1).

The rates of interohserver agree-
ment in determining each fibrosis
stage at each site were: site I, 81.4%

(37 of 70 patients); site I, 71.4% (50

of 70 patients); site T, 74.3% (52 of
70 patients); and site 1V, 75.7% (33
of 70 patients). For F4 or non-F4, the
rate of inierobhserver agreement was:
site 1, 97.1% (68 of 70 patients); site
11, 88.6% (62 of 70 patients); site III,
88.6% (62 of 70 patients); and site 1V,
92.9% (65 of 70 patients). The mean k
value for F4 or non-F4 according to the
elastic ratio was excellent at each site
(site I, k = 0.94 = 0.04 [standard error
of the mean]; site 1T, k = 0.77 £ 0.075;
site I, k = 0.77 = 0.08; and site IV,
k = 0.85 = 0.06) (Table 2). At sites
1-1V, the & value, ICCs and 95% Cls
indicated that the interobserver agree-
ment was almost the same. The time
for measurement was within 5 minutes
for each measurement site, and the to-
tal measurement time for four sites was
not significantly dilferent hetween the
two examiners (P = .93).
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Table 2

Influence of Measurement Site on Interobserver Agreement

Measurement Site
Parameter 1 i it [\ All
ICC 0.95 0.92 0.9 0.94 0.97
95% Cl 0.92,0.97 0.87,0.95 0.83,0.93 0.90, 0.96 0.95,0.98
Diagnosis of F1-F4 fibrosis (k) 0.73 0.60 0.57 0.66 0.64
Diagnosis of F4 or non-F4 fibrosis (k) 0.94 0.77 0.77 0.86 0.84
Measurement time for M.H. {min) 2.78 = 1.38 2.92 +1.31 2.78 +1.38 312 =147 1.7+ 166
Measurement time for Y. Koizumi (min) 2.82 = 1.41 295+ 1.29 277 +1.35 323+ 1.41 11.9+1.83

- p < 0.001 =
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Figure 3:  Graph shows elastic ratio for each fibrosis stage. The vertical axis
is logarithmic scale. Tops and bottoms of the boxes = 1st and 3rd quartiles. The
length of the box thus represents the interquartile range within which 50% of

the values are located.

Relationship between Liver Elastic Ratio
and Histologic Parameters

The median value (95% CI) of the liver
elastic ratio compared with the META-
VIR fibrosis stage is shown in Figure 3:
F1, 2.21 (1.94, 2.70); F2, 2.69 (2.29,
2.97); F3, 3.42 (3.07, 3.65); and F4,
4.66 (4.40, 4.93). The elastic ratios
of each METAVIR [ibrosis stage at
liver  biopsy dillered significanily
from each other (F2 vs F3, r* = 0.36,
P=.02; F3 vs F4, r2 = 0.41, P < .001).
We found a signilicant correlation be-
tween fibrosis stage and the elastic ratio
(p=0.82, P<.001). However, there was
no correlation between the METAVIR ac-
tivity grade and the elastic ratio (P = .36).
The elastic ratios iclentified by the two ex-
aminers were strongly correlated (Fig 4)
and did not differ significantly. The

Observer (Y.K.) elastic ratio result
Figure 4:  Graph shows correlation of elastic ratio measurement resuits

betwesn two examiners (Y. Koizumi and M.H., 2 = 0.869, P < .0001).

optimal elastic ratio cutoll values ob-
tained [or the entire population, as well
as the corresponding sensitivities and
specilicities, are shown in Table 3. The
apparent cutofl values for F = 2 (2.79)
and F = 3 (3.25) were close, hut F = 3
had higher sensitivity and specificity
(85.4% and 96.4%) than F = 2 (82.8%
and 90.9%); however, the differences
were not signilicant (sensitivity, P = .67;
specilicity, P=.10). A clear cutoff value
(3.93) was obtained for F = 4, with
sensitivity and specificity of 90.9% and
91.5%, respectively.

Mean real-time tissue elastography
liver parenchyma values were as [ol-
lows: site I, 0.07 = 0.05 (standard de-
viation); site I, 0.08 % 0.043; site 111,
0.08 = 0.06; site TV, 0.09 = 0.05; and
total, 0.08 = 0.05 (P = .09). The mean

ahsolute value of the hepatic vein ves-
sels on real-time tissue elastography
did not differ significantly according to
site (site I, 0.25 = 0.14; site 11, 0.25 =
0.12; site III, 0.26 = 0.19; site 1V,
0.25 = 0.12; and total, 0.25 = 0.13,
P=.94).

Reiationship between Liver Elastic Ratio
and Fibrosis Blood Tests

The AUCs [or diagnosis of fibrosis with
elastic ratio, hyaluronic acid, type IV
collagen (Fig 5a), aspariate aminotrans-
ferase-to-platelet ratio index, Fibroln-
dex, Forns score, and Hepascore (Fig Sh)
were 0.95, 0.32, 0.73, 0.76, 0.76, 0.87,
and 0.70, respectively (Table 4). In the
multivariate stepwise regression analy-
sis, METAVIR f[ibrosis stage (P < .0001)
and prothrombin time (P = .0013) were
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Elastic Ratio for Determination of METAVIR F Stage

Parameter F=2(F1 vs F2-F4) F=3Fi-F2vsF3-F4) F=4(F1-F3vsF4)
AUC 0.89 0.94 0.95
Optimal cutoff 273 3.25 3.93
Sensitivity (%) 828 854 90.9
Specificity (%) 90.9 96.4 915
Positive predictive value (%) 98.0 97.2 83.3
Negative predictive value (%)  50.0 81.8 95.6

Table 4

Results of Comparison between Real-time Elastography and Fibrosis Blood Tests
Fibroindex

Parameter Real-Time Elastography APRI* Fomns Score Hepascore
AUC 0.95 0.76 0.87 0.76 0.70
Sensitivity (%) 90.9 81.8 68.2 63.6 63.4
Specificity (%) 91.5 744 95.8 87.5 708

* APRI = aspartate aminotransferase—to—platelet ratio index.

IR
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Interobserver agreement for elastic ratio
was excellent when the skin [old thick-
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less than 25 kg/m® However, for pa-
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Figure 5:  (a, b) ROC curves for diagnosis of liver fibrosis (F4) with real-time elastography. The AUC for
the diagnosis of clinically important liver fibrosis or cirrhosis (F4) by using the EUB-7500 (Hitachi Medical
Systems) device Is superior to the results with {a) blood parameters or (b) calculated fibrosis indexes.
APRI = aspartate aminotransferase—to—platelet ratio index.

25 kg/m?, the interobserver agreement
was not as good (Table 3).

There are many reports and approaches
to evaluating liver stiffness without liver
biopsy. Among them, the FibroScan ap-

pears useful (23,24), but there are [ew
reports about its reproducibility. Boursier

et al (10) reported that the reproduc-
ihility of the liver hardness measure-
ment obtained hy using the FibroScan
differs according to measurement posi-
tion. Since the absolute value of liver
stiffness at real-time tissue elastography
was variable, we established a proce-
dure to obtain reproducibility by using
the signal of the small hepatic veins as
a reference. Using the elastic ratio, we
found no dilference in reproducibility
for four measurement positions. More-
over, real-time tissue elastography has
other advantages compared with the Fi-
broScan or the acoustic radiation [orce
impulse (Appendix E1 [online]).

We checked the reproducibility of
the elastic ratio derived from real-time
tissue elastography. The real-time tissue
elastography procedure reported previ-
ously (13) involves applying pressure
in the intercostal space with a probe;
thus, when the pressure applied with
the probe dilfers, the real-time tissue
elastography value changes. This means
that the value ol liver stiffness dilfers not
only with each observer, but also within
the same ohserver. Therelore, we put a
probe in the intercostal space and con-
ducted the examination with no added
pressure, because when observers add
pressure during measurement, observer
bias may occur. The liver itsell receives
pressure [rom the heartheat automati-
cally, so the elastic ratio could he mea-
sured without adding any pressure with
the probe. Thus, observer variability
can be lessened with this procedure.

Fatty change of the liver affects the
evaluation of liver stiffness with the
FibroScan (11). We performed a mul-
tivariate stepwise regression analysis
to identily factors that affect real-time
tissue elastography. Skin fold thickness,
BMI, and liver steatosis were not identi-
fied as factors affecting the elastic ratio
determined by using real-time tissue
elastography, while fibrosis stage was a
factor. Therefore, real-time tissue elas-
tography may measure the degree of
fibrosis. Only for patients with a skin
fold thickness greater than 20 mm or
BMI greater than 235 kg/m? did the in-
terobserver agreement have a wider
range, though the difference was not
significant (perhaps owing to the small
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Results according to BMI and Skin Fold Thickness

Parameter Group 1 Group 2 Group 3 Group 4 Group 5
BMI (kg/m?) <19(n=5) =19To<22 =22To<25 =25To<28 =28(n=39)
(n=21) (n=27) (n=9)
IcC 0.91 0.94 0.90 0.88 0.88
95% Cl -0.39,1.0 0.81,0.98 0.77,0.96 0.36,0.94  0.39,0.98
Skin fold <i5(n=15 =15To<20 =20To<25 =25(n=25)
thickness (mm) (n=237) (n=13)
Icc 0.95 0.92 0.83 0.81
95% Cl 0.83,0.98  0.84,0.96 0.51,0.95 —0.68, 1.00
sample size). The elastic ratio could References
be calculated for the two patients with ;1 [440r GM, Walker BD. Hepatitis C virus
BMIs greater than 30 kg/m2. Further infoction. N Engl J Mod 2001;345(1):41-52.
studies involving more severely obese 2 giader DB, Wright T, Thomas DL. Secff
individuals will be needed to confirm LB: American Association for the Study of
the uselulness of real-time tissue elas- Liver Discases. Diagnosis, management, and
tography for such patients. treatment of hepatitis C, Hepatology 2004;
The elastic ratio obtained by using 39(4): 1147-1171. [Published correction ap-
. % % pears in Hepatology 2004:40(1):269.]
real-time tissue elastography performed
3. Cadranel JF, Rufat P, Degos F. Practices of

better than serum fibrosis markers and
scores of fibrotic change based on blood
lahoratory tests. However, our study still
had limitations. It is difficult to evaluate
certain types ol patients with B mode
US, including those with thick, fat tissue
under the skin; a history ol abdominal
operations; dilficulty stopping breath-
ing; too much liver atrophy; or a large
amount of ascites. We had only two
observers, each with experience with
the modality, and used only one US ma-
chine. Therefore, our results might not
be applicable to other individuals with
less experience. OQur cutofls [or deter-
mination of accuracy were hased on
our own results and therefore are likely
overestimates of performance.

In summary, in patients with chronic
hepatitis C, real-time tissue elastography
allows for noninvasive assessment ol
fibrosis that does not vary with the sites
we tested or by observer and performs
better than f(ibrosis indexes calculated
by using blood laboratory tests.

Acknowledgments: The authors thank Ravi
Managuli. PhD, RDMS (Department of Bioen-
gineering. University of Washington. Seattle,
Wash), for assistance in editing the technical
comments and Yoshiko Soga, MD, PhD) (Pathol-
ogy Division, Ehime University Hospital, Ehime,
Japan), for evalnating the histologic features of
liver specimens.

6.

10.

liver biopsy in France: results of a prospec-
tive nationwide survey, For the Group of
Epidemiology of the French Association for
the Stucly of the Liver {AFEF). Hepatology
2000;32(3):477-481.

Pagliaro L. Rinaldi F, Craxi A. et al. Per-
cutancous blind biopsy versus laparoscopy
with guided biopsy in diagnosis of cirrhosis:
a prospective, randomized trial. Dig Dis Sci
1983:28(1):39-43.

Regev A, Berho M., Jeffers LI, et al. Sampling
error and intraobserver variation in liver bi-
opsy in patients with chronic HCV infection.
Am J Gastroenterol 2002:97(10):2614-2618.

Rousselet MC. Michalak S. Dupré I, et al.
Sources of variability in histological scor-
ing of chronic viral hepatitis. Hepatology
2005:41(2):257-264.

Sandrin L, Fourquer B, Hasquenoph JM,
et al. Transient elastography: a new non-
invasive method for assessment of hepatic
fibrosis. Ultrasound Med Biol 2003;29(12):
1705-1713.

Friedrich-Rust M, Ong M, Martens S, et al.
Performance of transient elastography for
the staging of liver fibrosis: a meta-analysis,
Gastroenterology 2008:134(4):960-974.
Friedrich-Rust M, Wunder K, Kriener S, et al.
Liver fibrosis in viral hepatitis: noninvasive
assessment with acoustic radiation foree
impulse imaging versus transient elastography.
Racliology 2009:252(2):585-604.

Boursier J, Konaté A, Gorea G. et al. Re-
producibility of liver stiffness measurement

11.

13.

16.

18.

19.

by ultrasonographic elastometry, Clin Gas-
troenterol Hepatol 2008:6(11):1263-1269.
Fraguelli M. Rigamonti C, Casazza G, ot al.
Reproducibility of transient elastography in
the evaluation of liver fibrosis in patients
with chronie liver disease. Gut 2007;56(7):
0968-973.

Yamakawa M, Nitta N, Shiina T, et al. High-
speed frechand tissue elasticity imaging for
breast diagnosis. Jpn J Appl Phys 2003:42:
3265-3270.

Friedrich-Rust M, Ong MV, Herrmann E,
et al. Real-time elastography for noninva-
sive assessment of liver fibrosis in chronic
viral hepatitis. AIR Am J Roentgenol 2007;
188(3):758-764.

Shiina 'T. Real time tissue elasticity imaging
using the combined aurocorvelation method.
J Med Ulteason 1999;26(2):57-66.
Intraobserver and interobserver variations
in liver biopsy interpretation in patients with
chronic hepatitis C. The French METAVIR
Cooperative Study Group. Hepatology 1994;
20(1 pt 1):15-20.

Bedossa P, Poynard T. An algorithm for the
grading of activity in chronic hepatitis C.
The METAVIR Cooperative Study Group.
Hepatology 1996:24(2):289-293.

Wai CT. Greenson JK, Fontana RJ, et al.
A simple noninvasive index can predict
hoth significant fibrosis and cirrhosis in pa-
tients with chronic hepatitis C. Hepatology
2003:38(2):518-526.

Koda M, Marunaga Y, Kawakami M,
Kishimoto Y, Suou T, Murawaki Y. Fibroln-
dex, a practical index for predicting signifi-
cant fibrosis in patients with chronic hepa-
titis C. Hepatology 2007:45(2):297-306.
Forns X, Ampurdanés S, Llovet JM, et al,
Identification of chronic hepatitis C patients
without hepatic fibrosis by a simple predic-
tive model. Hepatology 2002:36G(4 pt 1):
986-992.

Adams LA, Bulsara M, Rossi E, et al. Hep-
ascore: an aceurate validated predicror of
liver fibrosis in chronic hepatitis C infection.

Clin Chem 20035:51(10):1867-1873.

. leiss JL. Statistical methods for rates and

proportions. 2nd ed. New York, NY: Wiley,
1981:218.
Landis JR. Koch GG. The measurement of

observer agreement for categorical data.
Biometrics 1977:33(1):159-174.

. Harada N, Socjima Y, Taketomi A, et al. As-

sessment of graft fibrosis hy transient clas-
tography in patients with recurvent hepati-
tis C after living donor liver transplanta-
tion. Transplantation 2008:85(1):69-74.

Fraquelli M, Rigamonti C. Diagnosis of cir-
rhosis by transient elastography: what is
hidden behind misleading results. Hepatol-
ogy 2007:46(1):282; author reply 282-283.

Radiology: Volume 258: Number 2—February 2011 « 7adiology.rsna.org

— 448 —

617



Regulatory Peptides 166 (2011) 28-35

Contents lists available at ScienceDirect

Regulatory Peptides

journal homepage: www.elsevier.com/locate/regpep :
#

Mutational analysis of predicted extracellular domains of human growth hormone
secretagogue receptor 1a

Teruhisa Ueda, Bunzo Matsuura *, Teruki Miyake, Shinya Furukawa, Masanori Abe,
Yoichi Hiasa, Morikazu Onji

Department of Gastroenterology and Metabology, Ehime University Graduate School of Medicine, Toon, Ehime 791-0295, Japan

ARTICLE INFO

ABSTRACT

Article history:

Received 15 March 2010

Received in revised form 19 July 2010
Accepted 11 August 2010

Available online 18 August 2010

Keywords:

Growth hormone secretagogue receptor
Ghrelin

GHRP-6

Receptor mutagenesis

The Class A family of guanine nucleotide-binding. protein (G protein)-coupled receptors that includes
receptors for motilin, ghrelin, and growth hormone secretagogue (GHS) has substantial potential importance
as drug targets. Understanding of the molecular basis of hormone binding and receptor activation should
provide insights helpful in the development of such drugs. We previously reported that Cys residues and the
perimembranous residues in the extracellular loops and amino-terminal tail of the motilin receptor are
critical for peptide ligand, motilin, binding and biological activity. In the current work, we focused on the
predicted extracellular domains of the human GHS receptor 1a, and identified functionally important
residues by using sequential deletions ranging from one to twelve amino acid residues and site-directed
replacement mutagenesis approach. Each construct was transiently expressed in COS cells, and characterized
for ghrelin- and growth hormone releasing peptide (GHRP)-6-stimulated intracellular calcium responses and
ghrelin radioligand binding. Cys residues in positions 116 and 198 in the first and second extracellular loops
and the perimembranous Glu'® residue in the second extracellular loop were critical for ghrelin and GHRP-6
biological activity. These results suggest that Cys residues in the extracellular domains in this family of Class
A G protein-coupled receptor is likely involved in the highly conserved and functionally important disulfide

bond, and that the perimembranous residues contribute peptide ligand binding and signaling.

© 2010 Elsevier BV. All rights reserved.

1. Introduction

Human ghrelin, a 28-amino acid peptide with an n-octanoylation
of the Ser residue in its third position, is secreted by endocrine cells of
the stomach, termed X/A-like or ghrelin cells, and particularly found
in the gastric fundus [1,2]. Ghrelin is the only known circulating
orexigenic hormone acting at hypothalamus. Ghrelin also acts at
pituitary to powerfully stimulate growth hormone secretion [1,34].
Biological actions of exogenous ghrelin have been documented,
including its effects on gut motility, pancreatic exocrine secretion,
glucose homeostasis, cardiovascular function, immunity, and inflam-
mation [1,5-10}].

In general, if a new hormone is discovered, then its receptor is
detected and the development of its derivative is started. However,
ghrelin and its receptor, growth hormone secretagogue (GHS)
receptor, follow the reverse pattern. In the 1970s, derivatives of
growth hormone-releasing peptide (GHRP) were found. In particular,
GHRP-6 (developed in 1984) and GHRP-2 (developed in 1992) more
strongly promote the release of growth hormone than endogenous

* Corresponding author. Shitsukawa 454, Toon, Ehime 791-0295, Japan. Tel.: +8189
960 5308; fax: +81 89 960 5310.
E-mail address: bmatsu@m.ehime-u.ac.jp (B. Matsuura).

0167-0115/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.regpep.2010.08.002

growth hormone-releasing hormone (GHRH). Natural peptide, GHRH,
and its receptors were detected in patients suffering from acromegaly,
but GHRP cannot affect the GHRH receptor directly. In 1996, GHS
receptor, that belongs to the class A guanine nucleotide-binding
protein (G protein)-coupled receptors and has binding capacity for
GHRP, was cloned by Howard et al. [11]. The full-length human GHS
receptor cDNA type 1a encodes 366 amino acids, whereas type 1b
encodes a truncated version of the GHS receptor (stop codon at the
end of the third intracellular loop). As a result, type 1b cDNA
expressed in eukaryotic cells fail to respond to GHS addition. In 1999,
ghrelin was finally identified as an endogenous ligand for GHS
receptor 1}

Understanding of the molecular basis of hormone binding and
activation of receptors provides important insights into the active
conformation of such receptors, providing critical information helpful
for the design and refinement of receptor-active drugs. Several ghrelin
analogs might be useful for medical treatment of disorders such as
anorexia and short stature. There have already been reports about
point mutations of GHS receptor, 1134T, V160M, A204E, and F279L in
patients who were unusually short stature and who experienced
excessive hunger, however, phenotypes of the patients with these
point mutations still remain unclear, particularly in heterozygous
carriers [12-16]. Holst et al. have reported that four residues of 22
positions in the transmembrane domains of the receptor,
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computationally considered binding site for ghrelin, GHPR-6, and
non-peptide agonists, were functionally important. Deletion or
replacement of residues in the transmembrane domains causes
large changes of structure of the receptor.

There have been no previous reports of serial analysis of the
extracellular dormains of GHS receptor 1a. There are many methods for
the analysis of ligand binding to and activation of receptors, such as
mutation or photolabeling of the ligand or mutation of the receptor
[17,18]. We have previously used mutagenesis methods to evaluate
the motilin receptor, in the same subfamily of class A G protein-
coupled receptor, and demonstrated the importance of the Cys
residues and the perimembranous amino acids [19-21].

In the present study, we examined the predicted amino terminus
and the first, second and third extracellular loops of the human GHS
receptor 1a, and identified functionally important residues by using
sequential deletions and site-directed alanine, phenylalanine, or
aspartate replacement. Cys residues in positions 116 and 198 in the
first and second extracellular loops and the perimembranous Glu'8”
residue in the second extracellular loop of this receptor were critical
for biological activity of both natural peptide, ghrelin, and synthetic
peptide, GHRP-6, same as the motilin receptor.

2. Materials and methods
2.1. Materials

Human ghrelin was from AnaSpec (Fremont, CA). GHRP-6 was
from Peptide Institute, Inc. (Osaka, Japan). Protease-free cell dissoci-
ation buffer was from Sigma-Aldrich (Indianapolis, IN). Expression
vector pcDNA3.1(—), Lipofectamine 2000, and 4’,6-diamidino-2-

phenylindole (DAPI) were from Invitrogen (Carlsbad, CA). Enzymes
used for receptor mutagenesis were purchased from Roche Applied
Science (Tokyo, Japan) or Stratagene (La Jolla, CA). Fura-2 acetox-
ymethyl ester (AM) and Alexa555-conjugated goat anti-mouse IgG
were from Molecular Probes (Eugene, OR). The mouse 12CA
monoclonal antibody against the hemagglutinin (HA) epitope was
from Roche Applied Science (Tokyo, Japan). 125-1-ghrelin was from
PerkinElmer (Beaconsfield, UK). The human GHS receptor cDNA was
kindly provided by Dr. Howard of Merck Research Laboratories
(Rahway, NJ; Ref. [11]).

2.2. Receptor constructs

Constructs representing a series of mutations of the predicted
extracellular domains of the human GHS receptor 1a were prepared
(Fig. 1). There is the clear sequence homology between GHS and
motilin receptor, particularly in the predicted transmembrane
segments (86%). In the current study, we have set a schematic
diagram of the predicted extracellular domains of the GHS receptor
based on hydrophobicity of motilin receptor up [19,22]. This
schematic diagram is slightly different from other reports by Holst
et al. or Feighner et al. [23,24]. These represented deletions of
segments ranging in length from one to twelve amino acid residues
and substitutions of single amino acid residues in the perimembra-
nous regions of interest with alanine or phenylalanine, the neutral
amino acid, and aspartate, the similar charged amino acid to the
original residues. Mutant GHS receptors were constructed by an
oligonucleotide-directed approach. PCR was performed in a thermal
cycler with Pfu Turbo DNA polymerase, running 18 cycles at 95 °C for
30's, 65 °C for 1 min, and 68 °C for 14 min. Products of the PCR and

Fig. 1. lllustration of the human GHS receptor constructs used in this report. Shown isa schematic diagram of the primary sequence and a possible membrane topology (based on
hydrophobicity) of the GHS receptor, along with the design of the sequential deletions (in numbered brackets) and Ala or Phe or Asp replacement constructs (in dark circles with

white lettering).
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restriction enzyme digestion were separated on 1% agarose gels and
purified with a Qiagen kit (Valencia, CA). Receptor constructs were
subcloned into pcDNA3.1(—). The sequences of all constructs were
confirmed by direct DNA sequencing with an ABI Prism DNA
Sequencer (Foster City, CA).

Additionally, a series of HA-tagged constructs were also prepared
for immunostaining studies; these included HA-tagged wild-type,
alanine site mutant (E187A), aspartate site mutant (E187D), and
cystein deletion mutants (A116C and A198C). They were prepared
using the same strategy as described above, by placing HA sequence
(YPYDVPDYA) at the amino terminus between residues Met' and Trp?
of the wild type or mutant receptors.

2.3. Receptor expression

Receptor constructs were expressed transiently in COS-1 cells
(American Type Culture Collection), which do not naturally express
the GHS receptor. Cells (1x 10%) plated on plastic culture ware were
transfected with 1 pg of DNA using Lipofectamine 2000. Cells were
cultured in Dulbecco's modified Eagle's medium with 5% fetal bovine
serum. Cells were harvested with non-enzymatic cell dissociation
solution 36 h after transfection for a biological activity assay and a
radioligand binding assay.

2.4, Intracellular calcium biological activity assay

The abilities of each GHS receptor construct to respond to ghrelin
and GHRP-6 were studied with a well-established assay for intracel-
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non-enzymatic cell dissociation solution, washed, and loaded with
5 M fura-2 AM in serum-free culture medium by incubation at 37 °C
for 20 min. Cells were then washed twice with Krebs-Ringer-HEPES
(KRH) medium (in 25 mM HEPES, pH 7.4, 104 mM NacCl, 5 mM KCl,
1.2 mM MgS04, 1 mM KH,POy4, and 2mM CaCly, with 0.2% bovine
serum albumin and 0.01% soybean trypsin inhibitor) before being
suspended in KRH medium at a density of 1.0 x 10%/ml. Approximately
2.0x 10% cells per assay were stimulated with varied concentrations of
ghrelin and GHRP-6 at 37 °C, with fluorescence quantified in a
PerkinElmer LS55 Luminescence Spectrometer (Beaconsfield, UK).
Excitation was performed at both 340 nm and 380 nm, with emission
determined at 520 nm and calcium concentration calculated from
ratios as described by Grynkiewicz et al. [25]. The peak intracellular
calcium concentration that was transiently achieved was used to
determine the agonist concentration dependence of the biological
responses. All assays were repeated at least four times.

2.5. Receptor binding assays

Radioligand binding assays were performed with the various GHS
receptor-bearing cells, '?*I-labeled ghrelin (3-5 pM radioligand), and
KRH medium. Incubations were carried out for 60 min at 25 °C, as
previously described [20]. The binding assays were performed in 24-
well tissue culture plates. Nonspecific binding was determined in the
presence of 1 uM ghrelin and represented <20% of total binding. All
assays were repeated at least four times.
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Fig. 2. Biological and binding activities of the GHS receptor amino-terminal constructs. Shown are intracellular calcium responses to increasing concentrations of ghretin (a) and
GHRP-6 (b) in COS cells transfected with deletion mutants and Ala or Phe replacement site mutants at the amino-terminus of the GHS receptor. Values are expressed as mean = S.E.
of data from four independent assays, with these values normalized relative to the maximal response to ghrelin and GHRP-6 in cells expressing the wild-type receptor (WT). Shown
also is competition of ghrelin for binding of radioligand (*2°1)-ghrelin to theses constructs expressed in COS cells (c). Values illustrated represent saturable binding as a percentage of

competing ghrelin. All values are means + S.E. of data from independent experiments.
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2.6. Immunohistochemistry of GHS receptor

For morphological assessment of receptor expression on the cell
surface, COS cells transiently transfected with HA-tagged wild-type or
mutant GHS receptors were replaced to grow on coverslips for 36 h.
Cells were washed with PBS and incubated with mouse monoclonal
anti-HA antibody (1:500) for 30 min on living cells. After washes with
PBC, cells were fixed in 2% paraformaldehyde for 30 min. After being
washed with PBS, cells were incubated in Alexa555-conjugated goat
anti-mouse lgG (1:400) for 1 h. Coverslips were then washed with
PBS, and incubated with DAPI for 10 min for visualization of cell
nucleus. All of the above procedures were performed at room
temperature.

2.7. Statistical analysis

Biological activity curves and binding curves were analyzed and
plotted using the nonlinear regression analysis program in the Prism
software package (GraphPad Software, San Diego, CA). Binding
kinetics was determined by analysis with the LIGAND program of
Munson and Rodbard [26]. All results are expressed as means = SE.
Data were analyzed with a two-tailed, two-way analysis of variance
followed by Newman-Keuls test to correct for multiple comparisons.
A value of p<0.05 was regarded as significant.

3. Results
3.1. Mutagenesis of the amino terminus of the GHS receptor

In this series of studies, we sequentially deleted segments twelve
amino acid residues in length between Trp® and Leu®” and replaced
each of residues between Phe®® and Pro*! to Ala or Phe in the
predicted amino-terminal tail region of the GHS receptor (Fig. 1).
These started immediately after the initiator methionine residue. The
constructs were transiently expressed in COS cells and were
characterized functionally. As shown in Fig. 2 and Table 1, in all
mutant constructs the intracellular calcium responses to ghrelin and
GHRP-6 and binding capacity of radioactive ghrelin were similar to
that in wild-type GHS receptor.

3.2. Mutagenesis of the first extracellular loop of the GHS receptor

In this region, we mutated each of eight residues between Pro'%
and Leu'' to alanine and one deletion residue (Cys''®). The
constructs were transiently expressed in COS cells and were
functionally characterized. As shown in Fig. 3 and Table 1, of all
mutated constructs, only Cys''® deletion mutant (A116C) demon-
strated a significant reduction in ghrelin- and GHRP-6-stimulated
intracellular calcium responses. Maximal calcium responses to ghrelin
and GHRP-6 for this A116C mutant were only 10% of that for the wild-
type GHS receptor. Consistent with this finding, A116C mutant
exhibited low binding to radioligand ghrelin.

3.3. Mutagenesis of the second extracellular loop of the GHS receptor

In this region, we mutated each of four residues between Val*®*
and Glu'® to alanine, and each of seven residues between Val?* and
Thr®"! to alanine in the perimembranous regions. In addition, we
sequentially deleted segments ranging in length from one to ten
amino acid residues between Asn'®® and Ala?®*. Constructs were
transiently expressed in COS cells and were characterized function-
ally. As shown in Fig. 4 and Table 1, only Cys'%® deletion mutant
(A198C) and Glu'® to Ala mutant (E187A) decreased the ghrelin- and
GHRP-6-stimulated intracellular calcium responses relative to that in
the wild-type receptor. The maximal calcium responses to ghrelin and
GHRP-6 for this A198C and E187A were only 10-20% for that of the

Table 1

Binding and biological activity data. Shown are the parameters of ghrelin binding to
COS cells expressing each of the noted GHS receptor constructs. Shown also are ECso
values for ghrelin (nM)- and GHRP-6 (nM)-stimulated intracellular calcium responses
in these cells, as well as Enax value reflecting maximal intracellular calcium
concentrations (nM) achieved. All values are means=+S.E. of data from four
independent experiments.

Receptor  Ghrelin binding Intracellular Intracellular
constructs calcium response  calcium response to
to ghrelin GHRP-6
Ki (nNM)  Bpax binding  ECso Emax ECso Emax

sites/cells [ghrelin] {Ca**] [GHRP-6] [Ca**]

(% 103) (nM) (nM) (nM) (nM}
WT 62+21 94+18 1.2+03 3046 12+04 347
A2-13 684+25 10525 14+04 33+9 15£04 358
A14-25 84428 88419 1.3£02 2945 12£02 3245
A26-37 8831 85x20 1.2+02 27+4 144+05 33+4
F38A 81427 97+17 14403 2545 1.0£02 31+£7
P39A 7.7+23 105+%23 1.5+05 29+7 1.1+02 32+6
A40F 82+26 98+24 10401 3049 14+03 3043
P41A 59+16 87+15 11402 31+£6 1306 29+2
P108A 70+£20 8713 1.6+06 26+4 20+08 26«3
W109A 63+£1.9 85+17 1.3+£04 29+3 18407 3749
N110A 144452 101+29 08+01 30+7 1.1+£03 2845
F111A 11.8+45 106430 12+03 33+8 1.1+02 2944
G112A 66+2.1 88+18 09+02 31+5 12+£03 34+8
D113A 12.046.0 108+28 14405 32%6 1.1£03 3648
L114A 165493 106426 09+04 3245 13£02 3549
L115A 14.1+£8.1 107£25 09+03 30+3 1.1+£01 29+5
A116C >1000 >1000 3+1 >1000 341
V184A 33410 88+16 16+09 29+4 08401 36+10
E185A 94+34 87+18 1.5+£08 30+3 09402 3548
H186A 93+3.1 107422 1.3+£05 32+4 13103 29+4
E187A >1000 >1000 7+2 >1000 10+2
E187D >1000 >1000 942 >1000 11+£2
A188-197 6629 88112 14+05 33+7 14405 28+
A198C >1000 >1000 2+1 >1000 341
A199-201 6317 85£17 1.6+07 31+7 13+03 25+3
A202-204 7.0+£22 87+12 1.2+06 35+10 12404 2745
V205A 7.14+26 8919 1.14£03 29+6 1.1+03 33+£8
R206A 76+£24 91+16 12403 30+£8 1.2+£02 3145
S207A 70+£24 8822 15+£05 3147 1101 33x7
G208A 71422 81410 1.04+£02 33+£9 12+03 32+6
L209A 58419 83411 09+01 34+9 1.1£03 368
L210A 48+14 86+15 14+08 3145 12+02 314
T211A 146478 98+18 0904 3243 19401 307
E296A 7.1+20 83+16 1.7+£09 31+ 09+01 3249
1297A 8.0+26 108421 12+£07 32+ 14+03 38+11
A298F 99451 96417 1.5+£07 34+ 08+01 34+8
Q299A 10.14+£43 90419 1.5+£06 32+ 09401 3147
L300A 57+18 85421 14404 31+ 08£01 36+8

wild-type receptor. We constructed mutating Glu'®” to Asp (E187D),
which is negative-charge amino acid same as Glu, and tested. E187D
mutant construct also decreased the intracellular calcium responses
to ghrelin and GHRP-6. E187A, E187D, and A198C constructs also
demonstrated low binding to radioactive ghrelin.

3.4. Mutagenesis of the third extracellular loop of the GHS receptor

This is a small region, consisting of five residues. We mutated each
of five residues between Glu?% and 1le3® to Ala or Phe. As shown in
Fig. 5 and Table 1, each residue mutant constructs resulted in similar
intracellular calcium responses for both ghrelin and GHRP-6 stimu-
lation to that in wild-type receptor. They also demonstrated same
binding capacity to ghrelin as in wild-type receptor.

3.5. Evidence of surface expression of the functionally impaired mutant
GHS receptor constructs

To examine cell surface expression of the functionally impaired
GHS receptor constructs as identified above, each of the relevant HA-
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Fig. 3. Biological and binding activities of the GHS receptor first extracellular loop constructs. Shown are intracellular calcium responses to increasing concentrations of ghrelin (a)
and GHRP-6 (b) in COS cells transfected with deletion mutant and Ala replacement site mutants at the first extracellular loop of the GHS receptor, as well as results from competition
binding experiments (c). Data are illustrated as described in the legend for Fig. 2 from four independent experiments. WT, wild-type.

tagged constructs was transfected into COS cells and immunostained
with anti-HA monoclonal antibody. As shown in Fig. 6, each mutant
receptor construct was expressed on cell surface in density similar to
the wild-type receptor. No fluorescence was observed in negative
control cells that had been transfected with an empty expression
vector or in cells transfected with wild-type receptor but stained with
the second antibody only. It should be noted that the HA-tagged GHS
receptor had ghrelin-stimulated biological activity responses similar
to the wild-type receptor (data not shown).

4. Discussion

The motilin-growth hormone secretagogue family of receptors
may follow unique and interesting molecular themes for binding and
being activated by their natural ligands. This relates to the location of
critical determinants for binding and biological activity at the amino-
terminal ends of both motilin [22] and ghrelin {1} rather than at the
carboxyl terminus, which is most typical of peptide receptors within
the class A G protein-coupled receptors [27]. It is also possible that the
members of this receptor family follow themes that are distinct even
among themselves. This relates to the novel and functionally critical
post-translational modification of ghrelin, n-octanoylation of Ser® [1],
which is apparently absent in motilin. Such a modification could
establish an association with the lipid bilayer that orients ghrelinin a
unique manner prior to its receptor binding.

We previously reported that Cys residues and the perimembranous
residues in the predicted extracellular loops and amino-terminal tail of
the human motilin receptor are critical for natural peptide ligand,
motilin, binding and biological activity [ 19,20]. To explore the possibility

of distinct modes of binding for members of this receptor family, in this
work, we focused our efforts on the predicted extracellular domains of
the human GHS receptor 1a, and utilized receptor mutagenesis and
intracellular calcium responses to systematically scan for residues that
might be critical for ghrelin- and GHRP-6-stimulated biological
responses. Three residues, Cys''® in the predicted first extracellular
loop, Glu'®” and Cys'®® in the second extracellular loop were shown to
be critical for calcium signaling, with each mutant affected similarly for
stimulation by the natural peptide agonist ghrelin and the synthesized
peptide agonist GHRP-6. Two Cys residues, Cys''® and Cys'®®, within the
predicted first and second extracellular loop domains are conserved
throughout the class A superfamily of G protein-coupled receptors, and
contribute to the formation of the highly conserved disulfide bond
linking the first and second extracellular loop of these receptors [19,20].
The disulfide bond is necessary to maintain the structure of class A G
protein-coupled receptor.

Although these data are of great interest and suggest the presence
of a platform at the interface between the plasma membrane and
extracellular domains for the natural peptide ghrelin binding to its
receptor, these results are indirect and require complementation.
Such loss-of-function studies can be explained by allosteric effects
rather than as a site of direct ligand interaction with the receptor.

Our mutagenesis approach also revealed the new functional
important perimembranous residue, Glu™, in the predicted second
extracellular loop domain, similar to the motilin receptor [19]. The
molecular basis of ligand binding to a receptor is dependent on the
structural and physiochemical characteristics of both molecules. For
the superfamily of G protein-coupled receptors, the heptahelical
structure and confluence of these helices in the lipid bilayer are
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(a) and GHRP-6 (b) in COS cells transfected with deletion mutants and Ala or Phe or Asp replacement site mutants at the second extracellular loop of the GHS receptor, as well as
competition binding data (c). Data are illustrated as described in the legend for Fig. 2 from four independent experiments. WT, wild-type.

thought to be largely conserved. However, the loop and tail regions
are quite varied and likely provide the diversity of themes allowing
the binding of structurally diverse natural ligands. Our present
findings provide important new insights into the molecular basis of
signaling at the GHS receptor. :

The point mutation of the residue Ala?* to glutamate (A204E) in
the second extracellular loop domain of human GHS receptor has
been reported in patients with short stature [13,23,28]. In the current
study, the binding capacity and intracellular calcium response to
ghrelinin the deletion mutant receptor, including Ala?®%, were similar
to those of wild-type receptor. We have not examined the function of
the replacement mutant receptor of residue Ala?®* to any other amino
acids in the present study. Holst et al. have reported that GHS receptor
showed strong, ligand-independent signaling in transfected cells by
measuring inositol phosphate turnover or by using a reporter assay
for transcriptional activity, and ghrelin acted as agonist stimulating
inositol phosphate turnover further and substance P acted full
antagonist as it decreased the constitutive signaling of the GHS
receptor. Pantel et al. have reported that the cell surface expression of
A204E mutant receptor was decreased by means of HA-tagged
construct, and the specific binding capacity to ghrelin of A204E
receptor was about 20% of wild-type receptor. The high constitutive
activity of GHS receptor was a key component of this receptor
function in vivo, whereas A204E mutant receptor showed loss of
function through a selective loss of constitutive activity for ligand
response being preserved. In the present study, we have only evaluate
ligand responses in vitro, so further investigation is necessary.

Expression of GHR receptor has been described not only in central
nervous tissues but in peripheral tissues, including gastrointestinal
tracts, liver, kidney, lung, myocardium, adipose tissue, placenta, and T
cells [11,29-31]. The active sites of G protein-coupled receptors are of
substantial interest for rational drug design. In this study, we
demonstrated that Glu'®” is an important residue for activation of
the GHS receptor. If ghrelin agonists that bind to Glu'®” strongly could
be synthesized, new drug therapies may be developed for the
treatment of various diseases, including appetite loss due to cancer
and anorexia nervosa, short stature, chronic kidney disease, heart
failure, and chronic obstructive pulmonary disease [5-10].

In conclusion, we have now demonstrated Cys residues in
positions 116 and 198 in the first and second extracellular loops
and the perimembranous Glu'® residue in the second extracellular
loop of the GHS receptor were critical for ghrelin and GHRP-6
biological activity. These results suggest that Cys residues in the
extracellular domains in this family of Class A G protein-coupled
receptor is likely involved in the highly conserved and functionally
important disulfide bond, and that the perimembranous residues
contribute peptide ligand binding and signaling.
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Fig. 5. Biological and binding activities of the GHS receptor third extracellular loop constructs. Shown are intracellular calcium responses to increasing concentrations of ghrelin (a)
and GHRP-6 (b) in COS cells transfected with Ala or Phe replacement site mutants at the third extracellular loop of the GHS receptor, as well as competition binding data (c). Data are
illustrated as described in the legend for Fig. 2 from four independent experiments. WT, wild-type.
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Fig. 6. Morphological evidence for normal cell surface expression of functionally impaired GHS receptor constructs, Shown are representative examples of anti-HA immunolabeling
0f COS cells transfected with HA-tagged wild-type (a), A116C (b), A198C (c), E187A (d), E187D (e) GHS receptor and cells transfected with the empty pcDNA3 eukaryotic expression

vector (f). Shown also are COS cells transfected with HA-tagged wild-type GHS receptor but immunostained only with Alexa555-conjugated goat anti-mouse IgG (g). Cell nucleus
was stained with 4,6-diamidino-2-phenylindole (DAPT).
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