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PET Imaging Analysis with 4Cu in Disulfiram Treatment
for Aberrant Copper Biodistribution in Menkes Disease

Mouse Model
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Menkes disease (MD), an X-linked recessive disorder of copper
metabolism caused by mutations in the copper-transporting ATP7A
gene, results in growth failure and severe neurodegeneration in early
childhood. Subcutaneous copper-histidine injection is the standard
treatment for MD, but it has limited clinical efficacy. Furthermore,
long-term copper injection causes excess copper accumulation in
the kidneys, resulting in renal dysfunction. To attempt to resolve this
issue, we used PET imaging with 84Cu to investigate the effects of
disulfiram on copper biodistribution in living mice serving as an
animal model for MD (MD model mice). Methods: Macular mice
were used as MD model mice, and C3H/He mice were used as
wild-type mice. Mice were pretreated with 2 types of chelators (di-
sulfiram, a lipophilic chelator, and p-penicillamine, a hydrophilic
chelator) 30 min before 84CuCl, injection. After 8*CuCl, injection,
emission scans covering the whole body were performed for 4 h.
After the PET scans, the brain and kidneys were analyzed for radio-
activity with y counting and autoradiography. Resulis: After copper
injection alone, marked accumulation of radioactivity (®*Cu) in
the liver was demonstrated in wild-type mice, whereas in MD model
mice, copper was preferentially accumulated in the kidneys (25.56 +
3.01 percentage injected dose per gram [%ID/g]) and was detected
to a lesser extent in the liver (13.83 + 0.26 %ID/g) and brain (0.96 £
0.08 %ID/g). Copper injection with disulfiram reduced excess cop-
per accumulation in the kidneys (14.54 + 2.68 %1D/g) and increased
copper transport into the liver (29.42 + 0.98 %ID/g) and brain (5.12 +
0.95 %ID/g) of MD model mice. Copper injection with p-penicilla-
mine enhanced urinary copper excretion and reduced copper ac-
cumulation in most organs in both mouse groups. Autoradiography
demonstrated that disulfiram pretreatment induced copper trans-
port into the brain parenchyma and reduced copper accumulation
in the renal medulla. Conclusion: PET studies with 64Cu revealed
that disulfiram had significant effects on the copper biodistribution
of MD. Disulfiram increased copper transport into the brain and
reduced copper uptake in the kidneys of MD model mice. The
application of 84Cu PET for the treatment of MD and other copper-
related disorders may be useful in clinical settings.
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Menkes disease (MD) is an inherited X-linked disorder of
copper metabolism caused by mutations in the ATP7A gene, which
encodes a copper-transporting protein (Z,2). ATP7A controls copper
transport from the cytosol to the Golgi apparatus and copper excre-
tion from cells (3). In patients with MD, dysfunctional ATP7A
causes a failure of copper absorption from the intestine (4). Because
macular mice possess a mutation in the mottled gene (atp7a) and
have a clinical phenotype and biochemical abnormalities similar to
those of MD patients, they can serve as an animal model for MD
(i.e., MD model mice) (5-7). Systemic copper deficiency was dem-
onstrated to cause dysfunction of copper-dependent enzymes and to
result in multisystem disorders, such as severe neurodegeneration,
connective tissue abnormalities, and kinky hair, in these mice (8,9).

To correct systemic copper deficiencies in MD, subcutaneous
copper-histidine injection is the standard treatment (10—12), but its
efficacy depends on the age-related maturation of the blood-brain
barrier (BBB) or residual copper transport by a partially functional
gene (/2-14). When copper treatment is initiated in the neonatal
period or early infancy, when the BBB is immature, the injected
copper is delivered to the neurons and, thus, is an effective treatment
for neurologic disorders (11,14). However, parenteral copper admin-
istration has limited clinical efficacy in MD patients more than 2 mo
old because the injected copper is trapped in the maturing BBB (/7).

Another important aspect of parenteral copper administration is
that copper treatment is sometimes associated with excess copper
accumulation in the kidneys, leading to renal dysfunction in patients
and macular mice with MD (6,15). Previous reports demonstrated
that copper administration lengthened the life-span of MD model
mice but that copper accumulation to toxic levels in the kidneys led
to severe renal damage (16,17). The mechanisms of copper-induced
renal damage have not been fully elucidated; however, the oxidative
potential of copper is considered to induce free-radical production
and to result in cellular damage (I18,19). To date, there have been no
studies on the development of a treatment focusing on the preven-
tion of copper accumulation in the kidneys.
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Several attempts have been made to develop novel methods to
address insufficient copper transport into the brain in the presence
of a maturing BBB. Kodama et al. (20) and Munakata et al. (21)
demonstrated that the use of a combination of copper and disul-
firam, a lipophilic chelator, improved copper deficiency in the
brain of MD model mice (macular mice). Administered disulfiram
is immediately converted into sodium diethyldithiocarbamate
(DEDTC) by glutathione reductase, and the complex of copper
and DEDTC can pass through the BBB (22-24). To advance these
findings to clinical application, it is important to elucidate the time
course of copper biodistribution with and without disulfiram.
Therefore, an evaluation of disulfiram via pharmacology safety
studies, such as absorption, distribution, metabolism, and excre-
tion studies, must be performed in an animal model before clinical
trials in humans. Traditionally, the evaluation of absorption, dis-
tribution, metabolism, and excretion in the development of phar-
maceuticals has involved autoradiography of the whole body and
the detection of radioactivity associated with dissected tissues by
use of radioactive '*’I- or '!'In-labeled pharmaceuticals (25).
However, recently developed molecular imaging technologies
allow the visualization and quantitative measurement of biologic
processes in living systems (26-28). Radioisotope-based molecu-
lar imaging techniques, such as PET, have been used for the non-
invasive detection of pharmacodynamics in the gut and for the
determination of functional changes in the nervous system
(26,27).

In this study, we aimed to investigate the effects of 2 types of copper
chelators (disulfiram, a lipophilic chelator, and p-penicillamine, a hy-

drophilic chelator) on copper biodistribution after copper injection in
MD model mice by PET imaging with *'Cu.

MATERIALS AND METHODS

Animals and Disulfiram and p-Penicillamine Pretreatments

This study was performed in accordance with international standards
for animal welfare and institutional guidelines and was approved by the
animal care and use committees of Osaka City University, Osaka,
Japan, and RIKEN Center for Life Science Technologies, Kobe, Japan.
We used 4- to 7-wk-old C3H/He mice (body weight, 16-24 g) pur-
chased from Japan SLC as wild-type mice and 4- to 8-wk-old macular
mice (7-22 g) bred at Teikyo University as MD model mice (5-7).

Mice were anesthetized with a mixture of 1.5% isoflurane (Abbott),
nitrous oxide (0.5 L/min), and 100% oxygen (1.5 L/min). In mice
pretreated with disulfiram (100 mg/kg; Wako Pure Chemicals),
disulfiram diluted with sesame oil was injected intraperitoneally.
In mice pretreated with p-penicillamine (100 mg/kg; Wako Pure
Chemicals), p-penicillamine diluted with saline was injected subcu-
taneously.

%4CuCl, PET
%CuClywas produced from the cyclotron at the RIKEN Center for
Life Science Technologies. At 30 min after disulfiram or D-penicillamine
pretreatment, *CuCl, corresponding to an activity of 30 MBq was ad-
ministered via the tail vein. Mice were imaged in the prone position in
a small-animal PET scanner (microPET Focus220; Siemens Medical Sol-
utions Inc.). Continuous PET scanning was performed for 4 h immedi-
ately after ®*CuCl, injection. PET data were acquired in the list mode and
reconstructed by use of a filtered backprojection algorithm with a ramp
filter cutoff at the Nyquist frequency, attenua-

A

Bile excrel

Wild type

MD model

3 min 30 min 1h 4h

30

%iD/g

tion correction, and no scatter correction. The
PET image data were displayed and analyzed
with IDL VM 6.3 (Exelis Inc.) and ASIPro VM
(Siemens Medical Solutions Inc.) software,
Regions of interest were drawn manually on
PET images, and the percentage injected dose
per gram of tissue (%ID/g) was calculated with
the software. Three mice were scanned for each
experimental group, and data from these mice
were subjected to statistical analysis.

y Counting and Ex Vivo
Autoradiography

%4Cu accumulation was evaluated by vy
counting at 4 h after ““CuCl, injection as de-
scribed previously (29). Each sample was
counted in a 1470 WIZARD automatic -y
counter (Wallac). Tissues were weighed, and
the amount of radioactivity was calculated as
the %ID/g. Six wild-type mice and 4 MD
model mice were included in each experimen-
tal group, and data from these mice were sub-
jected to statistical analysis.

For the quantification of emission data, ex
vivo brain and renal autoradiography was

== \Wild-type

w2 MO model

0 th 2k 3h 4n 0

Liver
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performed as described previously (26). Brain
tissue was sliced into coronal sections and kid-
ney tissue was sliced into sagittal sections

th 2h 3h 4h

Brain

FIGURE 1.

in liver and brain than wild-type mice. P < 0.01.

846

PET image analysis after 4CuCl, injection in wild-type and MD model mice. (A)
Coronal section of whole-body PET image 4 h after 54CuCl, injection in MD model mice. (B)
Time-activity curve for kidneys, liver, and brain 4 h after 84CuCl, injection. MD model mice
showed higher level of copper accumulation in kidneys and lower levels of copper accumulation

(1 mm thick) with a brain matrix (RBM-
2000C; ASI instruments Inc.). Brain and kid-
ney slices were placed on an imaging plate
(BAS-SR2040; Fuji Photo Film) for 15 and
5 min, respectively. Exposed imaging plates
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were scanned with an imaging analyzer (FLA-7000; Fuji). Reproduc-
ibility was confirmed in 3 independent experiments.

Statistical Analyses

All data are presented as mean * SD. Statistical analyses were
performed with commercially available software (JMP version 9;
SAS Institute). Statistical analyses of PET data with time-activity
curves were performed with repeated-measures ANOVA. Statistical
analyses of y-counting data were performed with the Wilcoxon test.

RESULTS

Copper Accumulation without Chelator in Wild-Type and MD
Model Mice

In wild-type mice, copper uptake in the kidneys was confirmed
soon after copper injection, reached a maximum level, and gradually
decreased (7.74 = 0.90 %ID/g at 4 h). Copper excretion into bile
could be seen, and we detected copper uptake in the intestine. The
marked copper uptake in the liver continued to increase during PET
imaging (21.80 * 2.42 %ID/g at 4 h). In the brain, copper uptake was
low butincreased gradually during PET imaging (1.34 = 0.03 %ID/g
at4 h) (Fig. 1).

In MD model mice, copper uptake in the kidneys was markedly
elevated (25.56 = 3.01 %ID/g at 4 h) and was 4-fold higher than that
in wild-type mice (P < 0.01). Copper excretion into bile was evi-
dent, and copper uptake in the liver was maintained at a plateau
(13.83 £ 0.26 %ID/g at 4 h). Copper uptake in the brain was lower
(0.96 = 0.08 %ID/g at 4 h) than that in the kidneys and liver and was
significantly lower than that in wild-type mice (P < 0.01) (Fig. 1).

The y-counting data supported the PET scan data showing that
copper uptake in the kidneys of MD model mice was significantly
higher than that in wild-type mice (14.47 * 3.39 %ID/g in wild-
type mice and 84.38 * 12.39 %ID/g in MD model mice; n = 4-6;
P < 0.05). On the other hand, copper uptake in the liver of MD
model mice was significantly lower than that in wild-type mice
(38.80 = 3.46 %ID/g in wild-type mice and 22.27 * 1.93 %ID/g
in MD model mice; n = 4-6; P < 0.05). Copper uptake in the

brain in both wild-type and MD model mice was low, with no
significant differences (Table 1).

These data confirmed that systemic copper injection without
chelator resulted in marked copper accumulation in the kidneys of
MD model mice. The uptake of injected copper in the liver and
brain of MD model mice was lower than that in wild-type mice.

Effects of Disulfiram or p-Penicillamine Pretreatment in
Wild-Type Mice

There were no significant differences in copper uptake in the
kidneys of mice pretreated with disulfiram and mice not pretreated
with the chelator. In the liver, disulfiram pretreatment increased
copper uptake (28.82 = 7.62 %ID/g at 4 h). In the brain, copper
uptake was gradually elevated during PET imaging (5.32 * 0.03
%ID/g at 4 h), and there were significant differences between mice
receiving and mice not receiving disulfiram pretreatment (P <
0.01) (Fig. 2). On the other hand, p-penicillamine pretreatment
significantly reduced copper uptake in the kidneys compared with
that in mice not pretreated with the chelator (P < 0.01). Copper
uptake in the liver and brain at 4 h was markedly lower in mice
pretreated with D-penicillamine (6.80 = 1.22 %ID/g in the liver
and 0.40 £ 0.08 %ID/g in the brain) than in those not pretreated
with the chelator (P < 0.01) (Figs. 2A and 2C).

The <y-counting data confirmed that disulfiram pretreatment in-
creased copper accumulation in the brain, heart, liver, spleen, muscle,
and blood and decreased it in the stomach, intestine, and kidneys of
wild-type mice. D-Penicillamine enhanced urinary copper excretion
and decreased copper accumulation in all organs investigated (Table 1).

These data confirmed that disulfiram increased copper accumu-
lation in the brain and liver but did not alter copper accumulation
in the kidneys of wild-type mice. p-Penicillamine strongly enhanced
urinary copper excretion in wild-type mice.

Effects of Disulfiram or p-Penicillamine Pretreatment in MD
Model Mice

Copper accumulation in the kidneys of MD model mice at
4 h was significantly lower in mice pretreated with disulfiram or

TABLE 1
y-counting Data for Each Organ 4 Hours After 8CuCl, Injection

Mean + SD %ID/g for:

Wild-type mice MD model mice
No chelator Disulfiram p-Penicillamine No chelator Disulfiram p~-Penicillamine
Organ (n=6) (n = 6) (n = 6) n=4 n=4) n=4
~ Bran  100+017  7.89%1.08 = 034:005  121:019 4T3z 274 044z0.16°
Heart - 6.87 +1.50 12.99 + 6.06% 2.06 + 0.28" “ 2171;018* 1036+519¢ 2.09+1.48
 Lungs  19.39+502  1636%215 = 528+225* 8861350 1162477 .38 + 0.55%
Liver - 38.80+3.46  61.61 13 511 14.04 £ 296 2227+ 1.93° 31.11 + 15.06 16.04 + 2.96%
 Pancreas = 628+142  875%800 @ 273+066* = 233+1151 = 5141283 1564081
Spleen 528 +1.13 8.91 + 2.40" 1.62 + 0.56* 4.03+0.17 5.66 + 2.37 2.65 £ 1.15
 Stomach  80.01+1281  645+1.33  1189+1.89® 20611663 5911358 925:282"
“Intestine - 18.02 + 3.45 6.17 £ 1.29* 6 83+ 1.15* 21.89+2.12 467 £1.72% 8.71 + 2.93%
 Kidneys - 1447 £339 1581234 976+ 132F | 8438:+1239T  2246+964% 4546 £17.54
Muscle os1+024 2.18 + 1.03* 0.47 £0.35 0.59 + 0.05 134+098 0.33 £ 0.29
_Blood  B301%074 @ B04+102* 115%040° 14027t 150047 0 4310400
“Urine 5o4+305” 034012 199.24 + 123.42* 475+0.96 | 0.40 £ 0.44% 384.62 + 380.52%

*P < 0.01 for no chelator vs. disulfiram or p-penicillamine in wild-type or MD model mice.
TP < 0.05 for no chelator in wild-type mice vs. no chelator in MD model mice.
*p < 0.05 for no chelator vs. disulfiram or p-penicillamine in wild-type or MD model mice.
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urinary copper excretion and decreased cop-
per accumulation in the kidneys, brain, and
liver of MD model mice.

Brain Autoradiography

At 4 h after copper administration without
a chelator, high levels of copper accumu-
lation were observed in the lateral ventricle
and the third ventricle in wild-type mice.
MD model mice showed a similar pattern
of copper accumulation, but the overall level
of copper accumulation was lower than that
in wild-type mice. Disulfiram pretreatment
markedly increased copper uptake in the
brain parenchyma in both wild-type and
MD model mice. High levels of copper
uptake were observed in the cerebral
cortex and thalamus, whereas copper up-
take in the ventricles was not prominent
(Fig. 4A).

Renal Autoradiography

Compared with wild-type mice, MD
model mice showed marked accumulation
of injected copper in the renal tissue and
notable accumulation in both the cortex and
the medulla. Both chelators (disulfiram and
p-penicillamine) decreased copper uptake
in the renal tissue of MD model mice, but
the copper distribution patterns in the dis-
ulfiram and p-penicillamine pretreatment
groups were different. Disulfiram decreased
copper uptake in the medulla, whereas
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DISCUSSION

FIGURE 2. PET image analysis after 84CuCly injection and disulfiram or p-penicillamine pre-
treatment in wild-type mice. (A) Coronal section of whole-body PET image 4 h after ®/CuCl,
injection in wild-type mice. Chelator (~) = no chelator. (B) Sagittal section of brain PET image
4 h after 84CuCl, injection. (C) Time-activity curve for kidneys, liver, and brain 4 h after 84CuCl,
injection. In wild-type mice, disulfiram increased copper accumulation in liver and brain, and
p-penicillamine enhanced urinary copper excretion and decreased copper accumulation in all

PET is a functional imaging technique
with high sensitivity. With the develop-
ment of dedicated small-animal PET scan-
ners, it is possible to perform functional
imaging in small animals at high spatial

organs. Data are mean + SD. *P < 0.01.

p-penicillamine than in mice not pretreated with a chelator
(14.54 = 2.68 %ID/g in mice pretreated with disulfiram and
16.71 + 2.89 %ID/g in mice pretreated with p-penicillamine)
(P < 0.05). On the other hand, disulfiram pretreatment signifi-
cantly increased copper accumulation in the liver (29.42 = 0.98
%ID/g) and brain (5.12 = 0.95 %ID/g) at 4 h compared with
that in mice not pretreated with the chelator (P < 0.01). p-
Penicillamine pretreatment decreased copper accumulation in
the brain and liver (P < 0.01) (Fig. 3).

The y-counting data confirmed that disulfiram pretreatment in-
creased copper accumulation in the brain and heart and decreased
it in the stomach, intestine, and kidneys of MD model mice.
p-Penicillamine enhanced urinary copper excretion and decreased
copper accumulation in most organs investigated (Table 1).

These data confirmed that disulfiram increased copper accumu-
lation in the brain and liver and decreased copper accumulation in
the kidneys of MD model mice. b-Penicillamine strongly enhanced

848 THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 55 o

resolutions (26-28). Using a small-animal

PET imaging system, we obtained the first
evidence—to our knowledge—that disulfiram pretreatment effi-
ciently corrects inappropriate copper biodistribution in living
MD model mice. The dynamics of administered copper and the
time course of the effects of disulfiram in living animals
strengthen the results of previous studies demonstrating the effects
of disulfiram with conventional methods, such as histochemistry in
postmortem animals (20,23). These data accelerate our goal—the
clinical application of disulfiram treatment in MD patients.

For macular mice, well-established as an MD model, the
present study confirmed that copper accumulation after systemic
copper injection without a chelator shifted to the kidneys rather
than the liver and brain, as in wild-type mice; these findings are
consistent with previous findings for MD patients and MD model
mice (2,12). Copper deficiency in the brain due to copper transport
dysfunction at the BBB causes severe neurodegeneration in MD
(8); therefore, it is important to develop an effective strategy for
improving copper transport into the brain on the basis of copper

No. 5 » May 2014
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maintenance of appropriate copper accu-
mulation in the brain in living MD mice
and humans.

With regard to the mechanisms respon-
sible for the effects of disulfiram on copper
transport into the brain, the hydrophobicity
of DEDTC—an active and converted form
of disulfiram—is known to allow the com-
plex of DEDTC and copper to permeate
cellular membranes, including the Golgi
apparatus (20,23,30). However, the forma-
tion of the complex was not demonstrated
in vivo in those studies. An alternative
mechanism of copper transport (e.g.,
Ctrl) could not be ruled out as an explana-
tion for the effects of disulfiram on copper
transport. Our ex vivo brain autoradiogra-
phy findings clearly demonstrated that the
copper injected with disulfiram passed
through the BBB and was taken up into
the brain parenchyma. Interestingly, we
found that copper uptake was most prom-
inent in the thalamus and then in the cere-
bellar cortex. As for the regional differences
in copper biodistribution, Szerdahelyi and
Késa (22) demonstrated that the effects of
a lipophilic chelator depended on the brain
region, with the highest increase being ob-
served in the hippocampus. Their histo-
chemistry study also revealed increased ac-
cumulation of copper in the glia and
neurons. The bioavailability of chelator-
bound copper is crucial for clinical applica-
tion. A recent study demonstrated that di-
sulfiram treatment increased cuproenzyme
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(cytochrome ¢ oxidase) activity in the brain,

FIGURE 3. PET image analysis after 84CuCl, injection and disulfiram or o-penicillamine pre-
treatment in MD model mice. (A) Coronal section of whole-body PET image 4 h after 84CuCl,
injection. Chelator (=) = no chelator. (B) Sagittal section of brain PET image 4 h after 4CuCl,
injection. (C) Time-activity curve for kidneys, liver, and brain 4 h after 4CuCl, injection. In MD
model mice, disulfiram decreased copper accumulation in kidneys and increased copper accu-
mulation in liver and brain, and p-penicillamine enhanced urinary copper excretion and decreased

and the authors suggested that the trans-
ported copper was indeed bioavailable after
disulfiram treatment (30). On the basis of
the findings of present and previous studies,
detailed data for copper biodistribution in

copper accumulation in all organs. Data are mean = SD. *P < 0.05. *P < 0.01.

dynamics in living systems. PET imaging provided direct visual
evidence that disulfiram rapidly increased copper uptake in the
brain of MD model mice on the basis of copper dynamics, in-
cluding the detailed time course of copper transport in the whole
body of a living mouse. Our quantitative time—activity curve anal-
ysis was sensitive enough to detect defective copper uptake in the
brain parenchyma of MD model mice, which could not be evalu-
ated by conventional y counting because of high background ac-
tivity from the periventricular vasculature (Figs. 1B and 4A; Table
1). The effectiveness of disulfiram pretreatment and details about
copper dynamics would contribute to accelerating human clinical
trials of disulfiram therapy for MD patients. On the other hand,
excess copper transport may pose a risk for free-radical produc-
tion, resulting in cellular damage (I/8). Further study is needed to
determine how to modulate copper transport to the brain to nor-
malize neurologic function in MD patients with various back-
ground factors, such as age and gene mutation type. PET imaging
is effective for evaluating safe doses of copper or disulfiram for the

64Cu DynaMics IN MENKES DISEASE MODEL  ©

the brain remain controversial; therefore,
further evidence of copper biodistribution
in the brain should be gathered with PET imaging and other basic
technologies.

Another important aspect of the present study was the
significant disulfiram-mediated reduction of copper accumulation
in the kidneys of MD model mice. Long-term copper injection has
a risk of causing copper accumulation to toxic levels in the
kidneys, leading to severe renal damage (/5-17). The present
study confirmed that, without disulfiram pretreatment, systemi-
cally administered copper was preferentially taken up by the kid-
neys of living MD model mice. PET imaging analysis confirmed
that disulfiram pretreatment markedly improved aberrant copper
accumulation in the kidneys, thus reducing the risk of renal com-
plications associated with long-term copper treatment. A previous
study demonstrated the efficacy of disulfiram treatment in mice
but revealed excess copper accumulation in the kidneys (30). Dif-
ferences in the dose and route of administration of copper and
disulfiram, the timing of disulfiram administration, and the age
of the animals tested may be responsible for the inconsistent
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Role of per-rectal portal scintigraphy in long-term follow-up of

congenital portosystemic shunt

Yuki Cho', Daisuke Tokuhara', Taro Shimono?, Akira Yamamoto?, Shigeaki Higashiyama®, Kohei Kotan#, Joji Kawabe?,

Yoshiyuki Okano?, Susumu Shiomi® and Haruo Shintaku’

BACKGROUND: Congenital portosystemic shunt (CPSS) has
the potential to cause hepatic encephalopathy and thus needs
long-term follow-up, but an effective follow-up method has
not yet been established. We aimed to evaluate the impor-
tance of per-rectal portal scintigraphy (PRPS) for long-term
follow-up of CPSS.

METHODS: We retrospectively examined shunt severity time
course in patients (median: 9.6 y, range: 5.2-16.6 y) with intra-
hepatic (n = 3) or extrahepatic (n = 3) CPSS by using blood
tests, ultrasonography or computed tomography, and PRPS.
Per-rectal portal shunt index (cutoff: 10%) was calculated by
PRPS.

RESULTS: PRPS demonstrated that the initial shunt index was
reduced in all intrahepatic cases (from 39.7+9.8% (mean +
SD) to 14.6+4.7%) and all extrahepatic cases (from 46.2+10.9
to 27.5+12.6%) during the follow-up period. However, ultra-
sonography and computed tomography disclosed different
shunt diameter time courses between intrahepatic and extra-
hepatic CPSSs. Initial shunt diameter (5.8+3.5mm) reduced
to 2003 mm in intrahepatic cases, but the initial diameter
(6.3+0.7mm) increased to 10.6+ 1.0mm in extrahepatic cases.
All patients had elevated serum total bile acid or ammonia lev-
els at initial screening, but these blood parameters were insuf-
ficient to assess shunt severity because the values fluctuate.
CONCLUSION: PRPS can track changes in the shunt severity
of CPSS and is more reliable than ultrasonography and com-
puted tomography in patients with extrahepatic CPSS.

Congenital portosystemic shunt (CPSS), which is a major
cause of neonatal hypergalactosemia without galactose-
metabolizing-enzyme deficiency (1), causes brain manganese
deposition, pulmonary hypertension, and hyperammonemia
leading to hepatic encephalopathy (2-8). CPSS is generally
suspected if serum total bile acid (TBA) and ammonia lev-
els are elevated, and it is diagnosed by using color Doppler
ultrasonography, dynamic contrast-enhanced computed
tomography (CT), and per-rectal portal scintigraphy (PRPS)
(7,9-12). Some shunts close spontaneously, whereas others
need to be closed surgically or with embolization because

of hyperammonemia leading to severe hepatic encepha-
lopathy (7,8,13-15). Therefore, it is important to follow up
CPSS patients carefully with color Doppler ultrasonography,
dynamic contrast-enhanced CT, and blood tests. Despite this,
there is no gold standard for accurately assessing the degree of
shunt. Color Doppler ultrasonography and dynamic contrast-
enhanced CT are useful for detecting shunt location and for
assessing shunt diameter and flow, but these imaging modali-
ties cannot be used to evaluate shunt severity quantitatively.
By contrast, PRPS can be used to calculate a shunt index
(SI) for quantifying shunt severity, as previously reported
(9). Currently, the use of PRPS is limited to the diagnosis of
CPSS, and its application to long-term follow-up of CPSS is
uncertain. Here, we aimed to clarify the role for PRPS in the
long-term follow-up of patients with CPSS by retrospectively
evaluating changes in shunt severity over time as assessed with
PRPS.

RESULTS

Patients

Six patients (mean age: 9.6 y; range: 5.2-16.6 y) were diagnosed
as having CPSS during the first year of life. On the basis of ultra-
sonography and dynamic contrast-enhanced CT, three of the
six patients were identified as having intrahepatic CPSS, and
the remaining three patients were found to have extrahepatic
CPSS (Table 1). None of the six patients had abnormalities in
the abdominal cavity, including hepatic tumors. Two of the
patients with intrahepatic CPSS had shunts between the left
portal vein and the central hepatic vein, and one had a shunt
between the left portal vein and left hepatic vein (Table 1). Of
the patients with extrahepatic CPSS, two had splenorenal shunts
(Table 1; Figure 1a,b), and one had a mesocaval shunt (Table 1;
Figure 1¢; Supplementary Video S1 online). All six patients
had normal mental development without hepatic encephalopa-
thy and showed absence of pulmonary hypertension.

Shunt Diameter

Ultrasonography or dynamic contrast-enhanced CT, or both,
disclosed a difference between intrahepatic and extrahepatic
CPSSs in terms of changes in shunt diameter over time. All three
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Table 1. Profiles of six children with congenital portosystemic shunt

Initial laboratory findings

Age atinitial
examination Galactose® TBA NH, AST ALT
Patient no. (mo) Sex Shuntlocation (<8mgy/dl) (<10pmol/l)  (30-80ug/dl)  (20-701U/0)  (10-701U/1)
1 0.5 Male Intrahepatic (LPV-LHV) 14.97 37 178 23 18
2 1 Male Intrahepatic (LPV-CHV) 8.9 44 89 41 28
3 1 Male Intrahepatic (LPV-CHV) 11.6 56 141 30 19
4 1 Male Extrahepatic (SV-LRV) 8.0 92.2 52 24 13
5 1 Male Extrahepatic (SV-LRV) 8.0 184 94 55 40
6 1 Male Extrahepatic (IMV-11V) 7.4 58 80 38 23

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CHY, central hepatic vein; IV, internal iliac vein; IMV, inferior mesenteric vein; IU, international units; LHY, left hepatic
vein; LPV, left portal vein; LRV, left renal vein; SV, splenic vein; TBA, total bile acid.
‘Galactose was evaluated within 45 d after birth by newborn mass screening.

Figure 1. Ultrasonography and computed tomography (CT) portal
venography of extrahepatic congenital portosystemic shunt patients.

(a) Splenorenal shunt (arrow) was clearly visualized in the sagittal view
on ultrasonography (16 y). (b) Splenorenal shunt (arrow) on maximum
intensity projection image of CT portal venography (1.5 y). (c) Mesocaval
shunt (arrow) on three-dimensional volume-rendered image of CT portal
venography (5 y).

intrahepatic CPSS patients showed spontaneous shunt regres-
sion. The initial shunt diameter of 5.8 +3.5mm (mean * SD) at
0.7+0.5y of age was reduced t0 2.0:0.3mm at 6 2.6 y of age—a
reduction of 59.6+16.3% over 5.2+2.8 y (Figure 2a—c). By con-
trast, the shunt diameter increased in all three extrahepatic CPSS
patients: the initial shunt diameter of 6.3 0.7 mm at 0.6 £0.2 y of
age increased to 10.6:£1.0mm at 11.3+5.6 y of age—an increase
of 70.0+:25.8% over 10.6+£5.6 y (Figure 2d-1).

Shunt Index

PRPS was performed in each patient two to four times at a
median interval of 4.5 y (range: 1.4-6.7 y). For all six patients,
the SI derived from PRPS decreased from 42.9+9.9% (mean +
SD, cutoff: 10%) at 0.9+0.8 y of age to 21.1£11.1% at 9.3+£4.9
y of age (Figure 2; Supplementary Figure S1 online)—a
decrease of 51.8+18.9% over 8.3+5.2 y. In the patients with
intrahepatic CPSS, the initial SI of 39.7£9.8% at 1.2£1.1 y
of age decreased to 14.6+4.7% at 6.6£2.6 y of age (Figure
2a~¢; Supplementary Figure S1 online)—a reduction of
60.7+19.9% over 5.4+3.1 y. In the patients with extrahe-
patic CPSS, the initial SI of 46.2+£10.9% at 0.6+0.4 y of
age decreased to 27.5+12.6% at 11.8+5.6 y of age (Figure
2d-f; Supplementary Figure S1 online)—a reduction of
42.9+16.3% over 11.3+5.7 y.

Blood Tests
Hypergalactosemia was identified in all six patients by new-

born screening (Table 1). At the initial examination at our

Copyright © 2014 International Pediatric Research Foundation, inc.

hospital, serum levels of TBA or ammonia were elevated in all
six patients (Table 1). No elevations of aspartate aminotrans-
ferase and alanine aminotransferase levels were found in any
of these patients. During the follow-up period, galactose lev-
els decreased to within the normal range by 2 y of age despite
persistent elevation of TBA and ammonia levels (Figure 3).
The persistently high values of TBA or ammonia suggested
the presence of a shunt, but the values fluctuated because of
intestinal motility and changes in the types of meals consumed
before fasting, limiting the use of these blood parameters in the
quantitative assessment of shunt severity.

DISCUSSION
We retrospectively evaluated the long-term clinical course of
CPSS patients, focusing on the degree of shunt as determined
with PRPS. Various imaging modalities and blood tests indi-
cated that the natural histories of intrahepatic and extrahepatic
CPSSs differed. Intrahepatic CPSS without hepatic tumor has
been reported to spontaneously close or regress, whereas extra-
hepatic CPSS does not spontaneously regress (3,7,8,16-18).
Ultrasonography and dynamic contrast-enhanced CT evalua-
tion showed spontaneous reductions in the shunt size in all of
our patients with intrahepatic CPSS but in none with extrahe-
patic CPSS, strengthening the previous findings. Furthermore,
all of our patients with extrahepatic CPSS showed marked
enlargement in shunt diameter over time. The reason for this
difference between intrahepatic and extrahepatic CPSSs is
unclear; however, one possible explanation is the difference in
the environments surrounding intrahepatic and extrahepatic
CPSSs. An intrahepatic CPSS is tightly surrounded by liver
parenchyma and may be under pressure during growth, per-
haps leading to spontaneous closure. One case report of a child
with intrahepatic CPSS who died of pulmonary hypertension
described an enlarged portal tract with multiple thin-walled
angiomatous vessels; these may be a feature of shunts that tend
to close or regress under pressure (5). By contrast, an extrahe-
patic CPSS is under less pressure from the surrounding tissues
and thus may retain its size, or enlarge, as the patient grows.
The most important finding of our study is the reduction in
SI in extrahepatic CPSS, despite the increase in shunt diameter.
PRPS is a noninvasive method that results in little exposure to

Volume 75 | Number 5 | May 2014 Pediatric RESEARCH 659
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Figure 2. Time course of shunt index and shunt diameter in patients with congenital portosystemic shunt (CPSS). (a) Case 1 with intrahepatic CPSS
between LPV and LHV. (b) Case 2 with intrahepatic CPSS between LPV and CHV. (c) Case 3 with intrahepatic CPSS between LPV and CHV. (d) Case 4 with
extrahepatic CPSS between SV and LRV. (e) Case 5 with extrahepatic CPSS between SV and LRV. (f) Case 6 with extrahepatic CPSS between IMV and IIV.
Case number is same as the patient number. Shunt index is shown as open circle, and shunt diameter is shown as solid diamond. CHV, central hepatic
vein; IMV, inferior mesenteric vein; IIV, internal iliac vein; LHV, left hepatic vein; LPV, left portal vein; LRV, left renal vein; SV, splenic vein.

radionuclide and is an effective method for evaluating portal cir-
culation; it is therefore used to diagnose or evaluate CPSS in chil-
dren and to assess the severity of cirrhosis in adults (9,19-21).
Shiomi et al. (19) reported the usefulness of PRPS in providing
detailed information about changes in portal hemodynamics;
they reported that SI in adults increases as liver cirrhosis pro-
gresses. Uchino et al. (3) reported that the risk of hepatic enceph-
alopathy increases with the degree of portosystemic shunting, as
indicated by the PRPS SI. The ST has also been shown to be use-
ful for evaluating the postoperative course in dogs with extrahe-
patic CPSS (22). In children, a recent study demonstrated that
PRPS is complementary to ultrasonography and endoscopy in
the assessment of portal hypertension associated with chronic
cholestasis (23). We found that SI decreased in all of our subjects
with CPSS during long-term follow-up; this may be a previously
unrecognized feature of the natural course of CPSS in humans.
However, the change in SI paralleled a reduction in shunt diam-
eter in the children with intrahepatic CPSS but contrasted
with the increase in shunt diameter in patients with extrahe-
patic CPSS. CPSS without spontaneous closure or regression is
considered to reflect an increase in the degree of shunt sever-
ity and is associated with complications (16). In addition, the
enlargement of shunt diameter in our patients with extrahepatic
CPSS may have led physicians to consider that the severity of
the shunt has worsened. However, our study demonstrated that
an increase in shunt diameter, as shown by imaging modalities
such as ultrasonography and dynamic contrast-enhanced CT, is
not an indicator of the severity of the shunt in CPSS, whereas
PRPS can be used to quantify shunt severity by using the SI,
regardless of changes in shunt appearance.

660 Pediatric RESEARCH Volume 75 | Number 5 | May 2014

Imaging modalities such as ultrasonography and dynamic
contrast-enhanced CT are useful for detecting the location and
size of CPSS but cannot provide the degree of shunt severity
as quantitatively as can PRPS. In addition, the image quality
of ultrasonography for extrahepatic CPSS is often influenced
by abdominal conditions {e.g., intestinal contents) because
the shunt is surrounded by the stomach or the small or large
intestine, whereas PRPS is not influenced by abdominal con-
ditions because the radiological agent is instilled through the
rectum. The concentrations of TBA and ammonia are useful
for monitoring the presence of PSS, but because these values
can fluctuate with changes in gut conditions, their use in accu-
rately assessing progress toward shunt closure is problematic.
Therefore, it is important and effective to use PRPS in addi-
tion to ultrasonography, dynamic contrast-enhanced CT, and
blood tests to assess shunt severity in the diagnosis and follow-
up of CPSS.

Surgical repair or embolization may be recommended for
extrahepatic CPSS without closure because of the high risk of
hepatopulmonary syndrome, pulmonary hypertension, and
hepatic encephalopathy (4,7,8,13-16). Stringer (8) described
that CPSS-affected individuals are at risk of developing hepatic
encephalopathy and/or an intrahepatic tumor depending largely
on the volume and duration of the shunt. The risk of hepatic
encephalopathy is related to the degree of portosystemic shunt-
ing, as measured by PRPS (3); therefore, it is rational to take the
SI into consideration when deciding whether surgical treatment
or embolization is indicated. On the other hand, Bernard et al. (7)
recommended that, even when no complication is detected, clo-
sure of shunt should be considered early to prevent complications

Copyright © 2014 International Pediatric Research Foundation, inc.
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Figure 3. Time course of (a) galactose, (b) TBA, and (c) ammonia levels in children with congenital portosystemic shunt (CPSS). (1) Case 1 with intrahe-
patic CPSS between LPV and LHV. (2) Case 2 with intrahepatic CPSS between LPV and CHV. (3) Case 3 with intrahepatic CPSS between LPV and CHV. (4)
Case 4 with extrahepatic CPSS between SV and LRV. (5) Case 5 with extrahepatic CPSS between SV and LRV. (6) Case 6 with extrahepatic CPSS between
IMV and IIV. Case number is the same as patient number. CHV, central hepatic vein; IV, internal iliac vein; IMV, inferior mesenteric vein; LHV, left hepatic
vein; LPV, left portal vein; LRV, left renal vein; SV, splenic vein; TBA, total bile acid.
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in cases of CPSS except for small intrahepatic shunt. Therefore,
it remains unclear whether ST affects the indications for closure
of shunt and there are no criteria for initiating treatment based
on PRPS. In our study, the SI of extrahepatic CPSS decreased
even though the shunt diameter increased during the long-term
natural course of the condition. Taking the current and previous
findings together suggests that it is important to determine the
SI to evaluate the risk of hepatic encephalopathy in patients with
extrahepatic CPSS; in addition, SI may be considered an impor-
tant parameter in addition to hyperammonemia, portal pressure,
shunt size, and clinical symptoms suggesting hepatic encepha-
lopathy when deciding whether surgical treatment or emboliza-
tion is warranted in patients with extrahepatic CPSS, although
further clinical study is necessary to support this hypothesis.

In conclusion, our study clearly revealed that PRPS can
provide information about the severity of CPSS beyond that
provided by biochemical tests, ultrasonography, and dynamic
contrast-enhanced CT. SI decreased over time, both in patients
with intrahepatic CPSS, whose shunts decreased in diam-
eter, and in patients with extrahepatic CPSS, whose shunts
increased in diameter. We recommend following up patients
with CPSS by using PRPS.

METHODS

Six patients with CPSS were retrospectively analyzed. Informed con-
sent was obtained, and the study was approved by the Institutional
Review Board of Osaka City University Hospital. All six patients were
found to have hypergalactosemia during newborn screening but did
not have galactose-metabolizing-enzyme deficiency. Each patient was
diagnosed as having CPSS by blood tests, including aspartate amino-
transferase, alanine aminotransferase, galactose, TBA, and ammonia
levels, in addition to ultrasonography, dynamic contrast-enhanced
CT, and PRPS. All patients were followed using the same modalities.
Shunt location, shunt flow, and shunt diameter were evaluated by
using ultrasonography and dynamic contrast-enhanced CT (Table 1).
Chest roentgenography, electrocardiography, and echocardiogra-
phy were undertaken to assess pulmonary hypertension. PRPS was
performed as previously described (9). Briefly, a polyethylene tube
(Nélaton’s catheter, French 8-12, Terumo Cooperation, Tokyo, Japan)
was inserted 10cm deep into the rectum, reaching the upper part.
A large-field scintillation camera (Vertex Plus; Adac Laboratories,
Milpitas, CA) was used to generate time—-activity curves. The cam-
era had a low-energy, multipurpose, parallel-hole collimator and was
interfaced with a digital computer (Pegasys; Adac Laboratories). The
camera was positioned over the patient’s abdomen so that the field of
view included the heart, liver, and spleen. First, 111 MBq (megabec-
querels) of Tc-99m-~pertechnetate (1 ml) was given through the tube,
followed by 10-20ml of air. Thereafter, time-activity curves for the
areas of the liver and heart were obtained every 4 s. At the end of the
5-min examination, the 5-min summed image, displayed in color, was
recorded. To evaluate the extent of the portosystemic shunt in terms
of an SI, we calculated the ratio of counts for the liver to counts for the
heart integrated for 24 s immediately after the appearance of the liver
time—activity curve.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper at
http://www.nature.com/pr
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A nationwide survey of Aicardi-Goutieres syndrome
patients identifies a strong association between
dominant TREX1 mutations and chilblain lesions:
Japanese cohort study
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Takahiro Yasumi', ltaru Toyoshima®, Kazuko Hasegawa®, Yusei Ohshima’,
Toru Hiragi®, Yoji Sasahara®, Yasuhiro Suzuki'®, Masahiro Kikuchi'',
Hitoshi Osaka'?, Takashi Ohya'3, Shinya Ninomiya'*, Satoshi Fujikawa'®,
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Abstract

Objectives. Aicardi-Goutiéres syndrome (AGS) is a rare, genetically determined, early onset progressive
encephalopathy associated with autoimmune manifestations. AGS is usually inherited in an autosomal
recessive manner. The disease is rare, therefore the clinical manifestations and genotype-phenotype
correlations, particularly with regard to autoimmune diseases, are still unclear. Here we performed a
nationwide survey of AGS patients in Japan and analysed the genetic and clinical data.

Methods. Patients were recruited via questionnaires sent to paediatric or adult neurologists in Japanese
hospitals and institutions. Genetic analysis was performed and clinical data were collected.

Results. Fourteen AGS patients were identified from 13 families; 10 harboured genetic mutations. Three
patients harboured dominant-type TREXT mutations. These included two de novo cases: one caused by a
novel heterozygous p.His195Tyr mutation and the other by a novel somatic mosaicism resulting in a
p.Asp200Asn mutation. Chilblain lesions were observed in all patients harbouring dominant-type TREX1
mutations. All three patients harbouring SAMHD1 mutations were diagnosed with autoimmune diseases,
two with SLE and one with SS. The latter is the first reported case.

Conclusion. This study is the first to report a nationwide AGS survey, which identified more patients with
sporadic AGS carrying de novo dominant-type TREX7T mutations than expected. There was a strong
association between the dominant-type TREX7 mutations and chilblain lesions, and between SAMHD1
mutations and autoimmunity. These findings suggest that rheumatologists should pay attention to possible
sporadic AGS cases presenting with neurological disorders and autoimmune manifestations.

Key words: Aicardi-Goutiéres syndrome, TREX1, SAMHD1, dominant-type, mosaicism, chilblain, autoimmunity.
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Introduction

Aicardi-Goutieres syndrome (AGS) is a rare, genetically
determined, early onset progressive encephalopathy [1].
Patients with AGS typically suffer from irritability, incon-
solable crying and progressive microcephaly associated
with severe neurological symptoms, such as hypotonia,
dystonia, seizures, spastic quadriplegia and severe devel-
opmental delay [2]. On brain imaging, AGS is character-
ized by calcifications of basal ganglia, white matter
abnormalities and cerebral atrophy [3, 4]. Cerebrospinal
fluid (CSF) analysis shows chronic lymphocytosis and ele-
vated IFN-« and neopterin levels [3-5]. AGS patients are
often misdiagnosed as having intrauterine infections, such
as TORCH (toxoplasmosis, other infections, rubella, cyto-
megalovirus infection and herpes simplex) syndrome, be-
cause of the similarities in the clinical findings, particularly
the intracranial calcifications [1]. As extraneural findings,
chilblain lesions are seen in approximately 40% of pa-
tients [3]. Some patients also show bouts of mild fever,
hepatosplenomegaly, abnormal liver function and
thrombocytopenia [1, 3, 4].

Mutations in five genes—TREX1, RNASEHZ2B,
RNASEH2C, RNASEH2A and SAMHD1—are linked with
AGS [6-8]. Approximately 90% of patients with character-
istic clinical and radiologic findings of AGS harbour
aetiological mutations in one of these five genes [1]. The
ADART1 gene was recently identified as a sixth gene linked
with AGS [9]. AGS is often inherited in an autosomal re-
cessive manner, although a few cases show an autosomal
dominant pattern of inheritance [2, 10-12]. Mutations in
TREX1 are often associated with early onset neonatal
AGS, which presents with more severe neurological fea-
tures, whereas RNASEH2B mutations are related to a
later-onset presentation that is associated with less
severe neurological problems and lower mortality rates
[2, 3.

The main pathophysiological feature of AGS is the over-
production of type | IFN, caused by the accumulation of
nucleic acids within cells stimulating the pattern recogni-
tion receptors and the innate immune system [1].
Therefore AGS can be regarded as an interferonopathy
[13]. SLE is also an interferonopathy and shares many
clinical features with AGS, including skin lesions, neuro-
logical abnormalities and the expression of type | IFN-
related genes [13, 14]. Some SLE patients harbour
TREX1 mutations, suggesting that AGS and SLE are
both allelic disorders that share a common pathophysi-
ology, overproduction of type | IFN [15]. AGS is a disease
of monogenic autoimmunity and an important disorder
that must be considered when making a differential diag-
nosis of SLE; indeed, some molecularly proven AGS pa-
tients fulfil the diagnostic criteria for SLE [2, 16, 17]. In
addition, AGS is similar, particularly with regard to skin
lesions, to familial chilblain lupus (FCL), a rare cutaneous
form of SLE that shows Mendelian inheritance [18]. We
recently reported a family containing AGS and FCL
cases caused by a heterozygous p.Asp18Asn mutation
in TREX1, and proved the clinical continuity of these two
conditions [19]. Although the similarities between SLE and

www.rheumatology.oxfordjournals.org

AGS are known, the autoimmune aspects of AGS are still
unclear because of the rarity of the disorder.

As a rare monogenic disorder, AGS reports have
predominantly examined individual AGS families. Alterna-
tively, some genetic analysis centres have recruited AGS
patients from around the world. Here we report the first
nationwide survey of Japanese AGS patients, which was
conducted using questionnaires designed to identify the
clinical manifestations and genotype-phenotype correl-
ations in detail, with a particular focus on autoimmune
symptoms.

Materials and methods

Patients

Questionnaires were sent to 1852 hospitals and institu-
tions that specialize in paediatric and adult neurology,
and 760 replies (41.0%) were received. Detailed question-
naires were then sent to the hospitals or institutions with
positive replies and clinical information regarding sus-
pected AGS cases was obtained. In addition, some pa-
tients enrolled in the study were referred directly to our
institution by paediatric neurologists and paediatric
rheumatologists. Clinical information, patient histories

and laboratory data were collected from medical records

and by direct interviews with patients, their families and
their attending physicians. Neuroimaging data included
CT scans and/or MRI scans. AGS was diagnosed accord-
ing to the following criteria: (i) neurological abnormalities
of encephalopathy, (i) intracranial calcifications, (jii) the
absence of prenatal infection and (iv) at least one CSF
abnormality, such as a white cell count =5 cells/mm3,
elevated IFN-o levels (>61U/ml or >12.5pg/ml), or
raised neopterin levels (reference ranges 8.0-25.0nM at
an age of 2-12 years and 7.3-31.6 nM in adulits). In cases
with no available CSF data, a diagnosis of AGS was made
when the patients fulfilled criteria 1-3 and either had mu-
tations in the genes responsible for AGS or had siblings
who had been diagnosed with AGS.

Laboratory data

IFN-o levels were measured using a cytopathic effect in-
hibition assay (SRL, Tokyo, Japan). In the present study, a
value >61U/ml was considered elevated due to the limit of
detection of the assay, although most previous reporis
considered >2[U/ml as the cut-off value for AGS. In
some cases, IFN-o was measured by ELISA (SRL). The
CSF neopterin level was measured as previously
described [20].

Genetic analysis

The nationwide survey was approved by the ethical com-
mittee of the National Hospital Organization, Sagamihara
National Hospital, and genetic analyses were approved by
the ethical committees of Kyoto University Hospital and
the National Hospital Organization, Sagamihara National
Hospital, in accordance with the Declaration of Helsinki.
After obtaining written informed consent from all study
subjects (or their parents or guardians), genetic analyses
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of TREX1, RNASEH2B, RNASEH2C, RNASEH2A and
SAMHD1 were performed. Genetic analysis of the
ADART gene was performed for those patients clinically
diagnosed with AGS but who did not harbour a mutation
in any of these genes. Genomic DNA was extracted
from the whole blood samples taken from the patients
and their parents (if available) and all exons, including
the exon-infron boundaries, were sequenced as previ-
ously described [21]. TREXT gene mosaicism was ana-
lysed using massively parallel DNA sequencing as
previously described [22]. Leucocyte subpopulations
were isolated and sorted using an autoMACS Pro
Separator {(Miltenyi Biotec, Gladbach, Germany) as previ-
ously described [23]. The purity of the isolated subpopu-
lations was >90%.

Exonuclease assays

The pFN18A HaloTag T7 Flexi Vector system (Promega,
Madison, Wi, USA) with a HaloTag at the N-terminus was
used to generate a recombinant human TREX1 protein.
Recombinant protein was produced in Single Step (KRX)
Competent Cells (Promega) and isolated according to the
manufacturer’s protocol. The recombinant proteins were
then immunoblotted with an anti-TREX1 antibody (Sigma-
Aldrich, St Louis, MO, USA) as previously described [21].
The concentrations of the purified TREX1 proteins were
determined using the Flamingo Fluorescent Gel Stain
(Bio-Rad, Hercules, CA, USA) assay with a Molecular
Imager FX Pro Plus (Bio-Rad).

The ssDNA and dsDNA exonuclease assays were per-
formed according to the method of Orebaugh et al. [24].
Briefly, for the ssDNA assays, a 30-mer oligonucleotide
with 5'-fluorescein (6-FAM) (Sigma-Aldrich) and TREX1
proteins were incubated at 37°C for 30 min, followed by
separation on 23% denaturing polyacrylamide gels. Using
the visualized fluorescein-labelled bands, the fraction of
oligomer at each position was multiplied by the number of
excised deoxynucleoside monophosphates (ANMPs) to
determine the activities of the recombinant TREX1 pro-
teins (fmol of dNMP/s/fmol of enzyme). For the dsDNA
assays, the p3xFLAG CMV-14 plasmid (Sigma-Aldrich),

which contains a single Nt.BbvCl site (New England
Biolabs, Ipswich, MA, USA), was digested by Nt.BbvCl.
The nicked plasmid DNA was then incubated with the
TREX1 proteins at 25°C for 30 min, followed by separation
in electrophoresis on 0.8% agarose gels. Using SYBR
Green | (Lonza, Basel, Switzerland), the excised dNMPs
and activities of the recombinant TREX1 proteins (fmol of
dNMP/s/fmol of enzyme) were calculated by the amount
of degraded dsDNA.

Statistical analysis

Fisher's exact test was used to examine differences in
categorical variables among the cohort in the present
study or between the cohort in the present study and co-
horts from other studies. Statistical significance was set at
P <0.05.

Resulis

Genetic and molecular findings

We identified 14 AGS patients from 13 families. All patients
were Japanese and none were consanguineous. Of the 13
families, 10 harboured mutations and 3 did not (Table 1).
Altogether, we identified 15 mutations in four genes, 10 of
which were novel. All of the novel mutations were absent
from at least 100 Japanese control alleles and from the
1000 Genomes Project database. Six of the novel muta-
fions were missense mutations. PolyPhen-2 analysis pre-
dicted five to be probably damaging and the other, a
p.Gly258Val mutation in SAMHDI1, to be possibly
damaging; all were predicted to be deleterious by sorting
intolerant from tolerant (SIFT) analysis. The median age of
the patients at the time of genetic analysis was 6 years
(range 6 months-18 years).

Of the 10 families harbouring mutations, 5 harboured
mutations in TREXT, 3 in SAMHD1, 1 in RNASEH2B and
1 in RNASEH2A. None of the families harboured muta-
tions in RNASEH2C or ADAR1. No families harboured
homozygous mutations. The RNASEHZ2B mutation was
heterozygous; however, the mother who showed no
symptoms of AGS shared the same heterozygous

TasLe 1 Genetic findings of Aicardi-Goutiéres syndrome patients

F Gene
1 AGS1/TREX1 c.[52G>A];[=]
2 AGS1/TREX1 ¢.[583C>T};[=], de novo
3 AGS1/TREX1 c.[=/598G>A], de novo
4 AGS1/TREX1 c.[667G>A[;[839delG]
5 AGS1/TREX1 c.[839delG];[859_876del18]
6 AGS2/RNASEH2B c.[155T>G];[=]
7 AGS4/RNASEH2A ¢.[557G>A[;[703C>T]
8 AGS5/SAMHD1 ¢.[368A>C];[1567A>T]
9 AGS5/SAMHD1 c.[T73G>T];[1141_1143delATT]
10 AGS5/SAMHD1 c.[428G>A(;)1435G>T]

 Proteinchange |

p.[Asp18Asn];[=]
p.[His185Tyr];[=], de novo
p.[=/Asp200Asn], de novo
p.[Ala223Thr];[Gly280Giufs*18]
p.[Gly280Glufs*18];[Leu287_Gly292del]
p.[Leus2Trp];[=]
p.[Arg186Gin];[Arg235Trp]
p.[His123Pro};[Lys523*]
p.[Gly258Val];[lle381del]
p.[Arg143His(;)Glud79*%]

Novel mutations are indicated in bold. Consanguinity was not present in any of the families of these AGS patients. = denotes

normal sequence, and * denotes nonsense variant.
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mutation and further analyses were not performed due to
a lack of additional samples of the patient or the family.

Three families (patients 1-3) harboured TREX7 muta-
tions on one allele only. The patient harbouring the het-
erozygous p.Asp18Asn mutation (patient 1) had a
maternal family history of FCL, which was caused by the
same mutation [19]. Parental genotyping showed that the
other two mutations, p.His195Tyr and p.Asp200Asn
(patients 2 and 3), were de novo (Fig. 1A and B).
RT-PCR analyses also confirmed a lack of additional
mutations in TREX1 of the three patients.

Since dominant-type TREX7T mutations are a very rare
cause of AGS [2, 10-12], we performed additional bio-
chemical analyses of the three dominant mutations iden-
tified in our cohort, particularly the novel p.His195Tyr
mutation (patient 2), to confirm their mutational effects.
The TREX1 protein contains three exonuclease domains
that form the active site of the enzyme, and His195,
located in the third exonuclease domain, is the catalytic-
ally important histidine (Fig. 1C) [25-28]. First, we con-
firmed that His195 was highly conserved among
different species (Fig. 1D). Next, we generated recombin-
ant human TREX1 proteins (Fig. 1E) and compared them
with wild-type TREX1 proteins (TREX1""). The ssDNA and
dsDNA exonuclease assays revealed that TREX1 proteins
harbouring the p.His195Tyr mutation (TREX1P-His195Ty)
showed a marked reduction in enzymatic activity, similar
to TREX1 proteins harbouring the p.Asp18Asn
(TREX1PASP18AST)  ang  p Asp200Asn (TREX1P-AsP200Asn)
mutations, which are reported to cause dominant-type
AGS (Fig. 1F and G) [10, 11].

In addition, we identified a patient harbouring TREX1
with a p.Asp200Asn mutation (patient 3), in which the
signal intensity of the mutated A at position 598 was
lower than that of the reference G (Fig. 1B). Since this
result suggested that a somatic mosaicism can cause
AGS, we performed additional genetic analyses.
Massively parallel DNA sequencing showed that neutro-
phils, monocytes, T cells, B cells and cells of the buccal
mucosa harboured the same mutation at frequencies of
approximately 20-30%, suggesting that the mutation
occurred at an early stage of development and that
approximately half of the mutated and normal cells
co-existed in the patient.

Clinical findings

All of the patients in the present cohort are currently alive
(Table 2). Of the 13 patients for whom neonatal informa-
tion was available, 11 were born at term, but 6 were small
for their gestational age. All patients showed the first
symptoms of AGS within 6 months of birth, with a
median disease onset of 1.5 months. Four patients
(patients 9, 11, 13 and 14) were early onset cases,
which were affected within the first days of life; patients
9 and 11 had thrombocytopenia at the time of disease
onset. Of the other subacute-onset cases, the earliest
symptoms were largely related to encephalopathy, includ-
ing neurological abnormalities and fever; however,
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Fic. 1 Genetic and molecular analyses of the TREX7
mutations
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(A) Chromatograms for the direct sequencing of the
TREX1 gene from patient 2 and from a healthy control.
The arrow indicates the heterozygous ¢.583C>T substi-
fution, which leads to the p.His195Tyr mutation. (B)
Chromatograms for the direct sequencing of the TREXT
gene from patient 3 and from a healthy control. The arrow
indicates the mutant A allele: the signal intensity of this
mutation, at position 598, is lower than that of the refer-
ence G, suggesting somatic mosaicism of ¢.598G>A,
which leads to the p.Asp200Asn mutation. (C) Schematic
representation of the human TREX1 protein. Exo1-3
shows the three exonuclease domains that form the active
site. The arrows indicate the positions of Asp18, His195
and Asp200. Mutations in these amino acid residues can
cause dominantly inherited AGS. (D) Alignment of the
TREX1 protein sequences. His195 is highly conserved
from Schistosoma japonicum to Homo sapiens.

patients 1 and 2 presented with rashes on the exiremities
that were later diagnosed as chilblains.

In the present study, all patients showed developmental
delay, which was severe in 13 cases and moderate in 1
(patient 1). Seizures were observed in seven patients
(patients 1, 5, 7, 8, 11, 13 and 14), including febrile con-
vulsions in two. We also identified microcephaly in nine
patients (patients 4-10, 12 and 14), dystonia in six
(patients 5, 6, 8, 9, 12 and 13) and hypotonia in five
(patients 2, 5, 7, 9 and 13).

Chilblain lesions were observed in seven patients
(patients 1-5, 8 and 10) (Fig. 2A). All five patients harbour-
ing TREX1 mutations had chilblain lesions, which were
absent in patients without gene mutations. The lesions
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Fia. 2 Genetic and molecular analysis of the TREX7T mutations
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(A) Western blotting of purified recombinant human TREX1 proteins expressed in bacteria. The arrow indicates the

position of the TREX1 proteins. The exonuclease activity of the recombinant TREX1 proteins in the (B) ssDNA assay and
the (C) dsDNA assay. The amount of TREX1 protein used in the assays is indicated. The enzymatic activity of wild-type
and mutated TREX1 proteins and the relative activity, which is shown as the ratio of the activity of the mutant to that of the
wild type, are shown below each figure. Values are expressed as the mean (s.n.) of three independent experiments. The

arrow in (C) indicates non-degraded, nicked dsDNA.

appeared on the fingers and toes in all seven cases; four
of the seven also had lesions on the ears. In all cases the
lesions were worse during the winter.

Recurrent fever was observed in seven patients
(patients 1, 2, 4, 5, 8, 9 and 13). Regarding articular dis-
eases, patient 4 suffered from scoliosis and a hip disloca-
tion, and patient 10 had arthritis. Patients 7 and 9 suffered

452

from hearing loss, and four patients (patients 2, 4, 8 and
14) had ophthalmological problems.

Patients 8 and 9, both harbouring SAMHD1 mutations,
fulfilled the ACR diagnostic criteria for SLE [29]. In add-
ition, patient 10, who also harboured a SAMHD1 mutation,
was diagnosed with SS according to the Japanese criteria
for SS [30].
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TasLe 2 Clinical findings of Aicardi-Goutiéres syndrome patients

l “‘A‘ge‘ av

. j GA ‘ disease . Manifestations at Developmental. . Other neurological ' Chilblain ‘ . Extraneural
| Patient | Genotype ~ Sex: . weeks . onset disease onset ‘delay . manifestations ' = lesions = | manifestations

38 2840 23d Rash (extremities) Moderate Febrile convulsion Yes Recurrent fever, abdominal

1 TREX1 15 F
AD pain
2 TREX1 15 M 39 2792 2mo Rash (extremities) Severe Hypotonia Yes Recurrent fever, conjunctiv-
AD itis, posterior synechia
3 TREX1 8 M 39 2828 4mo Delayed head control Severe None Yes None
AD
4 TREX1 19 F 38 2044 3mo Delayed head control Severe Microcephaly, spastic Yes Recurrent fever, oral ulcer,
AR quadriplegia abdominal pain, visual
impairment, scoliosis, hip
dislocation, neurogenic
bladder dysfunction
5 TREX1 12 M 38 3000 18d Fever Severe Dystonia, hypotonia, micro- Yes Recurrent fever
AR cephaly, febrile convulsion,
mixed quadriplegia, startle
reaction
6 RNASEH2B 6 F Unknown  Unknown 3 mo Eye movement disorder Severe Dystonia, microcephaly No None
?
7 RNASEH2A 2 F 36 1931 3 mo Involuntary movement Severe Hypotonia {frunk), hypertonia No Hearing loss
AR (extremities), microcephaly,
seizure
8 SAMHD1 14 F 40 2052 1 mo Irritability Severe Dystonia, microcephaly, Yes Recurrent fever, hepato-
AR seizure splenomegaly, glaucoma,
corneal perforation
9 SAMHD1 6 F 38 2534 5d Fever and feeding difficulties ~ Severe Dystonia, hypotonia, No Recurrent fever, photosen-
AR with thrombocytopenia microcephaly sitization, hearing loss
10 SAMHD1 16 M 39 2330 <4 mo Irritability Severe Microcephaly Yes Arthritis
AR
11 ND 4 M 36 2780 4d Omphalitis with Severe Hypertonia, seizure, spastic No Idiopathic interstitial
thrombocytopenia quadriplegia pneumonia
12 ND 6 M 39 3290 6 mo  Developmental delay Severe Regression, dystonia, No Atopic dermatitis
microcephaly
13 ND 7 F 40 2144 0d Conjugate deviation Severe Dystonia, hypotonia, seizure, No Recurrent fever
spastic paralysis
14 ND 4 F 37 2056 od Conjugate deviation Severe Regression, microcephaly, No Congenital cataract

seizure, hemiplegia

GA: gestational age; BW: birth weight; AR: autosomal recessive; AD: autosomal dominant; ND: not detected; M: male; F: female; d: day(s); mo: month(s). Patients 1-10 are the same as
presented in Table 1. No significant mutations in six genes associated with AGS were detected in patients 11-14. Patients 13 and 14 are siblings.
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