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Upshaw—Schulman syndrome (USS), also called hereditary
thrombotic thrombocytopenic purpura, is an autosomal reces-
sive disease characterized by thrombocytopenia and microang-
iopathic hemolytic anemia. USS is associated with hereditary
severe deficiency of plasma ADAMTS13 activity; patients with
USS have homozygous or compound heterozygous mutations
in the ADAMTSI3 gene [1-5]. ADAMTSI13 is a plasma
metalloprotease that regulates platelet aggregation through the
cleavage of von Willebrand factor (VWF) multimers. ADAM-
TS13-deficient plasma derived from patients with USS contains
unusually large VWF multimers, which can induce unwanted
hyperaggregation of platelets and microvascular thrombi. In
this study, we analyzed the relationship between genetic
variation of ADAMTSI3 and plasma ADAMTSI13 activity
in the Japanese general population. In addition, on the basis of
the data obtained via our genetic analysis, we estimated the
number of patients with USS in Japan.

The population examined is based on the Suita Study [6], an
epidemiologic study consisting of randomly selected Japanese
residents of Suita City, which is located in the second largest
urban area in Japan. Our study protocol was approved by the
ethical review committee of the National Cerebral and
Cardiovascular Center, and only subjects who provided written
informed consent for genetic analyses were included.

To identify common polymorphisms in the population, we
first sequenced all 29 exons and exon-intron boundaries of
ADAMTSI3 using 346 consecutive subjects, by means of
previously described methods [2]. We identified 25 polymor-
phisms with allele frequencies of the respective minor allele
> (.01, including two in the promoter region, 10 in the exons,
and 13 in the introns. Of these, six were missense single-
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nucleotide polymorphisms (SNPs): p.T339R (c.1016C>G),
p-Q448E (c.1342C>G), p.P475S (c.1423C>T), p.P618A
(c1852C>@G), p.S903L (c.2708C>T), and p.GlI81R
(c.3541G>A). Next, we performed TagMan genotyping
assays (Applied Biosystems, Tokyo, Japan) for the missense
SNPs, using 3616 subjects whose plasma ADAMTS13 activ-
ities had been measured with the FRETS-VWF73 assay [7].
Allele frequencies for the minor alleles were 0.027 for p. T339R,
0.192 for p.Q448E, 0.050 for p.P475S, 0.027 for p.P618A, 0.048
for p.S903L, and 0.022 for p.G1181R. The observed genotypes
did not deviate significantly from Hardy—Weinberg equilib-
rium. The p.T339R and p.P618A SNPs were in absolute
linkage disequilibrium (+* = 0.97), whereas the other missense
SNPs were not strongly linked (> < 0.11).

The p.Q448E and p.P475S SNPs, but not the other missense
SNPs, were significantly associated with plasma ADAMTSI3
activity (Fig. 1A). The ADAMTSI13 activity (97% =+ 25% in
men, 111% + 28% in women, mean =+ standard deviation)of
p-Q448E heterozygotes (QE) and minor allele homozygotes
(EE) was slightly but significantly higher than that of major
allele homozygotes (QQ) (91% =+ 24% inmen, 104% =+ 26%
in women). In contrast, the ADAMTS13 activity (79% =+ 20%
inmen, 92% =+ 24% in women) of p.P475S heterozygotes (PS)
and minor allele homozygotes (SS) was significantly lower than
that of major allele homozygotes (PP) (94% =+ 24% in men,
108% =+ 27% in women). The difference in activity was
consistent with the observation that the recombinant ADAM-
TS13-P475S mutant has approximately 70% of the activity of
wild-type ADAMTSI3 [8]. It is interesting that p.P618A was
not associated with plasma ADAMTSI3 activity in the present
study, whereas the conditioned medium of HEK293 cells
expressing the A618 variant showed lower levels of activity
(27%) and antigen (14%) than the wild type [9]. POLYPHEN-2, a
program that predicts damaging missense mutations [10],
identified p.T339R and p.P618A as ‘possibly damaging’ and
‘probably damaging’, respectively, whereas the other four SNPs
were predicted to be ‘benign’.

As the ADAMTSI3 locus is near (130-190 kb) the ABO
locus on chromosome 9q34, we compared the frequencies of
the SNPs among ABO blood group genotypes (Fig. 1B). The
relative frequencies of p.T339R minor allele homozygotes and

© 2011 International Society on Thrombosis and Haemostasis



Letters to the Editor 1655

A
£200{  p<0.0001 P < 0.0001 €200 P < 0.0001 P < 0.0001
> | 1 2
$150 2150
S100 o 100
= by L'—_'_r:‘J L
@ 50 £ 50
=
<
S a0 aE+ee oo ae-ee 2 PP _psiss PP Psiss
< Men Women Men Women
p.Q448E p.P475S
B Minor homozygotes [J Heterozygotes M Major homozygotes
13308
2 4
= BB
S BO
o AB
o 00
Q .Q448E
S 1o
SB
S AB
& 00
0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100
Relative frequency (%) Relative frequency (%) Relative frequency (%)
¢ _. 250
2
<. 200 '—1§—>Maximum group(—l—z———- .
=
‘g 1501 )
® 5 »Median group
é 1001
> g0l = z 2nd minimum group(_/\:
g 3 >Minimum group/
< 0
Men Women
(n = 1500) (n=1700)
D
Min. (n=32) 2nd min.(n=32) Med (n=32) Max.(n=32)
Average activity 47.1% 53.1% 97.6% 183%
o |p-T339R 2 1 3 0
% |p.Q448E 8 (1) 8 8 16
< |p.P4758 9(2) 6 2 1
£ |p.P618A 2 1 3 0
£ | p.s903L 2 3 5 3
O |p.G1181R 2 4 1 1
Rare mutation 7 3 2 2

Fig. 1. ADAMTSI3 variation in a Japanese general population. (A) Box-and-whisker plot (5th-95th percentiles) of plasma ADAMTSI3 activity in each
genotype of p.Q448E and p.P475S. P, Kruskal-Wallis test. (B) The relative frequency of minor homozygotes, heterozygotes and major homozygotes for
each genetic polymorphism. (C) Scatter dot plot of plasma ADAMTS13 activity for men and women. On the basis of these activity measurements, 128
subjects were selected for sequencing of ADAMTS13. (D) The numbers of minor allele carriers in each group. One in eight p.Q448E carriers and two in nine
p-P475S carriers in the minimum group were homozygotes for the respective minor alleles.

heterozygotes were higher for AA, AO and AB than for BB,
BO and OO, suggesting that p.T339R is associated with the
blood group A allele. The p.P618A SNP, which is tightly
associated with p.T339R, exhibited the same pattern. The
p-P475S and p.S903L SNPs tended to be associated with the
blood group O allele.

We then utilized the plasma ADAMTSI13 activity data to
estimate the frequency of hereditary ADAMTSI13 deficiency.
In the population, 3200 DNA samples (1500 men and 1700
women) were available, from a quantitative standpoint, for
sequencing of ADAMTS13. We selected 128 subjects according
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to their plasma ADAMTSI13 activity (Fig. 1C): 32 subjects of
the ‘minimum’ group (average activity, 47.1%), consisting of 15
men and 17 women with the lowest activities in each gender; 32
subjects of the ‘second minimum’ group (53.1%), consisting of
15 men and 17 women with the second lowest activities; 32
subjects of the ‘median’ group (97.6%), consisting of 15 men
and 17 women with median activities; and 32 subjects of the
‘maximum’ group (183%), consisting of 15 men and 17 women
with the highest activities. Each group corresponds to 1% of
the population examined. All DNA samples from the four
groups were subjected to ADAMTSI3 sequencing, which
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revealed that 70 individuals had at least one of the six missense
SNPs described above (Fig. 1D). Of these, only p.P475S
showed a significant difference in minor allele frequency among
four groups (P = 0.028, chi-square test). In addition, 14
individuals had rare non-synonymous mutations: seven
(p.F324L, p.F418L, p.673F, p.Q773X, p.Y1074AfsX46,
p.R1095Q, and p.S1314L) in the ‘minimum’ group; three
(p.I380T, p.Y1074AfsX46, and p.R1274C) in the ‘second
minimum’ group; two (p.Q723K and p.N1321S) in the ‘median’
group; and two (p.L19F and p.R268Q) in the ‘maximum’
group. Of these, p.I673F (c.2017A>T) and p.Y1074AfsX46
(c.3220delTACC) had been identified as causative mutations in
patients with USS [11,12]. All of the others were newly
identified mutations.

To estimate the number of individuals with a hereditary
ADAMTSI13 deficiency, we generated several hypotheses: (i) as
two individuals in each of the ‘median’ and ‘maximum’ groups
had rare mutations, two of every 32 people should have a
mutation that does not cause a functional defect of ADAM-
TS13; (ii) thus, five (= 7 —2) individuals in the ‘minimum’
group and one (= 3 - 2) individual in the ‘second minimum’
group should be the heterozygotes carrying a mutation with a
functional defect; (iii) other than these six (= 5 + 1)individuals
in the ‘minimum’ and ‘second minimum’ groups, no individual
should have any mutations that confer a functional defect. These
hypotheses were consistent with a prediction based on PoLy-
PHEN-2: the p.S1314L, p.I380T, p.Q723K, p.N1321S, p.L19F
and p.R268Q mutations are ‘benign’, p.1673F and p.R1274C are
‘possibly damaging’, and the others are ‘probably damaging’.
According to the hypotheses, we estimated that six of 3200
individuals were heterozygotes for ADAMTS13 deficiency. This
estimation suggested that ~ 1 individual in 1.1 x 10° (= 6/
3200 x 6/3200 x 1/4) should be a homozygote or a compound
heterozygote for ADAMTSI13 deficiency. In Japan, which has a
population of approximately 1.3 x 10¥, ~ 110 individuals may
have hereditary ADAMTSI3 deficiency or USS. If we adjusted
our estimate of ADAMTS13 deficiency from 6/3200 to 7/3200
or 5/3200, the number of patients would be 160 or 80,
respectively. The validity of these calculation procedures was
confirmed by StaGen Co., Ltd (Chiba, Japan), a company
specializing in genetics, statistics, and data analysis.

In conclusion, this study demonstrated that, in the Japanese
general population, there are six common missense SNPs:
p-T339R, p.Q448E, p.P475S, p.P618A, p.S903L, and
p.G1181R. Of these, p.Q448E and p.P475S are significantly
associated with plasma ADAMTSI3 activity. Allele frequen-
cies of these SNPs correlate with ABO blood group. Finally, we
estimated the number of patients with USS in Japan, yielding a
figure that corresponds to approximately three times the
number of patients already diagnosed as having this condition.
Because of insufficient sample sizes, we may have underesti-
mated the prevalence of USS. Further studies are needed to
obtain mere reliable conclusions.
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EF S MICRO» 5, E{EYE TTP IX Upshaw— -

Schulman fEf### (Upshaw-Schulman syndrome :
USS) & &M h, %0 EFIXEXREAD-
AMTSI3 RIBEET H 1, BT ADAMTSI3 &
EFREDREHEAKRD 52VIEA~T o EAE
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JLSHE (minor allele frequency : MAF) #%0.01
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We read with great interest the review article by Zakai and
McClure [1] regarding racial differences in venous thrombo-
embolism (VTE). While racial differences in the incidence of
VTE have been reported, the race-specific genetic risk factors
for VTE have remained obscure until recently. Factor V Leiden
mutation and prothrombin G20210A mutation are commonly
found in populations of European origin as modest genetic risk
factors for VTE [1], and Asians have neither mutation.
Although the incidence of VTE in African-Americans is more
than S-fold greater than that in Asian-ancestry populations,
and European and Hispanic populations are at intermediate
risk of VTE, Asian populations may have race-specific
mutations for VTE. Recently, we identified a protein S
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K196E mutation as a genetic risk factor for VTE in a Japanese
population [2-4]. As Zakai and McClure have described a high
prevalence of protein C and protein S deficiency in Japanese,
Taiwanese and Thai populations with VTE, the protein S
K196E mutation can account for the high prevalence of protein
S deficiency in Japanese subjects. An i vitro study showed that
the recombinant protein S with the K196E mutation lost
activated protein C-dependent anticoagulant activity [5].

So far, three independent case—control studies, all performed
in Japan, have reached the same conclusion — that the protein S
K196E mutation is a risk factor for VTE, with odds ratios
between 3.74 and 8.56 [2-4]. The prevalence of this mutation
has been examined in four cohorts, and 77 heterozygous
carriers have been identified in 4319 Japanese subjects [2-4,6],
indicating a mutant allele frequency of 0.0089. None were
homozygotes. The total population of Japan is now 127 mil-
lion. Therefore, approximately 10 000 Japanese may be
homozygotes. Three VTE patients homozygous for protein S
KI196E mutation have been identified with a prevalence of one
homozygote out of approximately 85 VTE patients [2,3]. One
homozygote showed 78% total protein S antigen, 94% free
protein S antigen, and 35% protein S anticoagulant activity [2].
Another homozygote showed 39% protein S anticoagulant
activity but no data on antigen levels. The third homozygote
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did not have any antigen or activity data [3]. The protein S
K 196E mutation can be found in VTE patients with congenital
protein C deficiency, facilitating the development of VTE [4,7],
and is frequently present in VTE patients with pregnancy [8].
The genotype-phenotype study of the Japanese general pop-
ulation showed that the individuals heterozygous for the
mutant E-allele had 16% lower protein S anticoagulant activity
than wild-type subjects [9].

The protein S K196E mutation seems to be race specific,
because so far this mutation has not been identified in a
Caucasian population. We believe that the protein S K196E
mutation should be present in other east Asian populations,
including the Chinese and Koreans; however, so far there are
no reports on those populations. Some genetic mutations
specific to eastern Asian populations, in particular the
plasminogen A610 T mutation with an allele frequency of
0.020 in Japanese subjects and the ADAMTSI3 P475S
mutation with an allele frequency of 0.050 in Japanese subjects,
have been reported in other east Asian populations [10]. These
mutations are low-frequency variations, with allele frequencies
between 0.05% and 0.5% [11]. Factor V Leiden mutation and
prothrombin G20210A mutation in Caucasian populations are
also regarded as low-frequency variations. Thus, as previously
described [11], the low-frequency genetic variations would be
important for specific phenotypes such as VTE, and the protein
S K196E mutation is a race-specific genetic risk factor for VTE.
Recent genomewide genetic analysis in Asian populations
revealed the southern migration route to eastern Asia [12]. The
low-frequency genetic variation should have occurred recently
and should be fixed within a specific population. This
accumulating body of evidence strongly suggests that genetic
studies should be carried out in each ethnic population and that
studies of common variations as well as low-frequency
variations would be valuable.
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This proof-of-principle study illustrates that NGS enables
rapid genetic diagnosis of a PFD in a single test. In this
example, we were able to restrict SNV mapping to a subgroup
of 57 genes implicated in secretion, so that it was feasible to use
Sanger sequencing to determine whether each potential SNV
was a true-positive or a false-positive call. Although successful
in HPS, restricting analysis to a subgroup of genes is likely to
reduce the diagnostic yield of NGS for other PFDs where it is
less easy to select a candidate gene list. Strategies such as whole-
exome sequencing may circumvent this difficulty by increasing
the overall sensitivity of NGS for pathogenic SNVs. However,
increasing the number of mapped genes is also expected to yield
significantly larger numbers of irrelevant SNVs and false-
positive calls. Alternative NGS strategies require further
evaluation in other PFDs to determine the optimum diagnostic
and cost-effective approach.
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RGS2 is a member of the regulator of G-protein signaling
(RGS) protein family that plays a key role in the regulation of
G-protein-coupled receptors. RGS2 inhibits Gg-mediated and
Gi-mediated signaling by activating the intrinsic GTPase of the
Ga subunit [1,2]. RGS2 also interacts with Gs and adenylyl
cyclase, and suppresses Gs signaling independently of GTPase-
activating protein activity [2,3]. In platelets, the activation of
the Gg-coupled or Gi-coupled receptors by thrombin, throm-
boxane A, and ADP stimulates platelet aggregation, whereas
the activation of the Gs-coupled prostacyclin receptor inhibits
aggregation [4,5]. Recently, active roles of RGS proteins in
regulating platelet G-protein-coupled receptors have been
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reported [6,7]. Mice carrying a GI186S mutation in the
o subunit of Gi2 that impairs RGS-Gi2 interactions showed
increased platelet aggregation in vitro and enhanced platelet
thrombus formation after vascular injury in vivo [6]. These
results indicate that platelet RGS proteins are essential for
regulating thrombogenesis at the sites of vascular injury. A
G23D mutation in the human RGS2 gene was reported to
increase the proportion of RGS2 isoforms that strongly
interact with adenylyl cyclase. Platelets from carriers of this
mutation showed decreased Gs activity after stimulation of the
prostacyclin receptor, suggesting that RGS2 is a negative
regulator of platelet Gs signaling [7]. In this study, we analyzed
platelet thrombus formation in RGS2-deficient mice to fully
characterize the physiologic importance of RGS2 in platelets.

RGS2-deficient (Rgs2™™) mice on the CS57BL/6J genetic
background [8,9] were provided by M. E. Medelsohn (Tufts
University School of Medicine). Blood samples were collected
from male mice aged 8-12 weeks. All animal procedures were
approved by the Animal Care and Use Committees of the
National Cerebral and Cardiovascular Center. We confirmed
the presence of RGS2 transcripts in platelets of wild-type
CS57BL/6J (Rgs2"/™) mice by RT-PCR (data not shown), as
previously reported in rat platelets [10]. No RGS2 transcripts
were detected in platelets of Rgs2”~ mice. Platelet counts were
(810 + 77) x 10° L™! (mean + standard deviation [SD], n =
20) for Rgs2™/* mice and (781 + 84) x 10° L™! (n = 20) for
Rgs2™~ mice, with no significant difference (P > 0.05 by
Student’s #-test) between the genotypes.

We studied platelet Gs activity by using whole-blood
aggregation-inhibition analysis. Platelet aggregation in whole
blood was measured by a screen filtration pressure method with
a WBA-Neo aggregometer (ISK, Tokyo, Japan) [11,12]. Four
different concentrations (100, 200, 400 and 800 pg L") of the
Gs agonist prostaglandin E; (PGE;) were added to whole
blood 1 min before aggregation was initiated with 4 mg L™
collagen. The 50% inhibitory concentrations (ICsy) of PGE;
calculated from the dose-response curve were 308 =+
34 pg L' (mean + SD, n = 8) for Rgs2™/™ mice and 330
+ 75ug L™ (n = 8) for Rgs2™™ mice, with no significant
difference between the genotypes. We also examined the
inhibitory responses to PGE; on collagen-induced platelet
aggregation in platelet-rich plasma, as previously reported in
humans [7]. Aggregation was monitored by light transmission
with an MCM Hema Tracer 704 aggregometer (Tokyo Koden,
Tokyo, Japan), as described previously [13]. Again, the
responses were comparable in Rgs2*/T mice (ICsp =
646 £ 277 ng L™!, mean + SD, n = 4) and Rgs2™”/~ mice
(ICso = 8.72 £ 269 pg L™, n = 4), suggesting normal
platelet Gs activity in Rgs2™/~ mice.

To clarify the consequences of RGS2 deficiency in platelet
thrombus formation under physiologic blood flow, we per-
formed a whole-blood perfusion assay on a collagen-coated
surface, as described previously [13,14]. Under both low
(200 s7") and high (1500 s7') shear rate conditions, we did
not detect any difference in either rate or extent of thrombus
accumulation between Rgs2*/* and Rgs2™™ mice (Fig. 1A).
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Fig. 1. Platelet thrombogenesis in RGS2-deficient mice. (A) In vitro
thrombogenesis on a collagen surface under flow. Whole blood from
Rgs2™* or Rgs2™/~ mice containing mepacrine-labeled platelets was
perfused at a wall shear rate of 1500 s™!. The cumulative thrombus vol-
ume, analyzed with a multidimensional imaging system, was measured
every 0.5 min up to 3 min. Data are the mean =+ standard error of the
mean of 12 mice for each genotype. No significant differences were
observed between Rgs2*/*and Rgs27~ mice by two-way repeated mea-
sures analysis of variance. The typical images of thrombi at 3 min after
perfusion are shown in the upper panels. The cumulative thrombus
volume at a shear rate of 200 s™' was also similar between the genotypes
(n = 11). (B) In vivo thrombogenesis in ferric chloride-injured mesenteric
arterioles. Endogenous platelets of live mice were fluorescently labeled
with a DyLight488-conjugated rat IgG against mouse glycoprotein Ibp,
and observed in mesenteric arterioles after injury with 10% ferric chloride.
The vessel occlusion time is shown. Student’s #-test showed no significant
differences between the genotypes. Time to first thrombus formation also
did not differ between genotypes. The symbols represent data from a single
mouse. The bars represent the mean values of groups.

These results suggest that RGS2 does not substantially
contribute to the regulation of platelet thrombogenesis under
flow. Similar results were obtained in vivo in thrombosis
experiments using intravital microscopy. We applied 10%
ferric chloride topically to the mesenteric arterioles of mice
aged 3-5 weeks. Platelet thrombus formation in the arterioles
was monitored with a fluorescence microscope and a CCD
camera system, as described previously [14]. The diameters and
shear rates of the studied arterioles were 123.2 + 17.7 ym
and 1291 + 163 s (mean + SD,n = 8) for Rgs2*/™ mice,
and 118.3 + 13.0 pmand 1299 + 2225 (n = 9)for Rgs2™/~

© 2011 International Society on Thrombosis and Haemostasis



mice, with no significant difference between genotypes. Both
the time to first thrombus formation (> 30 um) and the vessel
occlusion time following injury were comparable between
Rgs2"'* and Rgs2”~ mice, indicating that RGS2 does not
play a significant role in the regulation of thrombogenesis at the
site of arteriolar injury (Fig. 1B).

These results suggest that RGS2 deficiency has no impact on
hemostasis in vivo. Platelets are thought to express at least 10
different RGS proteins; therefore, other RGS proteins are
potentially important.

Addendum

F. Banno: designed research, performed experiments, analyzed
and interpreted data, wrote the paper, and approved the final
version to be published; T. Nojiri: performed experiments,
analyzed data, and approved the final version to be published;
S. Matsumoto: performed experiments, analyzed data, and
approved the final version to be published; K. Kamide:
interpreted data and approved the final version to be published,;
T. Miyata: designed research, interpreted data, wrote the
paper, and approved the final version to be published.

Acknowledgements

We thank N. Mochizuki (National Cerebral and Cardiovas-
cular Center) for helpful discussions and advice, M. E.
Medelsohn (Tufts University School of Medicine) for provid-
ing the RGS2-deficient mice, and M. Kuroi (National Cerebral
and Cardiovascular Center) for technical assistance.

Disclosure of Conflict of Interests

This work was supported in part by grants-in-aid from: the
Ministry of Health, Labour and Welfare of Japan; the Ministry
of Education, Culture, Sports, Science and Technology of
Japan; the Japan Society for the Promotion of Science; the
Program for Promotion of Fundamental Studies in Health
Sciences of the National Institute of Biochemical Innovation of
Japan; and the Mitsubishi Pharma Research Foundation.

© 2011 International Society on Thrombosis and Haemostasis

Letters to the Editor 311

References

1 Riddle EL, Schwartzman RA, Bond M, Insel PA. Multi-tasking RGS
proteins in the heart: the next therapeutic target? Circ Res 2005; 96:
401-11.

2 Bansal G, Druey KM, Xie Z. R4 RGS proteins: regulation of
G-protein signaling and beyond. Pharmacol Ther 2007; 116: 473-95.

3 Roy AA, Baragli A, Bernstein LS, Hepler JR, Hebert TE, Chidiac P.
RGS2 interacts with Gs and adenylyl cyclase in living cells. Cell Signal
2006; 18: 336-48.

4 Woulfe DS. Platelet G protein-coupled receptors in hemostasis and
thrombosis. J Thromb Haemost 2005; 3: 2193-200.

5 Offermanns S. Activation of platelet function through G protein-
coupled receptors. Circ Res 2006; 99: 1293-304.

6 Signarvic RS, Cierniewska A, Stalker TJ, Fong KP, Chatterjee MS,
Hess PR, Ma P, Diamond SL, Neubig RR, Brass LF. RGS/Gi2alpha
interactions modulate platelet accumulation and thrombus formation
at sites of vascular injury. Blood 2010; 116: 6092-100.

7 No¢ L, Di Michele M, Giets E, Thys C, Wittevrongel C, De Vos R,
Overbergh L, Waelkens E, Jacken J, van Geet C, Freson K. Platelet Gs
hypofunction and abnormal morphology resulting from a heterozy-
gous RGS2 mutation. J Thromb Haemost 2010; 8: 1594-603.

8 Oliveira-Dos-Santos AJ, Matsumoto G, Snow BE, Bai D, Houston
FP, Whishaw IQ, Mariathasan S, Sasaki T, Wakeham A, Ohashi PS,
Roder JC, Barnes CA, Siderovski DP, Penninger JM. Regulation of
T cell activation, anxiety, and male aggression by RGS2. Proc Nat!
Acad Sci USA 2000; 97: 12272-7.

9 Matsumoto S, Kamide K, Banno F, Inoue N, Mochizuki N, Kawano
Y, Miyata T. Impact of RGS2 deficiency on the therapeutic effect of
telmisartan in angiotensin II-induced aortic aneurysm. Hypertens Res
2010; 33: 1244-9.

10 Kim SD, Sung HJ, Park SK, Kim TW, Park SC, Kim SK, Cho JY,
Rhee MH. The expression patterns of RGS transcripts in platelets.
Platelets 2006; 17: 493-7.

11 Sudo T, Ito H, Kimura Y. Genetic strain differences in platelet
aggregation of laboratory mice. Thromb Haemost 2006; 95: 159-65.

12 Tabuchi A, Taniguchi R, Takahashi K, Kondo H, Kawato M,
Morimoto T, Kimura T, Kita T, Horiuchi H. Action of aspirin on
whole blood-aggregation evaluated by the screen filtration pressure
method. Cire J 2008; 72: 420--6.

13 Banno F, Kokame K, Okuda T, Honda S, Miyata S, Kato H,
Tomiyama Y, Miyata T. Complete deficiency in ADAMTSI3 is
prothrombotic, but it alone is not sufficient to cause thrombotic
thrombocytopenic purpura. Blood 2006; 107: 3161-6.

14 Banno F, Chauhan AK, Kokame K, Yang J, Miyata S, Wagner DD,
Miyata T. The distal carboxyl-terminal domains of ADAMTSI3 are
required for regulation of in vivo thrombus formation. Blood2009; 113:
5323-9.



OPEN 8 ACCESS Freely available online

@ prosene

Derlin-1 Deficiency Is Embryonic Lethal, Derlin-3
Deficiency Appears Normal, and Herp Deficiency Is
Intolerant to Glucose Load and Ischemia in Mice

Yuka Eura’, Hiroji Yanamoto?, Yuji Arai®, Tomohiko Okuda’, Toshiyuki Miyata', Koichi Kokame'*

1 Department of Molecular Pathogenesis, National Cerebral and Cardiovascular Center, Suita, Osaka, Japan, 2 Laboratory of Neurology and Neurosurgery, National
Cerebral and Cardiovascular Center, Suita, Osaka, Japan, 3 Department of Bioscience and Genetics, National Cerebral and Cardiovascular Center, Suita, Osaka, Japan

Editor: Ferenc Gallyas, University of Pecs Medical School, Hungary

collection and analysis, decision to publish, or preparation of the manuscript.

and materials.

* E-mail: kame@ri.ncvc.gojp

Citation: Eura Y, Yanamoto H, Arai Y, Okuda T, Miyata T, et al. (2012) Derlin-1 Deficiency Is Embryonic Lethal, Derlin-3 Deficiency Appears Normal, and Herp
Deficiency Is Intolerant to Glucose Load and Ischemia in Mice. PLoS ONE 7(3): €34298. doi:10.1371/journal.pone.0034298

Received October 27, 2011; Accepted February 27, 2012; Published March 29, 2012

Copyright: © 2012 Eura et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants-in-aid from the Ministry of Health, Labour, and Welfare of Japan; from the Ministry of Education, Culture, Sports,
Science and Technology of Japan; from Japan Society for the Promotion of Science, grants-in-aid-for JSPS Fellows; and from the Program for Promotion of
Fundamental Studies in Health Sciences of the National Institute of Biomedical Innovation (NIBIO) of Japan. The funders had no role in study design, data

Competing Interests: Dr. Miyata is a PLoS ONE Editorial Board member. This does not alter the authors’ adherence to all the PLoS ONE policies on sharing data

Introduction

Unfolded or misfolded proteins accumulated in the endoplasmic
reticulum (ER) can induce ER stress, which leads to defects in
protein homeostasis. To overcome ER stress, the cells operate
several survival systems, one of which is a disposal mechanism
called ER-associated degradation (ERAD). In ERAD, misfolded
proteins are recognized in the ER and retrotranslocated to the
cytosol to be degraded by the ubiquitin-proteasome system
[1,2,3,4]. Multiple proteins participate in the process; in particular,
ER-membrane proteins including HRD1, Derlin, and Herp work
together in functional complexes termed ERAD complexes.

HRD1 is a transmembrane E3 ubiquitin ligase that mediates
ubiquitination of ERAD substrates. Yeast Hrdlp/Der3p is
essential for degradation of HMG-CoA reductase and mutated
carboxypeptidase Y (CPY¥) [5,6]. A protein complex consisting of
Hrdlp, Hrd3p, Derlp, and Usalp deals with ER-luminal
misfolded proteins; Hrdlp is the central membrane component
of this complex [7]. Mammalian HRD1 also functions in ERAD,
forming a complex with other proteins [8,9,10].

Mammalian Derlin family proteins, Derlin-1, Derlin-2, and
Derlin-3, are orthologs of yeast Derlp, which was identified as a
gene that complemented a yeast mutant that cannot degrade

@ PLoS ONE | www.plosone.org

CPY* [11]. All Derlin family members contain transmembrane
domains and are embedded in the ER membrane [12,13]. In
human, Derlin-1 and Derlin-2 mRNAs were expressed ubiqui-
tously, and expression of Derlin-3 mRNA was relatively restricted
to several tissues including placenta, pancreas, spleen, and small
intestine [13]. Previous reports have delineated their functional
roles in ERAD. Derlin-1 is the prime candidate for the ERAD
retrotranslocation [12,14]: anti-Derlin-1 antibody inhibited retro-
translocation of ERAD substrates in an i vitro retrotranslocation
assay [15], and overexpression of a dominant-negative Derlin-1
mutant inhibits ERAD [12]. Overexpression of Derlin-2 or Derlin-
3 accelerated ERAD of misfolded glycoproteins, and knockdown
of either gene inhibited the degradation [13].

Herp was first reported as an ER stress-responsive protein
expressed in cultured human vascular endothelial cells [16]. Herp
is a representative target gene of the unfolded protein response
(UPR); the induction of Herp mRNA expression following ER
stress is mediated via two cis-acting ER stress—response elements,
ERSE and ERSE-II [17]. Although Herp may play a broad range
of biological roles [18,19,20,21,22], recent reports focus on its
function in ERAD. Degradation of several ERAD substrates,
including connexin 43 [20], CD3d [9,23], xLC [24], polycystin-2
[25], and al-antitrypsin null Hong Kong (NHK) [10] is dependent
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on Herp. Usalp, the yeast ortholog of Herp, may be the scaffold
protein of the functional complex containing Hrdlp [26]; it is also
involved in the degradation of Hrdlp itself [27].

Although growing evidence suggests that ERAD-complex
components play important roles in cellular functions, little data
exist regarding their systemic significance in mammals. HRD1-
deficient mice die i utero around embryonic day 13.5, largely due
to impairment of definitive erythropoiesis [28]. Derlin-2—deficient
mice exhibit perinatal lethality and represented only 4% of mice at
weaning [29]. To understand the physiological roles of the Derlin
family members and Herp, we generated three mouse knockouts.

Results and Discussion

Offspring from the Cross of Heterozygous Mice

To generate Derlin-1—, Derlin-3—, and Herp-deficient mice, we
constructed targeting vectors for disruption of the mouse Derll,
Derl3, and Herpudl genes (Figure 1). All the F1 heterozygous mice,
DerlI™' ™, Derl3™ /= and Herpudf/—, were viable and grew with no
apparent phenotypic abnormalities under normal breeding
conditions. Next, the heterozygous mice were crossed to generate
homozygous mutants, and the genotypes of newborn offspring
were determined by genomic PCR. From these matings, Derl3™"~
and Herpudl ™'~ newborn mice were born in the expected
Mendelian ratios, whereas Derll '~ mice were not detected,
indicating that the complete loss of Derlin-1 severely affected
normal embryogenesis (Table 1).
Early Embryonic Death of Derl1™/~

To identify the embryonic stages at which Derll™’™ mice die,
we analyzed the embryos in uteri of pregnant Derll™™ female
mice that had been crossed with DerlI*’ ™ male mice (Table 2). We
collected embryos and determined their genotypes by PCR. In the
DerdI™' ™ crosses, only three (2.6%) Derll”’~ embryos were
detected at E10.5, whereas 23 DerlI™* and 60 Derll*' ™ embryos
were present. At E8.5, however, the numbers of embryos, 13
(DerlI™™), 28 (Derll*’ ™), and 11 (Derll ™), were not significantly

Derlin-1, -3, and Herp Deficient Mice

Table 1. Genotype of offspring from the cross of
heterozygous mice.

Genotype P

Cross

Derl1*~ xDerl 1"~

?Chi-square test.
doi:10.1371/journal.pone.0034298.t001

different from the expected Mendelian frequency. This suggested
that most Derll /™ embryos are resorbed between E8.5 and E10.5.
Indeed, by E10.5, the Derd/*’ ™ crosses resulted in a high frequency
(26.5%) of the embryonic resorption compared with 4.5% and 1.9%
resorption in wild-type C57BL/6 and ICR, respectively (Table 2).
Genotypes of the resorbed embryos were not determined, to avoid
miscounting caused by commingling of maternal tissues with
embryos. If resorbed embryos were assumed to be Derl ™/~
the numbers of embryos [23 (Derll™™), 60 (Derll™ ™), and 34
(Derl1™" )] conformed to the expected Mendelian frequency. The
appearances of embryos collected at E8.5 are shown in Figure 2. In
contrast to the normal development of DerlI™* and Derll™'~
embryos, all 11 Derll ™'~ embryos showed obvious delay in their
development; they appeared as wild-type up to E7.5. Western
blotting analysis of the embryos at E7.5 demonstrated the presence
of Derlin-1 in Derll™* and Derll*’~ and the absence in Derll ™/~
embryos (Figure S1). In conclusion, the Derll™’~ mice were
embryonic lethal at E7-E8.

In contrast, Derl3™’~ and Herpudl ™'~ mice were born and grew
normally. These findings indicated that the requirement for each
Derlin in embryogenesis was different: Derlin-1 was essential in
the early developmental stages (the beginning of the organogen-

Derlt (Derlin-1)
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; st e
Targeting ‘!}_t';
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Targeting Sa, Sac
Sp, Spe |
Neo DTA  vector X, Xho |
Herpud1 {(Herp)
Sp 18 23456 78!
Targeting
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Figure 1. Targeted disruption of Derlin-1, Derlin-3, and Herp. Structures of the mouse Derl/1, Derl3, and Herpud] loci, and the targeting
vectors for disrupting each gene. Neo; neomycin resistance gene, IRES; internal ribosome entry site, DTA; diphtheria toxin A chain.

doi:10.1371/journal.pone.0034298.g001
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Derlin-1, -3, and Herp Deficient Mice

Table 2. Genotype of embryos from the cross of Derl1+/— heterozygous mice.

Number of
Embryonic age embryos

Cross

B6°xB6 E105 67 64 (95.5)

esis), deletion of Derlin-2 results in perinatal death [29], and
Derlin-3 was not essential in development. The loss of Derlin-3
may be compensated by Derlin-1 or Derlin-2. Our findings also
indicated that Derlin-1, Derlin-3, and Herp are not essential for
cell survival, because even embryonically lethal Derll ™~ survived
until at least E7.5. This is consistent with the fact that Derlp,
Dfmlp (Derlp homolog), and Usalp are not essential for yeast
survival.

Effects of Derlin-3 and Herp Deficiency in Adult Mouse
Organs

Although both Derl8™'™ and Herpudl ™'~ mice were born and
grew normally, deficiency of Derlin-3 or Herp may affect
functionally related proteins. To investigate the effect of the
knockouts on the expression levels of ERAD-related proteins, we
prepared tissue homogenates and total RNA from the liver,
pancreas, and kidneys of control wild type (WT), Derl3~’~, and
Herpudl™’~ male mice that had been injected intraperitoneally
12 h before dissection with either PBS (control) or the protein N-
glycosylation inhibitor tunicamycin (Tm), in order to induce
pharmacological ER stress. The samples were subjected to
Western blotting (Figures 3 and S2) and RT-PCR analyses
(Figure 4).

In the WT liver, protein levels of Derlin-3 and Herp were quite
low under normal conditions (Figure 3, left panels, C), but
dramatically elevated 12 h after Tm treatment (left panels, Tm).
HRDI1, GRP78 (an ER-resident molecular chaperone), and VIMP
(VCP-interacting membrane protein) were also increased by Tm
treatment in WT mice. Similarly, in the Derl3™’~ and Herpud1 ™'~
liver, the levels of HRD1, GRP78, and VIMP were increased by
Tm treatment. Although the Herp level was also increased by Tm
treatment in the Derl8~’" liver, its levels were reduced by
approximately 30% as compared with those in the Tm-treated
WT (Figure 82), suggesting some physical or functional interac-

Number of each genotype (%) P PP

31 (26.5)

3 (4.5) - -

The heterozygous mice were mated and the embryos in uteri were genotyped. Resorbed and rudimentary embryos were not genotyped.
Chi-square test of +/+, +/~, and —/—, not including resorbed embryos.
PChi-square test using +/+, +/—, and —/—, counting resorbed embryos as —/—.
“C57BL/6JJcl wild-type mice.

4JchiCR wild-type mice.

doi:10.1371/journal.pone.0034298.t002

tions between Derlin-3 and Herp. In the Hepudl™’~ liver,
regardless of Tm treatment, HRD1 level was higher than in WT.
This may be partly explained by the fact that degradation of yeast
Hrdlp is dependent on Usalp (Herp ortholog) [27]. The levels of
Derlin-1, Derlin-2, and AAA-ATPase p97/VCP were little
affected by Derlin-3 or Herp deficiencies in the liver.

In the pancreas (Figure 3, middle panels), the levels of Derlin-1
and Derlin-2 were remarkably decreased by deficiency of Derlin-3
but not Herp. In the Herpudl =/~ pancreas, the level of VIMP was
lower than in WT and Derl3™'" pancreas, whereas the levels of
Derlin-3, HRD1, and GRP78 were higher. In all three mouse
strains, Tm had very little effect on expression levels of ERAD-
related proteins in the pancreas, in contrast to the situation in the
liver and kidneys. Although Derlin-3 was almost absent in the liver
(left panels) and kidneys (right panels) under normal conditions,
Derlin-3 could be clearly detected in the pancreas even without
Tm treatment (middle panels). In the kidneys (right panels),
responses to Tm treatment were broadly similar to those in the
liver (left panels), but Tm-dependent upregulation of Derlin-3,
GRP78, and VIMP in the kidneys was moderate compared to the
liver. Thus, these findings indicated that the responses to
pharmacologically induced ER stress vary among different organs.

The differences among organs in the effects of Tm and genetic
deficiencies were observed not only at the protein level but also the
mRNA level: the splicing of XBP1 mRNA, an indicator of the
activation of ER stress sensor IREl [30], was induced by Tm
treatment in the liver and kidneys, but not in the pancreas, of all
the three mouse strains (Figures 3 and 4). The mRNA levels of
other ERAD-related proteins were also investigated by RT-PCR
(Figure 4): some of them (e.g., Derlin-3 and Herp mRNAs)
exhibited dynamic changes similar to those observed in their
protein levels, in all three organs; others (e.g., Derlin-1, Derlin-2,
and HRD] mRNAs) exhibited changes distinct from those
observed in their protein levels. The decrease in the Derlin-1
and Derlin-2 protein levels in the Derl3™’” pancreas was likely

++ +/— .

/=

Figure 2. Stereomicroscopic appearance of Derlin-1-deficient mouse embryos. Derl1

~/~ embryos at E8.5 exhibited developmental delay

and resorption, respectively, whereas Der/1™* and Derl/T”~ embryos were normal. Bars, 50 um.

doi:10.1371/journal.pone.0034298.g002

@ PLOS ONE | www.plosone.org

March 2012 | Volume 7 | Issue 3 | e34298



