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Table 3. Summary of malignancy in patients with anti-aminoacyl-tRNA synthetase antibodies.

Anti-ARS Age, y Sex Diagnosis ILD Type of malignancy Onset

Anti-Jo-1 59 F DM + Gastric cancer v Befon;e D’M

Anti-Jo-1 54 M PM + Colon cancer After PM

Anti-Jo-1 42 F DM + Breast cancer Before DM

Anti-Jo-1 62 M PM - Gastric cancer After PM

Anti-PL-7 79 M ILD + Gastric cancer After ILD

Anti-PL-12 66 M ILD + Colon cancer After ILD

59 M iLb + Lung cancer After ILD

Anti-OJ 71 F DM + Gastric carcinoid At same time

ILD: interstitial lung disease; PM: polymyositis; DM: dermatomyositis.
doi:10.1371/journal.pone.0060442.t003

Table 4. Cause of death in patients with anti-aminoacyl-tRNA synthetase antibodies.

Anti-ARS Age, ¥ Sex Diagnosis iLD Cause of death Time after diagnosis (y)

Anti-Jo-1 38 F DM + Infection 3

62 M PM - Gastric cancer 5

Anti-EJ 55 F ILD + ILD 0.6

Anti-EJ 53 F SSc + Infection 6

Anti-PL-7 75 M ILD + ILD 0.3

Anti-PL-12 74 F DM + Rupture of an abdominal aortic aneurysm 0.6

M ILD + Lung cancer

Anti-KS 59

ILD: interstitial lung disease; DM: dermatomyositis; PM: polymyositis; SSc: systemic sclerosis.
doi:10.1371/journal.pone.0060442.t004
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Table 5. Initial manifestations in patients with anti-aminoacyl-tRNA synthetase antibodies.*

Anti-Jo-1
(n=59)

Myositis alone 14 11

Myositis and ILD 7 13

No DM rashes, Myositis, or [LD** 10 0

Anti-EJ
(n=38)

Anti-PL-7
(n=29)

Anti-PL-12 Anti-KS
(n=18) (n=13)

Anti-OJ Overall

(n=8) P

21 0 0 0 0.14

*Values are percentages of patients.

doi:10.1371/journal.pone.0060442.t005

A. ILD alone at initial presentation
B Remained iLD alone [

Developed myositis during foliow-up

Jo-1 (n=28)
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Figure 4. The clinical course of anti-synthetase syndrome
patients who developed myositis or interstitial lung disease
(ILD) with or without skin manifestations at disease onset.
According to the clinical course, patients were classified into four types:
remained with ILD alone, developed myositis during follow-up,
developed ILD during follow-up, and remained with myositis alone.
The clinical course of those who had ILD with or without skin
manifestations, but without muscle involvement at their first assess-
ment (A), and the clinical course of those who had myositis with or
without skin manifestations, but without ILD at their first assessment
(B).

doi:10.1371/journal.pone.0060442.g004

PLOS ONE | www.plosone.org

**These patients had polyarthritis at presentation. Significant differences (overall P<0.05) were further analyzed by pairwise comparisons.
2P<0.05 between anti-PL-12 and anti-Jo-1 or anti-KS; P<<0.01 between anti-KS and anti-Jo-1, anti-EJ or anti-PL-7.

KS, or anti-OJ were less likely to develop myositis during follow-
up than those with anti-Jo-1, anti-EJ, or anti-PL-7.

Discussion

This comprehensive report aimed to compare clinical features
among anti-ARS-based subgroups on a large scale. As reported
previously, more than one anti-ARS Ab did not coexist in general.
While this study confirmed that ILD, myositis, Raynaud’s
phenomenon, polyarthritis, and mechanic’s hands were common
manifestations in anti-synthetase syndrome, the frequencies of
each manifestation varied. That is, myositis was well associated
with anti-Jo-1, anti-EJ, and anti-PL-7. Additionally, a substantial
number of patients positive for anti-EJ or anti-PL-12 had CADM.
Therefore, most of the clinical diagnoses were PM or DM for anti-
Jo-1, anti-EJ, and anti-PL-7; CADM or ILD for anti-PL-12; and
ILD for anti-KS and anti-OJ. Although patients with anti-ARS
Abs share several common manifestations, it is likely that each of
these Abs defines a clinically distinct phenotype and may serve as a
predictor for clinical complications.

Since nearly all patients with anti-ARS Abs had ILD, this study
confirms previous findings that anti-ARS Abs are a marker for
ILD [38-42]. Most of the clinical diagnoses in patients with anti-
ARS Abs were classic DM, CADM, PM or ILD alone in this
study. This finding was also in accordance with previous reports
that anti-ARS Abs were highly specific for a proportion of patients
with PM, DM, or ILD [4,38,43-45]. However, classic DM,
CADM, or PM was found predominantly in patient subgroups
with anti-Jo-1, anti-EJ, and anti-PL-7, whereas two-thirds of
patients with anti-PL-12 were diagnosed with CADM or ILD. In
contrast, anti-KS and anti-OJ were associated with ILD alone.
Therefore, it is likely that the clinical diagnosis varies among anti-
ARS-based subgroups.

Regarding myositis, it appears that anti-ARS Abs are divided
into myositis-related and non-myositis-related subgroups. Anti-Jo-
1, anti-EJ, and anti-PL-7 belong to the myositis-related subgroup,
since myositis was found in at least half of the patients with these
anti-ARS Abs. These findings agreed with previous reports
describing a relationship of myositis with anit-Jo-1 [46], anti-EJ
[13,17,47,48], and anti-PL-7 [24,49]. In contrast, anti-PL-12, anti-
KS, and anti-OJ were not well related to myositis in this study.
These results also paralleled those of former reports that anti-KS is
highly associated with ILD [32,48]. However, rates of myositis in
anti-PL-12 and anti-OJ appear to be different from previous
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Table 6. Initial treatment in patients with anti-aminoacyltransfer RNA synthetase antibodies.*

Anti-Jo-1 Anti-EJ Anti-PL-7 Anti-PL-12 Anti-KS Anti-OJ Overall
(n=59) (n=38) (n=29) {(n=18) (n=13) (n=8) P

Initial treatment

CS pulse+oral 8 (5) 16 (6) 21 (6) 6 (1) 8 (1) 0(0) 0.36

CS (pulse and/or oral)+Tac 2 (1) 0 (0) 3(1D 00 0 (0) 0 (0) 0.81

CS (pulse and/or oral)}+CsA or 00 0(0) 7 ) 6 (1) 0 () 0(0) 0.17
Tac+CY (oral and/or iv)

CS (pulse and/or oral)}+Buc 0 (0) 3 (1) » 0 (0) 0(0) 81 0 (Oj ‘ 0.25

*Values are percentages of patients. Patient numbers are given in parenthesis. CS: corticosteroid; CsA: cyclosporine A; Tac: tacrolimus; CY: cyclophosphamide; iv:
intravenous administration; MZR: mizoribine; Buc: bucillamine. Significant differences (overall P<<0.05) were further analyzed by pairwise comparisons.

2P<0.01 between anti-KS and anti-Jo-1, anti-EJ or anti-PL-7.

doi:10.1371/journal.pone.0060442.t006

reports. Of a total of 47 cases with anti-PL-12, muscle weakness are common clinical features in anti-synthetase syndrome
was observed in 27 (57 %) patients [16,23,50]. Sato et al reported 7 [21,40,44]. There was no significant difference in the frequency
Japanese patients with anti-OJ, in which muscle weakness was seen of fever in this study. On the other hand, this study revealed some
in 4 patients [51]. Thus, whether anti-PL-12 and anti-OJ are differences in the frequencies of polyarthritis, Raynaud’s phenom-
related to myositis remains controversial. Collectively, patients enon, and mechanic’s hands. While these three manifestations
with anti-ARS Abs form a basically homogenous clinical entity, as were observed with each anti-ARS Ab at a comparable rate,
previously reported; mutual comparisons in this study elucidated polyarthritis and mechanic’s hands were most frequently found
certain differences in clinical features among patients with specific with anti-Jo-1, and Raynaud’s phenomenon was most frequently
anti-ARS Abs. found with anti-PL-12. Nonetheless, the differences in frequencies
Regarding skin manifestations, this study revealed an interesting of these manifestations among anti-ARS subgroups were less
observation. The main clinical diagnoses in anti-Jo-1, anti-EJ, anti- evident than that with myositis.
PL-7, and anti-PL-12 were classic DM or CADM. This resulted We acknowledge several limitations of this study. First, it
from the higher frequencies of DM-specific skin manifestations in included a relatively small number of patients with anti-PL-12,
these patients, which included heliotrope rash and Gottron’s signs. anti-KS, or anti-OJ. Second, most facilities enrolled in this study

However, the distribution of skin manifestations varied among were referral centers. This study had a higher frequency of DM
anti-ARS Abs. Only less than 10% of patients with anti-Jo-1 had and a relatively lower frequency of PM compared with other
heliotrope rash, while approximately 20-30% of those with anti- similar studies. This may be explained by the fact that our patients
EJ, anti-PL-7, and anti-PL12 had this eruption. On the other were mainly referred to us by rheumatologists, dermatologists, and
hand, the frequency of anti-Jo-1-positive patients who had pulmonologists, and only a few of them were referred by
Gottron’s sign was similar compared to those with anti-EJ, anti- neurologists. Therefore, we cannot exclude selection bias. Third,
PL-7, and anti-PL-12. Thus, the prevalence of DM-specific skin the possibility cannot be ruled out that coexistence of anti-Ro/SS-
manifestations is not identical among different anti-ARS Abs, even A Abs influence the clinical feature of anti-ARS-positive patients

though the main diagnosis is classic DM or CADM. with anti-Ro/SS-A Abs, as anti-Ro/SS-A Abs are considered as

With respect to the onset of evident manifestations of myositis myositis-associated Abs and form the subgroup. In the analysis of
and ILD, these patients were divided into three groups: 1) patients clinical course, possibilities are raised that the short observation
with myositis preceding ILD; ii) patients with ILD preceding period and the differences in treatment potentially affected the
myositis; and i) patients with simultaneous onset of both results. Additionally, patients who visited to referral centers were
conditions. We reported previously that the onset of anti- examined for the existence of myositis and they were categorized

synthetase syndrome is acute, but that the development of myositis by Bohan and Peter and Sontheimer criteria that are commonly
may lag behind the onset of ILD in anti-ARS-positive DM patients used for diagnosis of myositis in a current condition. However, as
[38]. A similar finding was described in another report [44]. In this clinical features of patients with anti-ARS Abs are largely
study, most patients with anti-ARS Abs who had myositis without heterogeneous, it appears difficult to stratify the patients by
ILD at the onset of disease developed ILD later. On the other current criteria. It may be clinically useful to classify the anti-ARS-
hand, the rate of subsequent occurrence of myositis differed positive patients based on the type of anti-ARS Abs, not current
among the subsets of anti-ARS Abs when the patients had ILD criteria. It needs to consider the conformity of the classification of
without myositis as their initial manifestation. Thus, screening and the patients with anti-ARS Abs with diagnosis criteria for myositis.
identification of anti-ARS Abs is found to be beneficial in Indeed, Connors ef al have proposed the criteria for anti-ARS

predicting the onset of ILD. syndrome as follows [40]. First, patients must have positive

Other than ILD and myositis, previous reports described that serologic testing for anti-ARS Abs. Then, patients have one or
arthritis, Raynaud’s phenomenon, fever, and mechanic’s hands more of the following conditions: Evidence of myositis by Bohan
PLOS ONE | www.plosone.org 9 April 2013 | Volume 8 | Issue 4 | e60442
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and Peter criteria, evidence of ILD by American Thoracic Society
criteria, evidence of arthritis by clinical examination, radiographic
findings, or patient self-report, unexplained, persistent fever,
Raynaud’s phenomenon, and mechanic’s hands. Therefore, more
studies are needed for a better general understanding of the
clinical characteristics of patients with anti-ARS Abs.

In summary, although anti-ARS Abs share common clinical
features, each anti-ARS Ab appears to form some distinct clinical
subset. However, the identification of anti-ARS Abs (except for
anti-Jo-1) is limited only to certain facilities, as it requires a
complicated technique. Establishment of a system routinely
available to screen all anti-ARS Abs specificities is needed.
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~ be classified into six subgroups. We confirmed the symmetric joint involvement in RA. Our results suggested that RA
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Introduction disease activity index (CDAI) [8] are frequently used for disease
) activity evaluation among rheumatologists. All of the three indices

Rheumatoid arthritis (RA) is the most frequent inflammatory  are shown to be well correlated with future joint destruction [7,9].
arthritis worldwide affecting 0.5 to 1% of the population [1]. A5 These three methods include the same 28 joints for evaluation of
RA is a bone-destructive disease and functional impairment disease activity, namely, bilateral wrist, 1% to 5™ metacarpal

caused by joint damage is well correlated with swelling and (MCP) joints and proximal interphalangeal (PIP) joints, elbow,
tenderness of joints [2-3], the evaluation of joints in patients with shoulder, and knee joints. Though RA is known to show
RA is very important to assess disease activity and predict the risk symmetric joint symptoms [10], the frequency of bilateral joint
of future joint deformity. ACR core set [4] and DAS (disease symptoms and the correlations between each joint symptom are
activity score) [5-6] were developed for evaluation of disease not fully analyzed by using large numbers of joint assessments.
activity in RA. Recently, the three composite indices, namely, There are several reports of successful prediction of joint damage
DAS28 [5], simplified disease activity index (SDAI) [7] and clinical using a reduced number of joints for evaluation by ultrasonogra-
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phy [11-12]. These reports raise the possibility that some of the 28
joints are less frequenty involved, and are less informative for
disease activity. Analyses for characterization of joint symptoms
would uncover correlations of unexpected joint symptoms and
distribution of synovitis in RA.

Here, we analyzed the distribution of affected joints in the 28
joints in patients with RA using more than 17,000 joint
assessments from 1,314 patients with RA and showed that
synovitis in RA patients can be classified into three groups. We
also showed that affected rates of the 28 joints greatly vary in RA
patients, and that RA patients could be classified into subgroups
based on the distribution of joint synovitis.

Results

Frequency order of joints involvement

We recruited 17,311 assessments for the 28 joints in 1,314
patients with RA from 2005 to 2011. A summary of the registered
patients is listed in Table 1. The distribution of the number of
patients with RA in each year and the number of joint assessments
for each patient are shown in Figure S1. We analyzed how often
each of the 28 joints was tender or swollen in patients with RA in
2011. From the analysis of 735 patients, we found that the
frequency of joint swelling and tenderness in the 28 joints is widely
different from joint to joint (Figure 1 and Table S1). The wrist
joints were the most frequently affected joints for swelling and
tenderness. The frequency of the right wrist joint being affected
was more than four times as high as the least frequently affected
joint. Many of the joints showed right-dominant tenderness (eleven
of fourteen joints, p = 0.057, binomial test), indicating mostly right-
handedness. We found strong correlations for the affected rates of
each joint between swellings and tenderness except for shoulder
joints (Spearman’s rank-sum coefficient, rho=0.70 and
p=3.8x10">, Figure 1, Table S1). Shoulder joints showed much
higher frequencies of tenderness than those of swellings.

Next, we tried to replicate the order of affected frequencies of
the 28 joints and the correlation between tenderness and swellings
in different RA patients. We obtained 579 patients whose joints
data were not available for 2011, indicating we analyzed
independent RA patients. We found that the order of the affected
joint frequencies were well correlated for both swelling and
tenderness among different sets of RA patients (Spearman’s rank-
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Figure 1. Affected rate of joint symptoms. Affected rate of joint
symptoms. Each joint is arranged in the order of right and left.
S:shoulder, E:elbow, W:wrist, Kknee.
doi:10.1371/journal.pone.0059341.g001
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Table 1. Summary of the KURAMA database.

The KURAMA database

disease duration (years) 12.2+98

1.87+0.69

*Stage and Class represent Steinbrocker’s stage and class, respectively.
SD: standard deviation.
doi:10.1371/journal.pone.0059341.t001

sum coefficient, rho:0.815 and 0.904, p= 1.3x1077 and
p=4.6x10""" for swelling and tenderness, respectively, Fig-
ure S2). We also confirmed that rates of tenderness were well
correlated with those of swellings in the 28 joints in the 579
patients (rho0:0.604). These results indicate that some of the 28
joints are more likely to develop arthritis than the others in RA
patients. The swelling and tenderness correlate with each other
except for shoulder joints.

Whether the right-dominant involvement of joints in patients
with RA is associated with joint destruction was analyzed. Joint
destruction in the hand was evaluated for 246 patients with RA by
modified Sharp score [13]. The six elements of the scores were
separately analyzed, namely erosion of PIP, MCP, and wrist joints
(we defined as joints other than MCP and PIP in hand) and
narrowing of PIP, MCP, and wrist joints. We found that five out of
six elements showed right-dominant destruction. In particular,
narrowing and crosion of MCP joints showed a statistically
significant right-dominance in binomial test (p<<=0.0050, Ta-
ble 52).

Three groups of 28 joints in RA synovitis

Next we analyzed correlations of joint symptoms between the 28
joints. We randomly picked up one assessment from each of the
1,314 patients to maximize the power. When the correlation of
tenderness of the 28 joints was analyzed with kappa coefficient, we
confirmed that each joint showed a symmetric involvement
(Figure 2A). The results also showed that the tenderness of large
joints and wrist joints are not correlated with the tenderness of PIP
and MCP joints. We found that the tenderness of MCP joints was
especially well correlated with each other and that PIP joints
tenderness was well correlated with each other. The correlation of
swelling in the 28 joints showed the same tendency as that of
tenderness, namely, symmetric joint involvement, correlations
between large joints and wrist joints, and no strong correlations
between wrist joints and other small joints (Figure 2B).

Next we used eigen vectors of principal component analysis to
assess the correlations of the 28 joints involvement. When we
analyzed correlations of tenderness, eigen vectors revealed that
PIP and MCP joints can be clearly distinguished from large joints
and wrist joints (Figure 3A). PIP joints and MCP joints turned out
to make independent groups after excluding large joints and wrist
joints (Figure 3B). These three groups of affected joints were found
both for tenderness and swelling (Figure 3C and 3D). We
confirmed these three correlation groups in four independent
resampling analyses by randomly picking up one assessment from
each of the 1,314 patients four times (data not shown). The three
groups were observed in the two independent sets of RA patients
which were used in the analysis of joints involvement frequency
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Figure 2. Correlations between the 28 joint symptoms.
Brightness of the red color corresponds to the strength of correlations
between joint tenderness (A) or swellings (B), using the Kappa
coefficient. Each joint is arranged in the order of right and left. The
joint order in the y axis is the same as the x axis. The result is a
representative of five analyses based on resampled assessments.
S:shoulder, E:elbow, Wiwrist, Kknee.
doi:10.1371/journal.pone.0059341.g002

(Figure S3). In addition, no significant difference was observed in
the relationship of the three groups of joint involvement when we
divided the 1,314 patients into two groups according to the
patients’ caring physicians (Figure S4). We confirmed the three
groups by resampling four times for each analysis (data not shown).
These results indicate that these three groups were not due to
specific patients, examiners, or time of evaluation.

Taken together, the correlation analyses using kappa coefficient
and eigen vectors in principal component analysis indicated that
there are three correlated groups of joints in RA synovitis, namely,
large joints with wrist joints (which we express as “large and wrist
joints”), PIP joints, and MCP joints.

Subgroups of patients with RA

We performed a clustering analysis of 5,383 evaluations of 28
joints from 1,314 patients with RA. Six subgroups of evaluations of
28 joints were observed (Figure 4). Each of the subgroups was
characterized by 1) no synovitis (34.6%), 2) mild activity with
dominant involvement of large and wrist joints (17.4%), 3)
dominant involvement of MCP joints (18.3%), 4) dominant
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involvement of PIP joints (9.3%), 5) active synovitis (4.1%), and
6) moderate activity with dominant involvement of large and wrist
Jjoints (16.4%) (Table S3). Whether patients with RA are classified
into the same subgroups was analyzed. There were 998 patients
with four or five evaluations, and of these, 734 were categorized
into the regular groups across different evaluations, indicating that
the patterns of synovitis in the same patients were stable. Analysis
of joint destruction in each subgroup revealed that the sixth
subgroup demonstrated dominant destruction of large and wrist
joints compared with MCP and PIP joints (p<=2.8x1077,
Figure S5 and Figure S6).

Discussion

Since RA is a joint destructive autoimmune arthritis and joint
damage occurs rapidly in the early stages of the disease course
[14], the development of a quantitative scale which assesses disease
activity and predicts joint damage is very important. After DAS
and ACR core sets were introduced, DAS28, SDAI, and CDAI
were developed to evaluate disease activity and easily calculate the
disease activity score in patients with RA. All three indices were
shown to be well correlated with future joint destruction and they
share the same 28 joints for evaluation. Joint symptoms especially
joint swelling is known to correlate with future joint damage [3].
While these indices were developed for use in clinical trials such as
responsiveness to treatment, they are used by rheumatologists in
daily clinical practice and they are reported to coincide very well
among different examiners [9]. Characterizing the relative affected
frequency of each joint and analysis of correlation between joint
symptoms are important to analyze the basic mechanisms of
synovitis and to efficiently select the joints to predict future joint
destruction. However, there is no detailed analysis to address the
correlations between the 28-joint symptoms.

In the current study, we characterized the 28-joint symptoms
using large numbers of joint assessments. While we reported the
affected rates of each joint in the 28 joints for tenderness and
swelling of RA patients registered in the KURAMA database in
2011 as a representative (Table S1), these rates should not be
generalized considering large effects of treatment especially
biologics agents on joint symptoms. Thus, we focused on relative
frequencies of joint involvement for the 28 joints. The affected
frequency pattern was compared between the two sets of RA
patients, and there were no apparent differences between the two
sets for both tenderness and swelling. We also showed that joint
symptoms in RA could be classified into three groups both for
tenderness and swelling. Our analysis also demonstrated that
patients with RA can be regularly classified into six subgroups
based on patterns of joint symptoms. These results suggest that
regular RA joint involvement pattern, including relative frequency
and groups of joints, is largely maintained in RA patients. In
addition, we confirmed that these patterns of joint involvement
were not attributed to evaluators and fractions of RA patients.

It is interesting that the affected frequencies greatly varied from
joint to joint, and the rate of the most highly affected joint was
more than four times as high as the least-affected joint. The
affected frequencies indicated that wrist joints were the most
frequently affected. It should be noted that surface area may have
influenced the sensitivity of detecting synovitis in physical exams
when different joints were compared. The relatively high
frequency of tenderness and swelling in large and wrist joints
compared with MCP and PIP joints can be explained by this
difference in surface area. However, surface area cannot fully
explain the highest frequency of wrist involvement and different
frequencies within the MCP or PIP joints. A dominant involve-
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Figure 3. Relationship of the 28-joint involvement. The 1% and 2" components of eigen vectors of the joint symptoms are plotted, using
principal component analysis of the 28 joint involvement for tenderness (A) and swelling (C) or using that of the 20 joint involvement other than
large and wrist joints for tenderness (B) and swelling (D). The results are representatives of five analyses based on resampled assessments. Green:

large and wrist joints. Red: MCP joints. Blue: PIP joints.
doi:10.1371/journal.pone.0059341.g003

ment of right joints seemed to indicate a majority of the study
population being right-handed in spite of the small difference of
affected rates between bilateral joints. We also demonstrated that
the right dominant involvement was also true for joint destruction.
We could not compare the joint involvement and joint destruction
between right-handed patients and left-handed patients due to a
lack of information regarding handedness of patients.
Correlation analysis confirmed the well-known symmetric joint
involvement in patients with RA. Strong correlations of tenderness
and swelling in the same joints except for shoulder joints may
indicate low sensitivity of shoulder swelling in the physical exams
and common mechanisms of swelling and tenderness. It is striking
that joint symptoms can be classified into three groups based on
correlation analysis and principal component analysis. The
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Figure 4. Six subgroups of evaluations of the 28 joints in RA.

Results of clustering analysis with Ward method using randomly
obtained 5,383 evaluations of the 28 joints in 1,314 patients were
plotted.

doi:10.1371/journal.pone.0059341.g004
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association observed between the symptoms in the wrist joints
and the large joints is worth noting, since wrist joints are regarded
as small joints according to ACR/EULAR criteria set in 2010. As
wrist joints are much closer to other small joints than large joints,
the relationship between wrist joints and large joints cannot be
explained by the distance of joints. The distance of joints cannot
explain the two different groups of MCP and PIP joints either.
While symptoms of large and wrist joints are not related with those
of MCP and PIP joints, they were not very strongly correlated with
each other, compared with correlations among PIP joints or MCP
joints. This may indicate that there are no common strong factors
which predispose large and wrist joints to swelling and tenderness
in patients with RA.

We also showed that patients with RA can be divided into six
subgroups based on these three groups of joint involvement. More
than 70% of patients are classified into regular subgroups,
indicating that the pattern of synovitis in a patient with RA is
stable. When patients who were regularly classified into the first
subgroup of patients characterized by no synovitis were removed,
more than 60% of patients were still classified into regular
subgroups (data not shown), indicating that the stable patterns
were observed regardless of activity of RA. As joint destruction was
influenced by disease duration, disease activity, and treatment, we
analyzed the relative distribution of joint destruction between the
three joint groups in a patient with RA. We found that the sixth
subgroup of patients, characterized by moderate activity with
dominant involvement of large and wrist joints, demonstrated
dominant destruction of wrist joints. This suggests that classifying
patients with RA into appropriate subgroups would lead to
prediction of patterns of joint destruction.
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There are reports that evaluating fraction of joints by
ultrasonography is a good way to predict future joint damage
[11-12]. One study reported that 5 of the 28 joints with MTP2
and MTP5 joints, namely, wrist, MCP2, MCP3, PIP2, and PIP3
joints, are enough for ultrasonography evaluation [12]. Their data
seems to be consistent with our results as they selected at least two
joints from three different groups into which the 28-joint
symptoms were classified. As ultrasonography usually surpasses
physical examination in terms of the sensitivity to detect synovitis,
it is interesting to analyze whether the assessments of synovitis
using ultrasonography show the same pattern of synovitis over the
28 joints in RA.

Our results indicate that RA does not develop synovitis in the 28
joints with the same frequency and that the affected rate of each
joint greatly varies from joint to joint. These different distributions
of joint synovitis would lead to different distribution of joint
destruction. Based on our results, the 28 joints can be categorized
into three groups, and it is possible that some fractions of the 28
joints are less informative to assess disease activity than others. It
would be interesting to develop a novel simplified joint core set,
and analyze the correlation between joint damage and activity
score based on this. It would be also interesting to characterize
each of RA subsets in more detail.

Materials and Methods

Ethics Statement

Written informed consent to enroll in the database described
below was obtained from most of the patients, but for some
patients the information regarding the construction of this
database was disclosed instead of obtaining written informed
consent. Participants who were informed regarding the construc-
tion of the database (instead of obtaining written informed
consent) were allowed to withdraw from the study if desired.

All data were de-identified and analyzed anonymously. This
study was designed in accordance with the Helsinki Declaration.
This study including the consent procedure was approved by the
ethics committee of Kyoto University Graduate School and
Faculty of Medicine.

The KURAMA database

The KURAMA (Kyoto University Rheumatoid Arthritis
Management Alliance) database was established in 2011 at Kyoto
University to store detailed clinical information and specimens
from patients with arthritis and arthropathy. The alliance is
composed of rheumatic disease-associated departments in Kyoto
University Hospital as well as its allied, integrating previous
database and specimen collections in each department and allied.
A template for electronic clinical charts developed at Kyoto
University Hospital in 2004 to evaluate joint involvements in RA
patients was used to obtain joint assessments. Rheumatologists
evaluated swelling and tenderness of the 28 joints in patients with
RA on each visit and filled in the template. The synovitis
information of the 28 joints and data for C-reactive protein and
erythrocyte sedimentation rate were extracted from electronic
clinical charts [15] and stored in the KURAMA database.

Patients and data of joint assessment

A total of 17,311 joint assessments from 1,314 patients with RA
from 2005 to 2011 were obtained in a retrospective manner from
the KURAMA database. All of the patients fulfilled ACR revised
criteria for RA in 1987 [10] or ACR and EULAR classification
criteria for RA in 2010 [16-17].
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Analysis of affected frequencies in the 28 joints

RA patients were subdivided depending on whether their data
were available in 2011 or not, and the affected frequency in each
of the 28 joints was calculated. We compared the order of the
affected frequency in the 28 joints between the two patient sets
with Spearman’s rank-sum coefficient. We separately analyzed the
affected rates of joints for swelling and tenderness. When multiple
joint assessments in different visits were available in the same
patient with RA, we randomly selected one of the assessments as
representative in the patient. We compared frequencies between
tenderness and swellings for the 28 joints with Spearman’s rank-
sum coefficient.

Clustering of patients with RA

Clustering analyses were performed by Ward method, using
randomly-selected 5,383 evaluations of the 28 joints from 1,314
patients with RA. These evaluations did not contain more than six
assessments from each patient to avoid excess influence of
particular patients. Affected rates were calculated for the three
groups of joints (namely PIP joints, MCP joints and large and wrist
joints) in this clustering analysis. For example, when a patient
showed tenderness and swelling for all PIP joints, the affected rate
of PIP joints in the patient is 2. When a patient showed tenderness
for four MCP joints, the affected rate of MCP joints is 0.4.

RA patients were regarded as belonging to a particular group
when more than 60% of evaluations belonging to the same
patients with four or five evaluations were classified into the same

group.

Analysis between RA subgroups and joint destruction

Joint destruction of hand joints in 246 patients with RA was
evaluated by modified Sharp score by a trained rheumatologist
who was not informed of the patients’ characteristics (KM). Joint
destruction rates were defined for the three groups of joints as a
sum of scores divided by the full score in the joints group. For
example, when a patient shows 50 as a sum of scores in the large
and wrist group, the patient’s joint destruction rate for the group is
0.463 (50/108).

Correlation of the 28 joints and statistical analysis

Correlations of joint symptoms among the 28 joints were
estimated separately for tenderness and swelling. We randomly
obtained one assessment of the 28 joints in each patient as a
representative of the patient’s joint assessments for maximization
of the power. Kappa coefficient was used to analyze coincidence of
joint symptoms in each pair of the 28 joints. Eigen vectors
obtained in principal component analysis were used to analyze the
deviation of joint symptoms. We resampled joint assessments for
each patient and created four other sets of joint assessments. The
same correlation analyses were performed using the four
resampled assessments to confirm the correlation shown in the
first assessment set. Right dominance of the synovitis and joint
destruction was analyzed by binomial test. Dominant destruction
of joints was evaluated by paired-t test. Statistical analysis was
performed by R software or SPSS (verl8).

Supporting Information

Figure S1 Distribution of joint evaluation counts and
patients across different years. A) Distribution of number of
RA patients according to numbers of 28-joint assessments. B)
Distribution of number of patients with RA whose joint assessment
data were available from 2005 to 2011 in the KURAMA database.

(TIF)
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Figure S2 Good correlations between joint involvement
rates in different sets of RA patients. Rates of joint
involvement for A) swelling and B) tenderness were compared
between the two different sets of RA patients. X and Y axes
represent rates in the first set of RA patients in 2011 and those in
the second set in 2005 to 2010, respectively.

(TTF)

Figure 83 Three groups of joints regardless of different
sets of RA patients. Analysis using one of four resampled
assessments in one of the two sets of RA patients is shown as a
representative. The 1° and 2™ components of eigen vectors of the
joint symptoms are plotted, using principal component analysis of
the 28 joint involvement for tenderness (A) and swelling (C) or
using that of the 20 joint involvement other than large and wrist
joints for tenderness (B) and swelling (D). Green: large and wrist
joints. Red: MCP joints. Blue: PIP joints.

(TIF)

Figure S4 Three groups of joints regardless of different
evaluators. Analysis using one of five resampled assessments by
one of the two groups of medical doctors is shown as a
representative. The 1 and 2”@ components of eigen vectors of
the joint symptoms are plotted, using principal component analysis
of the 28 joint involvement for tenderness (A) and swelling (C) or
using that of the 20 joint involvement other than large and wrist
joints for tenderness (B) and swelling (D). Green: large and wrist
joints. Red: MCP joints. Blue: PIP joints.

(TIF)

Figure S5 Dominant destruction of large and wrist
joints in the sixth subgroup of patients with RA. Box
plots indicating the joint destruction rates in the three joint groups
in subjects belonging to the sixth subgroup.

(TTF)
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Coelacanths are known as “living fossils” because their morphology has changed very little from that in the fossil
record. To elucidate why coelacanths have evolved so slowly is thus of primary importance in evolutionary
biology. In the present study, we determined the entire sequence of the HOX cluster of the Tanzanian coelacanth
(Latimeria chalumnae) and compared it with that of the Indonesian coelacanth (L. menadoensis), which was avail-
able in the literature. The most intriguing result was the extremely small genetic divergence between the two
coelacanths. The synonymous divergence of the HOX coding region between the two coelacanths was estimated
to be 0.07%, which is ~11-fold smaller than that of human-chimp. When we applied the estimated divergence
time of the two coelacanths of 6 million years ago (MYA) and 30 MYA, which were proposed in independent
mitochondrial DNA analyses, the synonymous substitution rate of the coelacanth HOX cluster was estimated
to be ~11-fold and 56-fold smaller than that of human-chimp, respectively. Thus, the present study implies
that the reduction of the nucleotide substitution rate in coelacanth HOX genes may account for the conservation
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of coelacanth morphology during evolution.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.

1. Introduction

Coelacanths were initially recognized as a distinct taxonomic group
by fossil records, which range in age from the Early Devonian to the Late
Cretaceous periods (Maisey, 1996). Because no fossil records of coela-
canths have been found since 65 million years ago (MYA), coelacanths
were believed to have been extinct (Maisey, 1996). Therefore, the dis-
covery in 1938 of the first living coelacanth, Latimeria chalumnae, off
the coast of South Africa created a sensation in the field of evolutionary
biology (Smith, 1939). One of the most interesting observations is that
coelacanth morphology has changed very little (Holder et al,, 1999;
Smith, 1939); most of the characteristics unique to coelacanths
(fleshy-lobed fins, hollow nerve cord, poor ossification of the skeleton,
lack of defined ribs, and bilobed caudal region) have been maintained

Abbreviations: MYA, million years ago; PCR, polymerase chain reaction; SNV, single
nucleotide variation; SINE, short interspersed repetitive element.
* Corresponding author. Tel.: +81 47 136 3985; fax: +81 47 136 3977.
** Corresponding author. Tel.: +81 45 924 5742; fax: +81 45 924 5835.
E-mail addresses: moris.utokyo@gmail.com (S. Morishita), nokada@bio.titech.ac.jp
(N. Okada).
! These authors equally contributed to this work.

from the Devonian era (Carroll, 1988). Accordingly, coelacanths are
called “evolutionary relics” or “living fossils”. The elucidation of the mo-
lecular mechanism of such slow morphological change in coelacanths is
of primary importance to understand the morphological evolution of
animals from genotype to phenotype.

After the discovery of a second living coelacanth in the Comoros
archipelagos (Smith, 1953), the existence of a viable coelacanth popula-
tion in this region was confirmed. In addition to the Comoros archi-
pelagos, several coelacanths have been captured off the coasts of
Mozambique (Schliewen et al,, 1993), Madagascar (Heemstra et al.,
1996), and Kenya (De Vos and Oyugi, 2002). Nikaido et al. (2011)
recently found a genetically distinct coelacanth population off the
northern coastal region of Tanzania, indicating that coelacanths are
widely distributed throughout the western Indian Ocean. Apart from
the western Indian Ocean, two coelacanth individuals were captured
off the coast of Manado, Sulawesi, Indonesia (Erdman et al,, 1998).
These coelacanths are the first individuals recorded from a location
outside the western Indian Ocean and were described as a new species,
Latimeria menadoensis. The divergence time between the two coela-
canth species was estimated in three independent studies. Holder et
al. (1999) used partial mtDNA sequences and estimated the divergence
time at 6 MYA. On the other hand, using the entire mtDNA sequences

0378-1119/% - see front matter. Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
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(except for the d-loop) and Bayesian methods, Inoue et al. (2005) esti-
mated the divergence time at about 30 MYA. Sudarto et al. (2010) also
used Bayesian analysis and proposed the divergence time to be 28 MYA.

HOX genes encode a highly conserved family of transcription factors
possessing a 60-amino acid residue motif called a homeodomain, and
they are involved in morphogenesis during embryonic development
(Krumlauf, 1994). Most of the jawed vertebrates have four separate
HOX clusters-HOXA, HOXB, HOXC and HOXD-in which about 40 HOX
genes are arranged. However, the number and composition of HOX
clusters of teleost fish are distinct from those of the other vertebrates
owing to a whole-genome duplication event specific to teleost fish
(Meyer and Malaga-Trillo, 1999). In particular, duplication of the HOX
clusters led to eight HOX clusters in an ancestor of teleost fish. Subse-
quently, some HOX genes were lost independently in the lineage of
each teleost fish species during evolution. As a result, euteleosts have
seven HOX clusters, in which 46 (medaka) to 49 (zebrafish) HOX
genes were identified (Kurosawa et al., 2006). Amemiya et al. (2010)
characterized the complete HOX clusters in the coelacanth genome.
Although the HOX clusters of coelacanth were not remarkable relative
to those from other species with four clusters, characterization of the
complete HOX genes of coelacanth allowed us to reconstruct the evolu-
tionary history of HOX clusters among vertebrates.

Consistent with the slow rate of phenotypic changes in coelacanth,
several genetic studies showed a slow rate of evolution at the molecular
level. Noonan et al. (2004) indicated that the content and organization
of the procadherin gene cluster were more conserved in coelacanths
than in teleost fish. Furthermore, they indicated fewer amino acid sub-
stitutions in coelacanths than in zebrafish and humans. Amemiya et al.
(2010) also showed a significantly slower rate of amino acid substitu-
tion in the coelacanth HOX cluster than in teleost fish and tetrapods.
These observations suggested that the coelacanth genes have evolved
under strong purifying selection or that mutation rate has been slowed
down in the coelacanth genome. To examine these possibilities, we
directly estimated the absolute value of synonymous divergence of
the two coelacanths. Namely, we determined the entire HOX cluster
sequence for Tanzanian coelacanth L. chalumnae and compared it to
that of L. menadoensis, which was already available in the literature
(Amemiya et al., 2010).

2. Materials and methods
2.1. Genomic DNA of Tanzanian coelacanth

Frozen or ethanol-preserved coelacanth materials were transferred
from the Tanzania Fisheries Research Institute to the Tokyo Institute
of Technology in accordance with international regulations under the
Convention on International Trade in Endangered Species of Wild
Fauna and Flora (CITES). In the present study, we used a juvenile coela-
canth individual TCC041-1 to determine the HOX cluster sequence. The
juvenile was found in the body of female coelacanth individual
(TCCO41) captured off the Tanga region, Tanzania, in 2007. The capture
date, locality, and identification number of the specimen were reported
in Nikaido et al. (2011). To examine the insertion of a short interspersed
nuclear element (SINE) at particular loci, we used the genomic DNA of
six Tanzanian and two Comoran adult coelacanths (TCC035, TCC040,
TCC041, TCC042, TCC043, TCCO44, Comoro_1 and Comoro_2). The two
Comoran coelacanth materials were provided by Kyoto University and
Aquamarine Fukushima. Total genomic DNA was extracted from frozen
or ethanol-preserved tissues using the DNeasy Tissue kit (Qiagen) and
stored at 4 °C in TE buffer until use,

2.2, HOX cluster sequence of Indonesian coelacanth

We downloaded the currently available genomic sequence
(~1.6 Mb) for Indonesian coelacanth (L. menadoensis) from GenBank
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(ID: 220898172, 220898186, 220898198, 220898210) at NCBI
(Amemiya et al., 2010).

2.3. Genome sequencing

We prepared 150-bp insert paired-end libraries and single-end
libraries and sequenced the samples using the Illumina genome analyz-
er I (GAIl) according to the manufacturer's instructions. Two runs
were performed. In total, 553.1 million 76-bp paired-end reads and
24,6 million 76-bp single-end reads of L. chalumnae genome fragments
were collected. The accession number for the sequence data of this
study is SRP011573.

2.4. Mapping and identification of repetitive sequences

All reads were aligned to the HOX cluster sequences of L. menadoensis
using Burrows-Wheeler Alignment software (Li and Durbin, 2009). Each
alignment was assigned a mapping quality score by Burrows-Wheeler
Alignment, which is the Phred score that the alignment is incorrect.
The PCR amplification step will lead to the sequencing of identical
DNA fragments. Not removing these PCR duplicates can lead to the mis-
calling of single nucleotide variants (SNVs) by overrepresentation of
one allele. This was corrected by a quality control step to remove
these potential PCR duplicates with SAMtools software (Li et al,
2009). Known repetitive elements were defined by RepeatMasker
(http://www.repeatmasker.org/), and novel repetitive elements were
identified by pairwise alignment with the lastz program (Schwartz
et al,, 2003).

2.5. Calling of SNVs and short insertions/deletions (indels)

After all the reads were aligned to the reference genome using
Burrows-Wheeler Alignment (Li and Durbin, 2009), we used the
SAMtools to produce a consensus genotype for each genomic position.
SNVs and indels were then identified based on the differences between
the consensus genotype of L. chalumnae and the L. menadoensis allele at
that position. These SNVs and indels were then filtered by the SAMtools
variation filter, changing the minimum and maximum read depth
parameter to call variants from its default values (3 and 100) to 6 and
39, to prevent the inclusion of SNVs and indels at repetitive regions.
The lists of SNVs/indels were then annotated by custom Perl scripts
with the SQLite database, which was specifically designed to annotate
the identified SNVs/indels using information from GenBank.

2.6. Validation of SNVs

To validate the ambiguous SNVs with low conQ values, we
performed PCR and direct sequencing. The PCR protocol consisted of
30 cycles with denaturation at 94 °C for 30s, annealing at 55 °C for
455, and extension at 72 °C for 1 min. The PCR mixture contained
2.5 U Ex Taq polymerase™ (Takara), 1x Ex Taq buffer, 0.4 mM dNTPs,
0.1 1M of each primer, and 10 ng of template genomic DNASs in a final
volume 20 pl. PCR products were confirmed by electrophoresis in a
3.0% agarose gel (Takara) and stained with ethidium bromide. The
PCR products were then purified through precipitation with iso-
propanol. Purified PCR products were used for direct sequencing, with
25 cycles of denaturation at 96 °C for 30 s, annealing at 50 °C for 15's,
and extension at 60 °C for 1 min. Reactions contained 1 pl BigDye®
ver. 3.1 terminator premix (Applied Biosystems), 1 x sequencing buffer
(Applied Biosystems), 1 pM sequence primer, and 2 pl of purified PCR
product in a final volume of 5 pl. Sequences were determined using an
automated sequencer (Applied Biosystems, model 3130).
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2.7. Evolutionary analyses

The sequences were edited by GENETYX-Windows version 10
(GENETYX). Clustal W (Thompson et al., 1994) was used to align de-
duced amino acid sequences of HOX coding sequences of the two coela-
canths, human, chimpanzee, mouse, and rat. For nucleotide sequence
comparison, CodonAlign 2.0 (http://www.sinauer.com/hall/2e/) was
used to introduce gaps into HOX coding sequences at the positions
corresponding to the gaps in the aligned protein sequences. MEGA 5.0
software (Tamura et al,, 2011) was used for genetic distance calculation
for aligned HOX coding nucleotide sequences. The values of the synon-
ymous divergence between mouse-rat, human-chimp and two coela-
canth pairs were estimated and plotted for each HOX gene separately.
Because the synonymous divergences were O in some comparisons
due to the absence of no synonymous substitution, the ratios of dN/dS
were estimated by concatenating the sequences of all HOX genes used
for the analysis.

2.8. SINE insertion analysis

To confirm the insertion of SINEs in the coelacanths in the western
Indian ocean (Tanzania and Comoros), we examined 16 loci, into
which LF SINEs (Bejerano et al., 2006) were apparently inserted in the
HOX cluster sequence of Tanzanian coelacanth. PCR primers were
designed to amplify the SINE unit and its flanking genomic region
using Primer3 (Rozen and Skaletsky, 2000). The primer sequences are
summarized in Table S1. The PCR protocol was mostly the same as
that shown in “Validation of SNVs” (2.6).

3. Results and discussion
3.1. Whole-genome sequencing and mapping

We performed two sequencing runs on the lllumina Genome Ana-
lyzer Il platform and produced 85.9 Gbp of sequence data (Table 1).
The short reads were aligned with the Burrows-Wheeler Alignment
tool (Li and Durbin, 2009); we mapped 2.8% of the total reads to the
L. menadoensis HOX cluster sequences, and 1.6% of the total reads
were uniquely mapped. Insert size distribution showed not only
major broad peaks around 150bp but also a minor peak around
320 bp. This minor peak was created by the reads derived from repeti-
tive sequences (Fig. 1; discussed in Section 3.3).

3.2. Repetitive elements and coverage

We also examined the distribution of repetitive elements defined
by RepeatMasker, estimating a rate of repetitive element occupancy
of ~13.1% (211,850 bp) in the HOX cluster sequences. Coverage of
HOX clusters differed widely from region to region (Fig. 2). Especially,
repetitive regions showed high coverage because all reads that were
derived from repetitive sequences of the coelacanth genome were
mapped to repetitive elements within that HOX cluster (Fig. 3). On

Table 1

Data production and mapping results for the coelacanth genome,
Data Number Number of Total Mapped Percentage
type of reads mapped bases bases with unique

reads (Mb) (Mb) placement

SE 24,649,274 471,070 1873 36 84.18
PE 553,079,477 15,690,405 84,068 2385 55.93
Total 577,728,751 16,161,475 85,941 2421 56.75

Single-end (SE) and paired-end (PE) sequencing reads were aligned onto the HOX
cluster sequence of L. menadoensis (~1.6 Mbp). ‘Unique placement’ means a read had
only one best placement.
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Fig. 1. Insert size distribution of paired-end reads. Insert size distribution showed two
peaks, of which the minor peak at ~320 bp was derived from reads from repetitive
sequences.

the other hand, non-repetitive exonic regions showed a mean coverage
0f22.2 (45.9 s.d.) (Fig. 3A). These results indicate that the sequences of
the exons of HOX cluster genes are probably unique in the coelacanth
genome because the genome size estimated from the coverage of
those exons was consistent with the size estimated from the weight of
nuclear DNA content (~3 Gbp) (Makapedua et al,, 2011).

3.3. Ildentification of novel coelacanth-specific repetitive sequences

Although we excluded known repetitive elements using Rep-
eatMasker, ~20% of intergenic sequences still had high coverage
(blue line in Fig. 3C). We extracted those sequences and compared
them with themselves. A dot plot provided evidence for the existence
of other repetitive elements in the coelacanth genomes (Fig. 4). These
elements were 2336 bp (c1) and 7736 bp (c2) in length. Although we
did not characterize c1, we identified c2 to be Harbinger transposons,
which were reported recently by Smith et al. (2012). As shown in
Fig. 2, paired-end reads with an insert size of ~320 bp colocalized
with previously identified coelacanth-specific repeats (red boxes) as
well as with novel repeats identified in this study (green boxes).
Their abundance suggests that these sequences are active mobile
elements in the coelacanth genome. This notion is consistent with
the study by Smith et al. (2012), in which they showed that the
Harbinger transposons are still active in vivo.

3.4. Identifying SNVs and small indels

Assuming that sequences of the exons of HOX genes are unique
(non-repetitive) in the coelacanth genome, we can define the unique
region using the coverage of these exons as a reference. According to
the read depth of the exons, we defined the regions with a mean exon
depth £3 s.d. as unique. After excluding extremely low and high
read coverage regions, genetic differences between our sequenced
L. chalumnae genome and the L. menadoensis genome were identified
using modified settings in SAMtools (Li et al., 2009). We identified
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2280 SNVs and 837 indels, in which 18, 273, and 2826 variants
were located in exons, introns, and intergenic regions, respectively
(Table 2).

3.5. Validation of SNVs in exons

Although we filtered the possible errors during the process of vari-
ant calling, some of the SNVs shown in Table 2 were still ambiguous
in terms of the low-quality scores (about 25 in conQ). To more accurate-
ly estimate the subsequent genetic divergence of HOX coding exons
between the two coelacanth species, we needed to validate these
SNVs to eliminate possible misidentified SNVs. Therefore, we amplified
such genomic regions by PCR using the genomic DNA of the juvenile
coelacanth, TCC041-1, as the template. Then, we directly determined
the sequences of these PCR products by Sanger sequencing. We found
that one heterozygous SNV and one homozygous indel shown in
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Table 2 were absent in the sequence, indicating that they were mis-
identified variations not eliminated during the filtering process. Accord-
ingly, we used the modified sequences for further analyses. The
modified number of SNVs and indels in coding exons is shown in
parentheses (Table 2).

3.6. Estimation and comparison of synonymous divergence

Next, we estimated the genetic divergence at synonymous sites in
coelacanths by focusing on whether the substitution rate is slow even
at these sites. To examine this possibility, we compared the synony-
mous divergence of the two coelacanth species with that of the
human-chimpanzee pair and that of the mouse-rat pair. Forty
orthologous HOX genes (including two EVX genes) were common in
all six species, whereas HOXA14, HOXB10, HOXC1, and HOXC3
were absent in mammals, and HOXD9 was absent in coelacanths.
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Furthermore, the putative cDNA sequences of rat HOXD8 and HOXD11
were incomplete because of the low quality of the genome sequence
data for the corresponding region. Accordingly, we removed them
from the analysis. In total, we used the 38 HOX gene orthologs for the
subsequent analyses to compare the same genomic region among six
species. The protein sequences were first aligned using Clustal W
implemented in MEGA 5 with the default settings. Then, gaps were
introduced into the cDNA sequences based on the protein sequence
alignment. The aligned nucleotide sequences were used to estimate
genetic divergence using MEGA 5. Fig. 5 shows the plots of the
uncorrected synonymous divergence (y axis) against the corrected
nucleotide divergence (x axis) of 38 HOX genes for each of the three
species pairs (human-chimp, mouse-rat, and Tanzania-Indonesia
coelacanths), indicating no signs of saturation of synonymous sub-
stitutions. Accordingly, we could compare the synonymous divergence
among the three species pairs without regard to the possibility of
saturation.

Table 3 shows the resultant averaged estimated synonymous di-
vergence of HOX genes for each of the three species pairs. In the
human-chimp and mouse-rat pairs, the synonymous divergence
was 0.78% and 7.5%, respectively. Although these values are smaller
than those estimated at the whole-genome level (human-chimp
1.1%, Chen et al, 2001; mouse-rat 19%, Rat Genome Sequencing
Project Consortium, 2004), they are consistent with previous studies
in which the authors indicated that HOX genes were conserved even
at synonymous sites (Lin et al, 2008; Woltering and Duboule,
2009). The most intriguing result is that the synonymous divergence
was much smaller in the coelacanth species pair; the value was 0.07%,
which is about 11-fold smaller than that of the human-chimp pair.

When we consider that the divergence time of human-chimp and
the two coelacanth species is almost the same (see Section 3.7), the
difference in the synonymous divergence between these groups was
statistically significant (p<10~'* by two-sample proportion z-test,
Snedecor and Cochran, 1989).
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Fig. 4. Dot plot of HOX cluster region. After excluding known repetitive sequences identified by RepeatMasker, the concatenated remaining sequence was compared with itself by
lastz (Schwartz et al., 2003). Green and red shadows indicate two newly identified repetitive sequences specific to coelacanth.

3.7. Estimation and comparison of synonymous substitution rates

To directly compare the absolute values of the synonymous substitu-
tion rate among the three species pairs, we interpolated the divergence
times estimated by the independent studies. We used 6 MYA and
16 MYA for the divergence of human-chimp (Glazko and Nei 2003) and
mouse-rat (Hasegawa et al,, 2003) pairs, respectively. For coelacanths,
there are two main alternative hypotheses for their divergence time
(6 MYA and 30 MYA), which have not been validated (Holder et al.,
1999; Inoue et al., 2005; Sudarto et al, 2010). The estimated value of
6 MYA by Holder et al. (1999) appears to be less reliable than that of
30 MYA by Inoue et al. (2005) because the former study analyzed just
partial mitochondrial sequences and applied the substitution rate of tetra-
pods. However, we here used both 6 MYA and 30 MYA to see the differ-
ence between the resultant values. The synonymous substitution rates
of human-chimp and mouse-rat were calculated to be 0.65x 102 and
233x107° (per site per year), respectively (Table 3). The higher

Table 2

SNVs and indels in unique (non-repetitive) regions.
Locus SNV Indel Total Percentage Length of

Homo Hetero Homo Hetero region (bp)
Exon 15 1 2 0 18 0.0445% 40,471
(0) 1 (16)  (0.0395%)

Intron 147 15 104 7 273 0.2373% 115,045
Intergenic 1444 658 695 29 2826 0.2514% 1,124,218
Total 1606 674 801 36 3117 0.2515% 1,239,263

The modified number of SNVs and indels in coding exons after validation is shown in
parentheses (see Section 3.5).
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substitution rate in rodents relative to that of primates is consistent
with previous studies (Kitano and Saitou, 2005; Li et al,, 1987). As for
the coelacanths, when we applied the divergence time of 6 MYA, the sub-
stitution rate was calibrated to be 0.059x107° (per site per year,
Table 3), which is 11-fold slower than that of human-chimp. Further-
more, the divergence time of 30 MYA, which appears to be more reliable
dating, led to the significantly slow substitution rate of 0.0012x107°
(per site per year, Table 3). This value is 56-fold slower than that of
human-chimp.

3.8. SINE insertion polymorphisms

To test whether the insertion of transposable elements occurred
after the split of L. chalumnae and L. menadoensis, we searched the
alignments of the four HOX clusters for indels between these two
species. Six indels of >50 nt were identified, in which the sequences
were found in L. menadoensis but were absent in L. chalumnae. How-
ever, these differences did not result from insertions of transposable
elements (data not shown). Specifically, three of the six differences
were copy number variations of tandem duplications of a ~60-nt
unit, and two of them were due to partial deletions of Harbinger-
like transposons in L. chalumnae. The remaining sequence showed
no homology with known transposable elements. This result suggests
that there is no difference in the presence/absence pattern of transpos-
able elements in the HOX clusters. However, owing to the mapping
strategy of short read fragments, it is still possible that the polymor-
phisms of the short-length retroposons such as SINEs were actually ab-
sent. To examine such a possibility, we examined 16 loci, into which LF
SINEs (Bejerano et al.,, 2006) were apparently inserted in L. chalumnae.
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The 16 SINEs were chosen to represent recently inserted copies based
on the divergence from the consensus sequence. Then, we performed
SINE-flanking PCR to investigate the presence or absence of a SINE at
each locus. If a SINE is absent at a particular locus, the PCR band
becomes shorter than expected (Okada et al, 2004). We detected
SINE insertions in all of the loci examined (Fig. 6), indicating very
few, if any, SINE insertion polymorphisms between L. chalumnae and
L. menadoensis. Accordingly, low genetic diversity of the HOX cluster re-
gion between the two coelacanth species was further indicated in terms
of SINE insertions.

3.9. Reduction of substitution rate, purifying selection, or recent
divergence?

An important question is why the genetic divergence of the coela-
canth HOX cluster is so small, even at the synonymous sites. There are
three possible explanations: (1) strong purifying selection in the open
reading frames of HOX genes, including the synonymous sites, (2) re-
duction of the nucleotide substitution rate in the coelacanth lineage,
and (3) exceptionally more recent divergence between L. chalumnae
and L. menadoensis than expected from the mtDNA analyses. Regarding
the first explanation, Lin et al. (2008) indicated that the mammalian
HOX genes have ultraconserved coding regions, in which the sequences
are highly conserved at the nucleotide level. Their study implied that
the ultraconserved coding regions have some gene regulatory functions,
which led to purifying selection without regard to synonymous and
non-synonymous sites, Accordingly, it is possible that the smaller ge-
netic divergence in coelacanth HOX genes may reflect substantially

Table 3
Estimated genetic divergences and substitution rates at synonymous sites.

Divergence Estimated Estimated synonymous

time from  synonymous substitution rate
literature  divergence (per site per year)
Human-chimp 6 MYA? 0.0078 (0.0012)®  0.65 (0.10)x 10~°

Tanzanian-Indonesian 6 MYA®
coelacanths 30 MYA?
Mouse-rat 16 MYA®

0.00070 (0.00011) 0.059 (0.0090)x 10~°
0.012 (0.0018)x 10~

0.075 (0.012) 2.33 (0.37)x 1072

 Inoue et al. (2005).

® The values in parentheses indicate the standard error.
¢ Holder et al. (1999).

4 Glazko and Nei (2003) and Sudarto et al. (2010).

¢ Hasegawa et al. (2003).

stronger purifying selection compared with that in rodents and pri-
mates. However, the dN/dS ratios of HOX genes among human-chimp,
rodents and two coelacanth pairs were 0.23, 0.42 and 0.39, respectively,
indicating that the purifying selection in coelacanth was not strong in
comparison with the other groups. Accordingly, the smaller synony-
mous divergence in the coelacanth HOX genes may not be caused by
the operation of stronger purifying selection. Regarding the second pos-
sibility, an exceptionally slow substitution rate has been reported in the
mtDNA of shark, which is 7- to 8-fold slower than that of primates or
ungulates (Martin et al, 1992). Given the similarity of coelacanths to
sharks in their ecology, large body size, and long generation time, it is
plausible that coelacanths also exhibit a slow nucleotide substitution
rate in their genomes similar to that observed in sharks. The small ge-
netic divergence even at introns and intergenic regions (0.25%,
Table 2) of coelacanth Hox genes and the apparent absence of SINE in-
sertion polymorphisms, are consistent with this possibility. However,
there are also arguments for the third possibility, namely, the more re-
cent divergence time of L. chalumnae and L. menadoensis. Because coela-
canths have been a single lineage since the Devonian era, they do not
have closely related taxa, making it difficult to fix the calibration point
for divergence time estimation (Sudarto et al., 2010). Although there
is a large difference in the estimates between the two major hypotheses,
even the later estimate of 6 MYA leads to an 11-fold slower substitution
rate in coelacanths. However, if the two coelacanth species diverged
much more recently than what has been estimated, the conclusion
would be drastically changed. Indeed, Schartl et al. (2005) raised the
possibility that the western Indian Ocean could have been colonized re-
cently by coelacanth drifters from the Pacific Province by Indonesian
throughflow, which has probably existed for only 3 to 4 MY. Gordon
(1998) also pointed out the presence of an oceanographic connection
between Sulawesi and the Comoran Islands region that has enabled
very recent gene flow from Indonesia to Comoros. Furthermore, if
such dispersal occurred only in male individuals, the genetic divergence
should be smaller in the nuclear genome than in the mitochondrial ge-
nome. This may provide us with a compromise resolution for the excep-
tionally smaller genetic divergence in the HOX cluster of coelacanths
compared with the divergence time based on mtDNA.

3.10. Conclusion

In the present study, we performed a large-scale comparison of
the HOX cluster sequence between two coelacanth species, showing
a significantly small genetic divergence, even at silent sites, relative
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Fig. 6. SINE insertion analysis for the 16 loci of coelacanths in the western Indian Ocean. (A-P) Agarose gel electrophoresis of SINE-flanking PCR products from locus 1 to 16. Lane M
indicates the size marker, and lanes 1-9 indicate the L. chalumnae samples {ID: Comoro_1, Comoro_2, TCC039, TCC040, TCC041, TCCO42, TCCO43, TCC044, and negative control). The
arrowheads indicate the expected size of the PCR products, which were deduced from the sequence of L. chalumnae. In all loci, PCR bands were detected at ~600 bp, which is

expected for the presence of a SINE.

to human-chimp and mouse-rat pairs. When we applied the diver-
gence times deduced by the mtDNA sequence data, the substitution
rate was calibrated to be significantly slower than that of the other
vertebrates reported. To explain the phenomenon, we propose two
alternative possibilities, which are not necessarily mutually exclusive:
reduction of the nucleotide substitution rate in coelacanth lineages or
an unexpectedly recent divergence of the two coelacanth species.
Although it is difficult to settle this issue at present, whole genome-
wide analysis and large-scale population genetic analyses, which will
become available soon, may shed light on the subject. Such genome-
wide analyses may eventually elucidate why coelacanths could be
evolutionary relics from the Devonian time.
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