Save the meniscus

A F A I fMi‘iU o 30% 1
AL, M AL AWZE S SIS,
LE ARG LI v BARTHE, PRI 5
M o) i AF T Ak 11 F B FCRE0Y 7 Rl
Vb, TSR O MR 2 R B AT L ACERT
ZEL BT U L)Jl”‘*fﬁ"ﬁ. HORT AR O B T e
Pea 27z LT Y, @aUEshs 2 &% n] Zidil
BCEHY, FBENO NS RGOS E S Tw
L. BBUEE DA b, AR =y R o 15 & L
VARG FAR-E D &9 2 2R, MRS LCENRTh
VPGS B 1 I 5L i i il
AR AHEIR SN BH Z g b '“i b TR
24 A JE JEL A 2 ) ﬁ{‘f?l’\iff;f' SRR NLE E N
HARO P FPBERH3 AR R 3 T, 209 Bk &l
T 8% DM T f?) 909% DL 1 A3 s ffl~f'C 7z

A LRI L) l”‘ T hHE
L5k TJJ‘J SO HADATT S ’bkuu/)“

BT WAT O BEEE 2R MEATHESFT L, 2SI I gt i /MA
“‘5' LHooF f:, s 2 b, B R REIR
MR L, 7= A M L AL & <
b, CEIBERBI L, PR A BCEEREATI R L, AR
PR A BT S8 5 YL ol e 3O & 4
TG BT, I B I
DI D E KRBT H Y, T & LD 250 N1
FEDIEREA TN Z D S B D I TIUE R & A,

O DEIRIFEE A LAovy. Englund & 4
50 HERL o — e fEIE 991 #4428 LT, MRI Bt & e
WOPEE AT - 700 ORI L vl b dvdnb 57,
MRI CAE Ao Wi {2 5L L 723451 61% Cdh - 727,
Katz ©13 45 ge 20 b ool rp &5 1 A0 IR B i & 52 L7
et o 2 IR B 351 4% & b Uk tﬁﬁ@ﬂf’%‘ﬂ&
HT: VAT TR U A POm e MR EE G 60 FFRC 2 BN
TEDOL G- 2O 2O i, MRI w'ﬁ‘ P8
LR APV R T L Ao REPRIZE R 69, F
AR O @I PRS2 5 _ETH LT EERL
T\,
Fh7z Bk T E TR SRS 2 VR P £ 0 995 25 50

ZBS AL Ao I

&y ’(‘1‘? T b,

i

¢~—«\

T

It L

Ptz LT, ST R 2 b e A P nte AT 4 T S
AR A T AR 2 17 - &z RIS I L
T A ‘L(T*f;ch&'d”ﬁ’r/)*?i;’-bﬂ'm Who L L, R B
OB B S A0 20 TR PR AT 10T e 1)
ndb Y, ih I)va 2 FEC B I B R AT AL S
IWTH I L~V % BUF D & BERE RIS OB A 61
BB, AL AR 2 N BRI b s B 7
DI, B OO @G A 5 =% A b L ADWEIT
Y, KA W O MR WA A A -l e R 7 Y L
T 8 5720020, BT S~ 2 9 =
WA P L APTETHD ZEAPMEND, 7z, —E
WA 25 ST h R ?4:1'/3#;-&%#1 EQ(Y 1R
B & T O Mt & &g
By b RETH 5.

AWM FE G 572008 RO MG H Al o4 &
D, 'H:Hxl ORI N ETCOLOID G LG
LIRS, En B L EART O WS
DL NIRE S E BTN Iy O MBS L 5 TR
%’!il WCHAH . Gk, B AEEE LR A

fig & PEAEfC ?3 BT ERETIRE & 2 DAY Db
thamw\a SNV [ AWAR DR R o e =i SR 1 4 Ce
GH LG, e AENLTHTLIES T AN
FIHT EINEDESTCHLEEL S if:““f’;fc}
ALV R & WA s 5 2 S WWMECd 595, B
04 A o i@ il A L LA G b b & t o)
BT ) — S T AR T s A HLM i
Ao Ld LA, 2L T R L
Thb I EMNREG5THS .

Jfﬁa:l:-m‘z;' i EAE Wt

]

Save the meniscus as much as possible!
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Use of a Comprehensive Polymerase Chain
Reaction System for Diagnosis of Ocular
Infectious Diseases
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Purpose: To measure the genomic DNA of ocular infectious pathogens in ocular fluids and to analyze the
clinical relevance of these pathogens in uveitis and endophthalmitis.

Design: Prospective clinical case series.

Participants: A total of 500 patients with infectious uveitis and endophthalmitis were examined at Tokyo
Medical and Dental University, Tokyo Medical University, Kyushu University, Osaka University, and Kyoto
Prefectural University, all in Japan.

Methods: Genomic DNA of bacteria, fungi, parasites, and viruses in collected intraocular samples were
examined by comprehensive polymerase chain reaction (PCR). Samples were analyzed first by multiplex PCR
and quantitative real-time PCR for human herpes viruses (HHVs) 1 through 8 and toxoplasma. Subsequently,
samples were examined by broad-range real-time PCR for bacterial 16S and fungal 18S/28S ribosomal DNA
(rDNA).

Main Outcome Measures: Infectious uveitis and endophthalmitis diagnoses were obtained when using the
PCR system. Calculations of the positivity and the diagnostic parameters such as sensitivity, specificity, positive
predictive value (PPV), and negative predictive value (NPV) also were evaluated.

Results: In all of the tested infectious uveitis and endophthalmitis patients, either herpes simplex virus type
1 (n = 18), herpes simplex virus type 2 (n = 4), varicella-zoster virus (n = 55), Epstein-Barr virus (n = 17),
cytomegalovirus (n = 68), HHV type 6 (n = 2), toxoplasma (n = 6), bacterial 16S (n = 33), or fungal 185/28S
(n = 11) genome was detected. Neither HHV type 7 nor HHV type 8 DNA was detected in any of the samples.
Of the 21 false-negative results found during the PCR analyses, 12 cases were negative for patients clinically
suspected of having bacterial endophthalmitis. Conversely, false-positive results for the comprehensive PCR
examinations occurred in only 3 cases that subsequently were found to have bacterial 16S rDNA. Diagnostic
parameters for the sensitivity, specificity, PPV, and NPV of our PCR examinations were 91.3%, 98.8%, 98.6%,
and 92.4%, respectively.

Conclusions: Use of our comprehensive PCR assay to examine ocular samples in patients with endoph-
thalmitis and uveitis seems to be clinically useful for detecting infectious antigen DNA. Thus, this PCR method
is a reliable tool for both diagnosing ocular disorders and further screening of patients for intraocular infections.

Financial Disclosure(s): The author(s) have no proprietary or commercial interest in any materials discussed
in this article. Ophthalmology 2013;120:1761-1768 © 2013 by the American Academy of Ophthalmology.

Infectious uveitis and endophthalmitis are sight-threatening
diseases caused by human pathogenic agents. Virus infec-
tions, especially herpes viruses, are known to cause ocular
inflammations such as retinitis, uveitis, retinal vasculitis,
conjunctivitis, corneal endotheliitis, and keratitis. Parasitic
infections (e.g., ocular toxoplasmosis) are known to cause
intraocular inflammations such as uveitis, whereas bacterial
and fungal infections are known to cause endophthalmitis,
uveitis, and keratitis. However, when infectious pathogens
cause ocular inflammatory disorders, the clinical findings
can be very diverse, thereby making the diagnosis of the
infection both difficult and time consuming. To ensure that
appropriate treatments are performed that will prevent these

© 2013 by the American Academy of Ophthalmology
Published by Elsevier Inc.

infectious agents from causing irreversible ocular tissue
damage, early examinations that correctly identify the cause
of the infections are a necessity.

For more than a decade, diagnostic evaluations of pa-
tients with uveitis and endophthalmitis diagnoses have in-
cluded the use of conventional qualitative polymerase chain
reaction (PCR). A PCR diagnosis has proven to be very
useful because only a very small sample is required for
detection of the infectious agents. However, in the past, the
relatively small volume of sample that can be obtained
(such as aqueous humor) has made it impossible to conduct
comprehensive examinations for ocular inflammatory dis-
eases. Nevertheless, comprehensive diagnoses are needed
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because ocular inflammatory diseases can include various
infectious antigens. Additionally, because sudden changes
can occur in ocular infectious diseases, it is imperative that
patients be diagnosed as early as possible. Therefore, a
comprehensive, rapid, and accurate diagnosis using ocular
samples is of great importance, and if such a comprehensive
PCR system for the diagnosis of ocular infectious disorders
could be established, this would be a tremendous help for
many clinicians. However, this research tool has not been
widely available for use in clinical laboratories. Therefore,
this study attempted both to establish novel tests that would
be widely available to clinical laboratories and to develop a
comprehensive PCR system that could be used to examine
bacteria, fungi, parasites, and viruses for the purpose of
diagnosing ocular infectious disorders.

Methods

Patients

Intraocular samples of aqueous humor and vitreous fluid were
collected from 500 patients with uveitis and endophthalmitis.
Underlying pathologic features included endotheliitis, keratouve-
itis, anterior uveitis or iridocyclitis, acute retinal necrosis (ARN),
progressive outer retinal necrosis, cytomegalovirus (CMV) retini-
tis, human T lymphotropic virus type 1 uveitis, ocular toxoplas-
mosis, scleritis, Posner-Schlossman syndrome, Fuchs’ iridocycli-
tis, sarcoidosis, Vogt-Koyanagi-Harada disease, Behcet’s disease,
intraocular lymphoma, idiopathic uveitis, idiopathic retinal vasc-
ulitis, bacterial endophthalmitis, and fungal endophthalmitis. At
the time of sampling, these patients displayed active intraocular
inflammation. In addition, control samples were prepared for
this study (n = 100). The control group included noninflam-
matory diseases such as diabetes, retinal detachment, glaucoma,
and others.

An aliquot of 0.1 ml aqueous humor was aspirated with a
30-gauge needle. Nondiluted vitreous fluid samples were collected
from uveitis patients who were undergoing vitreous surgery (di-
agnostic pars plana vitrectomy). Samples were transferred into
presterilized microfuge tubes and used for PCR. To ensure that no
contamination of the PCR preparation occurred, the DNA ampli-
fication and the analysis of the amplified products were carried out
in separate laboratories according to a method reported in a pre-
vious study.!

We consecutively enrolled endophthalmitis and uveitis patients
from 2006 through 2010 for a prospective study that was con-
ducted at both our hospital facility (Tokyo Medical and Dental
University) and its associated hospitals (Tokyo Medical Univer-
sity, Kyushu University, Osaka University, and Kyoto Prefectural
University). After informed consent was obtained from all pa-
tients, we collected aqueous humor and vitreous fluid samples. The
research followed the tenets of the Declaration of Helsinki and all
study protocols were approved by the Institutional Ethics Com-
mittees of Tokyo Medical and Dental University and its asso-
ciated hospitals. The clinical trial was registered on September
7, 2009 (available at: www.umin.ac.jp/ctr/index/-j.htm; study
no.: R000002708).

Polymerase Chain Reaction Analyses

The sampling procedure and the PCR methodology are shown in
Figure 1. DNA was extracted from the samples using a DNA Mini
kit (Qiagen, Valencia, CA) installed on a robotic workstation that
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was set for automated purification of nucleic acids (BioRobot EZ1
Advanced; Qiagen). Genomic DNA of human herpes virus (HHV),
toxoplasma, bacteria, and fungi in the aqueous humor and vitreous
fluids was measured through the use of 2 independent PCR assays:
(1) a qualitative multiplex PCR that was performed in conjunction
with a quantitative real-time PCR, and (2) a broad-range real-time
PCR (Fig 1). The multiplex PCR qualitatively measured the
genomic DNA of 8 HHVs: herpes simplex virus (HSV) type 1
(HHV-1), HSV-2 (HHV-2), varicella-zoster virus (VZV; HHV-3),
Epstein-Barr virus (EBV; HHV-4), CMV (HHV-5), HHV-6,
HHV-7, HHV-8, and toxoplasma. The PCR was performed using
a LightCycler 480 II instrument (Roche, Basel, Switzerland). If the
multiplex PCR results were positive, we then conducted real-time
PCR. The real-time PCR was performed using the Amplitaq Gold
and the Real-Time PCR 7300 system (Applied Biosystems, Foster
City, CA) or the LightCycler 480 II instrument (Roche). Primers
and probes for HHV types 1 through 8 and the PCR conditions
have been described previously.>> The toxoplasmosis primers and
probes also have been reported previously.*

To detect DNA for bacterial species (Fig 1), broad-range PCR
was performed using the Amplitaq Gold and the Real-Time PCR
7300 system or the LightCycler 480 II instrument in accordance
with our previously reported methodology.' Primers and probes
for the fungal species (fungal 18S or 28S ribosomal DNA
[rDNAJ]) along with the PCR conditions also have been reported
previously.>-®

Amplification of the human B-globulin gene served as an
internal positive extraction and amplification control. The value of
the HHV copy number in the sample was considered to be signif-
icant when more than 50 copies/ml were observed. Significant
differences in the copy number were defined as more than 10
copies/ml for toxoplasmosis, more than 100 copies/ml for bacterial
16S, and more than 10 copies/ml for fungal 18S/28S.

Results

Step 1 of our comprehensive PCR examinations consisted of
qualitative multiplex PCR combined with quantitative real-time
PCR, whereas step 2 used broad-range real-time PCR (Figs 1 and
2). As seen in the results for a representative positive aqueous
humor sample, although we observed a high copy number of
bacterial 16S rDNA, the PCR examination indicated that the
sample showed negative results for DNA from all other infectious
antigens (Fig 2).

In the uveitis and endophthalmitis patients, our comprehensive
PCR system results demonstrated positivity in the ocular fluids. As
seen in Table 1, multiplex PCR and real-time PCR detected 18
patients with HSV-1 DNA (18 of 500 cases; 3.6% positive).
Herpes simplex virus type 2 DNA was detected in only 4 patients
(0.8% positive), with all of these patients subsequently diagnosed
with ARN. Varicella-zoster virus DNA was detected in the ocular
fluid samples of 55 patients (11% positive), whereas EBV DNA
was detected in 17 patients (3.4% positive) with various ocular
inflammatory disorders. Cytomegalovirus was detected in 68 pa-
tients (13.6% positive) with disorders that included corneal endo-
theliitis, iridocyclitis, and necrotic retinitis. However, our PCR
methods detected only 2 HHV-6 DNA cases (0.4% positive), with
none of the patients found to have HHV-7 or HHV-8. In addition,
toxoplasmosis DNA was detected in only 6 samples (1.2% posi-
tive), with all of these patients found to have active uveitis with
ocular toxoplasmosis. Overall, our multiplex PCR and real-time
PCR analyses identified 170 PCR-positive patients (34% positive;
Table 1).

However, when we used broad-range real-time PCR to screen
for detection of bacterial 16S and fungal 18S/28S rDNA in infec-




Sugita et al - Use of PCR for Diagnosis of Ocular Infectious Diseases

Uveitis/Retinitis/

Ocular sample* (Agh, vitreous fluids)

Endophthalmitis
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DNA extraction
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Figure 1. Diagram showing the use of a comprehensive polymerase chain reaction (PCR) system for the analysis of various infectious genomic DNA in
the ocular fluids of patients with uveitis and endophthalmitis. To detect various infectious agents, we used independent PCR methods, with step 1 using
multiplex PCR and real-time PCR and step 2 using broad-range real-time PCR. After DNA extraction from each of the samples, multiplex PCR was
performed first to screen for human herpes virus type 1 (HHV1) to human herpes virus type 8 (HHV8) and for toxoplasmosis via the use of 3 LightCycler
capillaries (Roche, Basel, Switzerland). If positive results was observed, real-time PCR was performed subsequently to measure the DNA load. Step 2 used
broad-range real-time PCR for detection of bacterial 16S, fungal 18S, or fungal 28S ribosomal DNA (tDNA). To be able to detect the various bacterial
and fungal DNAs, primers and probes for the unvariable regions in the sequences were used. Agh = aqueous humor; CMV = cytomegalovirus; EBV =
Epstein-Barr virus; HHV6 = human herpes virus type 6; HHV7 = human herpes virus type 7; HSV-1 = herpes simplex virus type 1; HSV-2 = herpes

simplex virus type 2; VZV = varicella-zoster virus.

tious endophthalmitis, we detected 33 patients with bacterial 16S
tDNA (33 of 500 cases; 6.6% positive; Table 1). In 11 patients,
fungal 18S/28S rDNA was detected in the ocular fluid samples
(2.2% positive). Overall, broad-range real-time PCR analysis iden-
tified 44 PCR-positive endophthalmitis patients (8.8% positive;
Table 1). Analysis of the control samples from patients without
intraocular inflammation (n = 100) showed that all had negative
results.

Subsequently, we analyzed the results for each of the infectious
antigens, including HHV-1 through HHV-8, toxoplasma, bacteria,
and fungi. Table 2 shows a summary of the results. Herpes simplex
virus type 1 was detected in 1 case of keratouveitis, in 16 cases of
anterior uveitis, and in 1 case of ARN, whereas HSV-2 was
detected in 4 cases of ARN. Varicella-zoster virus was detected in
two cases of keratouveitis, 26 cases of anterior uveitis, 24 cases of
ARN, and in two cases of progressive outer retinal necrosis.
Epstein-Barr virus was detected in 5 cases of idiopathic uveitis. In
addition, EBV also was detected in patients with various ocular
inflammatory disorders and intraocular lymphoma (Table 2).

Cytomegalovirus was detected in many cases of corneal endo-
theliitis (11 of 12 patients), iridocyclitis (anterior uveitis; 32 of 76
patients), and CMV-associated necrotic retinitis (23 of 23 pa-
tients). Human herpes virus type 6 was detected in 2 cases of
bacterial endophthalmitis. Both of these cases exhibited typical

bacterial infections of the eye. Human herpes virus type 7 and
HHV-8 DNA were not detected in any of the patients in this study
(Table 2). Toxoplasma DNA was detected in active uveitis with
ocular toxoplasmosis (n = 6), but not in any of the other ocular
inflammatory cases.

Broad-range real-time PCR examinations found bacterial 16S
rDNA in 26 cases of bacterial endophthalmitis, in 3 cases of
idiopathic uveitis, and in 4 cases of other types of infections.
Fungal 18S/28S rDNA was detected in 9 cases of fungal endoph-
thalmitis, in 1 case of idiopathic uveitis, and in 1 case with another
infection (Table 2).

We also analyzed whether this PCR examination included any
false-negative or false-positive results. A false-negative result in-
dicated that although the PCR results were negative, the patient
ultimately was diagnosed with an ocular infection by other exam-
inations or clinical findings or by their responses to treatment.
Overall, we determined there were 21 false-negative results in this
analysis (Table 3). Among these, the PCR results were negative in
12 cases even though the patients were suspected clinically of
having bacterial endophthalmitis. However, false-positive results
indicated there were positive PCR results, even though patients
finally were diagnosed as having a clinically noninfectious disor-
der. Overall, there were 3 false-positive results for the PCR anal-
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] Aqueous humor from suspected infectious patient ‘

DNA extraction

| Step 1: Multiplex PCR & real-time PCR |

[ Step 2: Broad-range real-time PCR l

PCR results in ocular sample:

HSV1(-), HSV2 (-), VZV (-), EBV (-), HHV6 (-)
HHV7 (-), HHVS (-), Toxoplasma (-)

Fungal 18S (-), Fungal 28S (-)

Bacterial 16S (+)*

+ data of other examinations

Final diagnosis: Bacterial endophthalmitis

* Bacterial 16S rDNA
:1.7 x 10° copies/mbL

Sample —_—

o

Bacterial

control <y
DNA105 -~

Figure 2. Polymerase chain reaction (PCR) results for a sample from a representative case. An aqueous humor sample was obtained from an
endophthalmitis patient (severe anterior chamber cells with hypopyon in the slit photograph on the right). After DNA extraction from the sample,
multiplex PCR was performed to screen for human herpes virus types 1 through 8 (HHV1-8) and Toxoplasmosis gondii using LightCycler capillaries. We
simultaneously performed broad-range real-time PCR for the detection of bacterial 16S or fungal 18S/28S ribosomal DNA (tDNA) and found there was
a high copy number of bacterial 16S rDNA in the sample. The sample demonstrated negative results for the human herpes viruses (HSV), such as HSV1,
HSV2, varicella-zoster virus (VZV), Epstein-Barr virus (EBV), cytomegalovirus (CMV), HHV6, HHV7, and HHVS for T. gondii. Broad-range real-time
PCR indicated the sample showed negative results for fungal 18S and 28S rDNA. The patient finally was diagnosed as having infectious endophthalmitis

related to bacterial infections.

ysis, with each case confirmed to contain bacterial 16S rDNA
(Table 4).

We also analyzed our comprehensive PCR examinations for the
diagnosis of ocular infection in terms of the diagnostic parameters
for sensitivity, specificity, positive predictive value, and negative
predictive value. The calculated percentages for sensitivity, spec-
ificity, positive predictive value, and negative predictive value
were 91.3%, 98.8%, 98.6%, and 92.4%, respectively.

Discussion

In the field of ophthalmology, PCR has proven to be very
useful for patient diagnosis because the analysis can be
carried out using only a very small amount of sample,
such as aqueous humor. When comprehensive PCR is
used, the results make it possible to include or exclude
infections as the potential cause of an ocular disorder.
When using our PCR system, a diagnosis can be made
quickly, and in fact is much less time consuming com-
pared with other methods. For example, multiplex PCR
requires only 90 minutes, real-time PCR takes 60 min-
utes, and DNA extraction can be performed in only 40
minutes. Additionally, the diagnostic parameters (sensi-
tivity, specificity, positive predictive value, and negative
predictive value) of these comprehensive PCR examina-
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tions are very high. Even so, it should be noted that with
regard to the sensitivity and specificity, there is no agreed
upon gold standard, which could lead to difficulties when
making a diagnosis. However, from a clinical aspect, use
of these comprehensive PCR examinations to analyze
ocular samples makes it possible to diagnose rapidly
patients with unknown intraocular infectious disorders
such as uveitis and endophthalmitis.

With multiplex PCR, it is possible to screen rapidly for
the genome of more than 10 types of infectious antigens.>*
Additionally, when the PCR screening results are positive,
this real-time PCR then can be used to measure the DNA
load. Thus, use of this real-time PCR makes it possible to
obtain quantitative information for antigen DNA in sam-
ples. Recently, broad-range real-time PCR for bacteria or
fungi has become available.!>* With this method, we were
able to measure the amplification of the target IDNA genes.
Target antigens for this method include the bacteria 168,
fungal 28S,° and Candida or Aspergillus 18S TRNA genes.’
Detection of bacterial or fungal DNA is possible because
primers and probes can be designed specifically for the
unvariable regions (bacterial or fungal common regions)
within the sequences. By using the primers and probes of
these genes, broad-range PCR can be used to detect the
presence of bacteria or fungi in the samples.
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Table 1. Positivity of the Comprehensive Polymerase Chain
Reaction System in the Ocular Fluids of 500 Patients with

Upveitis and Endophthalmitis

Infectious Multiplex PCR and Broad-Range

Antigens Real-Time PCR Real-Time PCR
HSV-1 (HHV-1) 18/500 (3.6%) —
HSV-2 (HHV-2) 4/500 (0.8%) —
VZV (HHV-3) 55/500 (11.0%) —
EBV (HHV-4) 17/500 (3.4%) —_
CMV (HHV-5) 68/500 (13.6%) —
HHV-6 2/500 (0.4%) —
HHV-7 0/500 (0%) —
HHV-8 0/500 (0%) —
Toxoplasmosis 6/500 (1.2%) —
Bacteria 16S — 33/500 (6.6%)
Fungal 185/28S — 11/500 (2.2%)
Total 170/500 (34.0%) 44/500 (8.8%)

CMV = cytomegalovirus; EBV = Epstein-Barr virus; HHV-1 through
HHV-8 = human herpes virus types 1 through 8; HSV-1 and HSV-2 =
herpes simplex virus types 1 and 2; VZV = varicella-zoster virus.
Multiplex polymerase chain reaction (PCR) and real-time PCR were
performed to screen for or detect HHV genomic DNA and toxoplasmosis.
Broad-range real-time PCR was performed to screen for and detect bac-
terial 16S and fungal 185/28S ribosomal DNA.

Based on PCR results, clinical findings, and other exam-
inations, we were able to diagnose infectious diseases suc-
cessfully. In the present study, with the exception of HHV-7
and HHV-8, almost all of the infectious agents were de-
tected in collected ocular samples. Herpes simplex virus
type 1 was detected in aqueous humor of patients with
keratouveitis, anterior uveitis, and ARN. However, the
symptoms in 4 ARN patients were shown to be related to an
HSV-2 infection. In addition to detecting VZV DNA in
many ocular samples, our results also indicated a high copy
number of VZV DNA in the samples. We previously re-
ported finding an association between the VZV viral load in
the aqueous humor and the clinical manifestations of VZV
anterior uveitis.” Iris atrophy was found to be much more
severe in the high-viral load group compared with the
low-viral load group. Overall, our results demonstrated that
there was a significant correlation between the VZV viral
load in the aqueous humor and damage to the iris, such as
iris atrophy and pupil distortion, in patients with VZV-
related anterior uveitis.

Multiplex and real-time PCR analysis of samples from
various infectious patients detected EBV DNA in 17 of 500
cases (3.4%). In a previous study,® we found only 3 of 17
samples from uveitis patients to have significantly high
EBV DNA copy numbers when using real-time PCR. Be-
cause the EBV viral load was not very high in these sam-
ples, this suggested that viral replication of EBV does not
occur in the eye. It has been assumed that the EBV infection
acts as a secondary factor in the pathogenesis of ocular
inflammation.® Epstein-Barr virus has been shown to be
able to infect B-lymphocytes and epithelial cells, includ-
ing ocular pigment epithelial cells.!? Therefore, it may be
the intraocular infiltrating B-cells and the epithelial cells
that are releasing the EBV DNA within the eye during

inflammatory conditions. This is supported by our finding
that EBV DNA was detected in ocular samples from
patients with severe intraocular inflammatory disease
such as ARN and bacterial or fungal endophthalmitis (see
Table 2).

Cytomegalovirus DNA was detected in patients with cor-
neal endotheliitis, anterior uveitis without corneal endothelium
edema, and CMV retinitis. Corneal endotheliitis or anterior
uveitis was not seen in immunocompromised patients. How-
ever, CMV retinitis was seen in immunocompromised pa-
tients, such as those with HIV infections. Cytomegalovirus-
related anterior uveitis is similar to Posner-Schlossman
syndrome, in which whitish, small, mutton-fat keratic pre-
cipitates, high intraocular pressure, and mild inflammation

Table 2. Comprehensive Polymerase Chain Reaction Results
for Each Infectious Genome in Patients with Uveitis and

Endophthalmitis
Positive PCR Results*/
Infectious Total No. of Patients
Antigens Clinical Diagnosis (Mean Age of Onset [yrs])

HSV-1 Herpetic keratouveitis 1/4" (43)
Herpetic anterior uveitis 16/76 (51)

Acute retinal necrosis 1/29 (39)

Others 0/391 (—)

HSV-2 Acute retinal necrosis 4/29 (28)
Others 0/471 (—)

\Y/AY Herpetic keratouveitis 2/4 (61)
Herpetic anterior uveitis 26/76 (66)

Acute retinal necrosis 2429 (51)

PORN 2/2 (53)

Others 1/389 (55)

EBV Idiopathic uveitis 5/107 (60)
Fungal endophthalmitis 3/11 (69)

Bacterial endophthalmitis 1/38 (75)

Acute retinal necrosis 3/24 (49)

(VZV)

Intraocular lymphoma 1/43 (72)

Others 4/277 (48)

CMV Corneal endotheliitis 11/12 (67)
Herpetic anterior uveitis 32/76 (58)

Cytomegalovirus retinitis 23/23 (57)

Others 2/389 (52)

HHV-6 Bacterial endophthalmitis 2/38 (71)
‘ Others 0/462 (—)

HHV-7 — 0/500 (—)
HHV-8 —_ 0/500 (—)
Toxoplasmosis  Ocular toxoplasmosis 6/9 (55)
Others 0/491 (—)

Bacteria 16S Bacterial endophthalmitis 26/38 (64)
Idiopathic uveitis 3/107 (54)

Others 4/355 (67)

Fungal 18S/28S Fungal endophthalmitis 9/11 (61)
Fungal keratitis 1/1 (55)

Others 1/488 (65)

CMV = cytomegalovirus; EBV = Epstein-Batr virus; HHV-6 through
HHV-8 = human herpes virus types 6 through 8; HSV-1 and HSV-2 =
herpes simplex virus types 1 and 2; PCR = polymerase chain reaction;
PORN = progressive outer retinal necrosis; VZV = varicella-zoster virus.
*Detection of infectious DNA by multiplex PCR combined with real-time
PCR or broad-range real-time PCR.

*In the 4 keratouveitis patients, the PCR system detected HSV-1 DNA in
only 1 patient.
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Table 3. False-Negative Results for Polymerase Chain Reaction

Clinical Diagnosis False-Negative Results*

Corneal endotheliitis (cytomegalovirus)

Herpetic keratouveitis

Herpetic anterior uveitis

Ocular toxoplasmosis

Bacterial endophthalmitis 1
Fungal endophthalmitis

NS Y

*False-negative results indicate negative polymerase chain reaction results,
with a final diagnosis of ocular infection as determined by other exami-
nations, clinical findings, or responses to treatment.

in the anterior chamber are observed.!!-!? In these types of
cases, both the retina and fellow eye usually are intact.
However, CMV-related corneal endotheliitis exhibits cor-
neal endothelium edema but not anterior uveitis.'>!> Re-
cently, several investigators have reported finding cases of
CMV-associated corneal endotheliitis when using this new
PCR technique.'>!>-1¢ It additionally was reported that this
inflammation could be well controlled through the use of
antiviral agents.!?"'¢

In both our previous and present studies, we observed
a few cases with positive HHV-6 results. As reported
previously, we also have encountered a patient with
apparent severe unilateral panuveitis.!” After further ex-
amination of this particular case, we finally determined
the patient had ocular toxocariasis and HHV-6-associ-
ated panuveitis. In addition, we also found 2 HHV-6—-
positive cases with bacterial endophthalmitis in our pres-
ent study, with neither of the patients found to be
immunocompromised. Thus, at the present time there is
no conclusive evidence that clarifies whether viral repli-
cation of HHV-6 occurs in the eye. Of all of the patients
examined in the present study, there were no HHV-7- or
HHV-8—positive cases.

This study examined many bacteria-positive endoph-
thalmitis cases. Sample analysis led to the detection of
bacterial 16S rDNA in 26 of 38 patients with clinically
suspected bacterial endophthalmitis. With the exception
of the PCR-negative cases, high bacterial DNA copy
numbers were detected in all of these patients. Our broad-
range real-time PCR detected bacterial 16S rDNA in
samples from 3 patients with idiopathic uveitis, which
were false-positive results (Table 4). However, bacteria
16S copy numbers were not very high in these patients. It
has been suggested that amplification of bacteria species
may occur in patients undergoing long-term steroid treat-
ments. In fact, the 3 cases in our present study all had
received subconjunctival injections, systemic steroids, or
both over a long period. Other explanations for our
present results could be contamination caused by techni-
cal errors during the PCR preparation or bacterial expo-
sure that occurred when collecting the samples (e.g.,
contamination resulting from conjunctival ocular flora
present when collecting the ocular sample). Other than
these 3 cases, we did not observe any PCR false-positive
results resulting from herpes virus, fungi, or parasites.
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In this study, we used 2 PCR methods to detect fungal
infections, one for fungal 18S and one for 28S rDNA. For
the 18S, we designed pan-fungal primers and probes that
were complementary to the 18S rRNA sequences present in
the Candida and Aspergillus species.” Our PCR system
detected 6 Candida species, along with 5 Aspergillus spe-
cies. In another study, we used several different primers and
probes to detect separately each of these fungal species.’
Additionally, although our PCR examination was able to
detect all species of Candida and Aspergillus DNA, it did
not detect any other fungi DNA. Therefore, we prepared a
separate assay that targeted a part of the 28S large subunit
rRNA genes for others.5!® Candida ocular infection is very
similar to endogenous endophthalmitis, and in the past, we
have encountered some rare Aspergillus-positive cases,
for example, retinal vasculitis, endogenous endophthalmitis,
late postoperative endophthalmitis, and post-traumatic
keratitis-associated endophthalmitis. Fungal DNA was de-
tected in 9 of the 11 ocular samples obtained from fungal
endophthalmitis patients (Table 2). One fungal keratitis case
also had positive results for fungal 28S rDNA in the aque-
ous humor. These PCR-positive samples all had signifi-
cantly high copy numbers of Candida, Aspergillus, or Cryp-
tococcus DNA. In 2 patients who were clinically suspected
of having Candida endophthalmitis, our PCR analysis did
not detect any fungal genome in the ocular sample. How-
ever, it should be noted that this sample was aqueous
humor, and if we had obtained a vitreous sample instead, we
might have detected Candida DNA because Candida endo-
phthalmitis often results from hematogenous dissemination.
This finding suggests that the type of sample collected could
be very important with regard to the ability to make an
accurate diagnosis.

In our bacterial 16S PCR study, we found false-negative
results in 12 of the 38 samples obtained from clinically
suspected bacterial endophthalmitis patients (Table 3). The
false-negative results were defined as being negative for
PCR even though there was a clinically suspected bacterial
infection, for example, culture positive, having an inflam-
mation that was well-controlled by antibiotics, or both.
Once again, it is necessary to consider how the samples
were actually obtained in these cases. Bacterial 16S rtDNA
was not detected in a few of the endogenous bacterial
endophthalmitis patients. However, because endogenous
endophthalmitis results from hematogenous dissemination,
it might have been possible to detect bacterial genome if we
had collected vitreous samples. Although the proper DNA
extraction procedure required for verifying bacterial infec-

Table 4. False-Positive Results for Polymerase Chain Reaction

Polymerase Chain Reaction for

Infectious Antigens False-Positive Results*

Bacteria 16S 3

*False-positive results indicate positive polymerase chain reaction results,
with a final diagnosis of clinically noninfectious disease. These patients
with bacteria 16S false-positive resuts ultimately were diagnosed with
idiopathic uveitis.
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tion by PCR remains controversial, we have attempted to
use various approaches for the DNA extraction that will
upregulate the PCR sensitivity. In general, a bactericidal
enzyme pretreatment (e.g., lysozyme pretreatment) is re-
quired for bacterial cell wall destruction, and several
investigators have reported previously finding lysozyme
resistance in gram-negative and gram-positive bacteria
species.'*2° However, we did not pretreat any of our
samples with enzyme because of the limited amount of
sample that was available and the fact that our PCR
examination included other infectious agents, such as
viruses, fungi, and parasites. Therefore, it possible that
bacterial 16S rDNA might not have been detected in a
few of the endogenous bacterial endophthalmitis patients
because of difficulties in collecting samples from patients
with infectious agglomeration.

In conclusion, our results indicate that a comprehen-
sive PCR system can be used to verify ocular disease
diagnoses definitively. Furthermore, this PCR system
also is able to exclude ocular infections as the potential
cause of ocular disorders and, based on the confidence of
the diagnosis, can be used to help design appropriate
early treatments for ocular disease. Because it is impor-
tant to be able to exclude noninfectious uveitis or endo-
phthalmitis, the PCR-negative results can help to sim-
plify the clinical workups in these cases. Additionally,
because PCR examinations can be used to exclude infec-
tious agents, this makes it easier to determine which
cases are applicable for use of steroids. Although unfor-
tunately this laboratory approach is not commercially
available at the present time, we currently are pursing
plans to create a simple examination kit that can be used
for ocular infectious diseases in the near future.
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Stalled replication forks undergo DNA double-strand breaks
(DSBs) under certain conditions. However, the precise mechanism
underlying DSB induction and the cellular response to persistent
replication fork stalling are not fully understood. Here we show
that, in response to hydroxyurea exposure, DSBs are generated
in an Artemis nuclease-dependent manner following prolonged
stalling with subsequent activation of the ataxia-telangiectasia
mutated (ATM) signaling pathway. The kinase activity of the cat-
alytic subunit of the DNA-dependent protein kinase, a prerequi-
site for stimulation of the endonuclease activity of Artemis, is
also required for DSB generation and subsequent ATM activation.
Our findings indicate a novel function of Artemis as a molecular
switch that converts stalled replication forks harboring single-
stranded gap DNA lesions into DSBs, thereby activating the ATM
signaling pathway following prolonged replication fork stalling.
(Cancer Sci 2013; 104: 703-710)

D NA replication is a crucial phase in cell proliferation and
is always accompanied by the possibility of generating
DNA irregularities. To prevent the disruption of genome integ-
rity during replication by exogenous or endogenous stresses,
replication fork progression is precisely regulated and moni-
tored by the replication checkpoint.®”” This machinery is one of
the targets for cancer chemotherapy such as alkylating agents
or inhibitors of ribonucleotide reductase, which cause an imbal-
ance in the deoxynucleotide triphosphate pool. Stalled replica-
tion forks lead to the production of ssDNA lesions including
ssDNA gaps, which in some cases are converted to DSBs, an
event termed replication fork collapse, by a mechanism in
which some nucleases play a key role. Double-strand breaks
(DSB) thus generated must be monitored and resolved by DNA
damage response mechanisms to maintain genome integrity.

Ataxia—-telangiectasia mutated (ATM) is mainly activated by
DSBs and recruited to damage sites by the Mre11-Rad50-NBS1
complex.” Ataxia-telangiectasia mutated (ATM) exists as an
inactive dimer and undergoes autophosphorylation, which trig-
gers monomerization and activation.® "Another damage-
response protein, the ATR-ATR-interacting protein complex, is
principally activated by RPA-coated ssDNA regions thatarise at
stalled replication forks or during the processing of bulk
lesions such as UV photoproducts and DSBs in S/G, phases.®”
Once ATM and ATR are activated by DNA lesions, they coop-
eratively stimulate DNA damage checkpoint pathways through-
the phosphorylation of numerous substrates, leadin%5 to cell
cycle arrest, apoptosis, DNA repair, or cell senescence.™

The Artemis nuclease is mutated in individuals with
RS-SCID. In vitro, in the presence of ATP and DNA-PK
composed of DNA-PKcs (officially known as protein kinase,

doi: 10.1111/cas.12144
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DNA-activated, catalytic polypeptide [PRKDC]) and the Ku70
/80 heterodimer, Artemis acquires DNA endonuclease activity
that specifically targets ssSDNA-dsDNA 6junctions including
5'- or 3'- overhangs, hairpins, and gaps.®®”Autophosphoryla-
tion of DNA-PKcs at the ABCDE cluster (Thr2609, Ser2612,
Thr2620, Ser2624, Thr2638, and Thr2647) is essential
for Artemis endonuclease activity.® Through its endonuclease
activity, Artemis contributes to the repair of a fraction of
DSBs (~10%) induced by ionizing radiation irn vivo, suggesting
that it processes the ends of DSBs that are refractory to repair
by core non-homologous end joinin§ factors such as Ku70,
Ku80, XRCC4, and DNA ligase IV.¢®

Here, we show that the ATR signaling pathway is activated
at an early phase of replication fork stalling, and that extensive
activation of the ATM signaling pathway is triggered by the
generation of DSBs by Artemis nuclease following prolonged
replication fork stalling. DNA-PKcs kinase activity is also
required for this DSB generation and subsequent ATM activa-
tion. Artemis-deficient fibroblasts show resistance to HU. From
these results, we propose that the Artemis/DNA-PK machinery
plays an essential role in the mechanism that responds to pro-
longed replication fork stalling by HU.

Materials and Methods

Cells. HeL.a, U208, M059]J, and M0O59K were obtained from
ATCC (Manassas, VA, USA). Human telomerase reverse
transcriptase immortalized human_ diploid fibroblasts (HDF2
/326) were described previously. ©

Immunoblotting and immunofluorescence. Immunoblotting and
immunofluorescence were carried out using standard methods.
Details of the experimental procedure are also provided in Doc-
ument S1.

Results

Activation of DNA damage response by HU. To obtain insights
into the mechanism by which stalled DNA replication forks
are converted to DSBs under certain conditions, we measured
the phosphorylation of various ATM/ATR substrates to moni-
tor the status of DNA damage checkpoint activation in
response to HU. To assess the effect of HU treatment only in
S phase, we synchronized Hela cells at the G;-S boundary
with a double thymidine block, then released them into S
phase for 1 h prior to HU exposure (Fig. Sla). As shown in
Figure 1(a), Chkl Ser345 and NBS1 Ser343 were strongly

5To whom correspondence should be addressed.
E-mails: m.takagi.ped@tmd.ac.jp or smizutani.ped@tmd.ac.jp
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Fig. 1. Ataxia-telangiectasia and RAD3-related (ATR) and ataxia—
telangiectasia mutated (ATM) pathways are differentially activated by
exposure to hydroxyurea (HU). (a) S-phase synchronized Hela cells were
treated with 1 mM HU 1 h after release from double thymidine block.
Cell extracts from the indicated time points were immunoblotted with
the indicated antibodies. *Hypersphosphorylated form of Artemis.
(b) Synchronized Hela cells were treated with 1 mM HU 1 h after release
from double thymidine blockwith or without ATM-specific inhibitor
KU55933 (10 pM). (c) HelLa cells were transfected with shATR-expressing
construct or mock vector. The cells were synchronized 24 h after trans-
fection. One hour after release from double thymidine block, cells were
treated with 1 mM HU for 2 or 24 h. (d) Synchronized Hela cells were
treated with 1 mM HU 1 h after release from double thymidine block-
with or without ATR-specific inhibitor VE-821 (10 uM). CTRL, control.

phosphorylated after a 2-h exposure to HU. Phosphorylation of
ATM at Ser1981 was weakly detectable at 2 h and signifi-
cantly enhanced after 24 h continuous exposure to HU. Chk2
Thr68 was phosphorylated in parallel with ATM phosphoryla-
tion. The activation of the ATM signaling pathway after HU
was confirmed by addition of the ATM specific inhibitor
KUS55933 that attenuated ATM phosphorylation at Ser1981
and SMC1 phosphorylation at Ser957 and Ser966 after
HU exposure (Fig. 1b). In contrast, phosphorylation of Chk2,
NBS1, and Chkl was not inhibited by treatment with
KUS55933 (Fig. 1b, Fig. S1b). As Chk2 was phosphorylated
even in ATM-inhibited cells, Chk2 might be phosphorylated
by ATR or DNA-PKcs. This result indicates that ATM
phosphorylation after HU exposure for 24 h is the result of

704

autophosphorylation, and that ATM preferentially phosphory-
lates SMC1 after HU exposure.

Previously, phosphorylation of ATM after replication
fork stalling has been reported to be dependent on ATR activa-
tion.? Hence, we investigated whether DNA damage signaling
caused by prolonged HU exposure was ATR-dependent using
ATR knockdown cells produced with an ATR-specific
shRNA“? (Fig. 1c) or siRNA to target a distinct ATR sequence
(Fig. Slc). Increased ATM autophosphorylation was observed
after ATR knockdown even in the absence of HU, presumably
due to an increase in DSBs or genomic instability caused by
ATR depletion.? After 2 h exposure to HU, a slightly elevated
level of ATM phosphorylation was observed in both cells. After
24 h exposure to HU, ATM was strongly autophosphorylated
even in ATR knockdown cells. The ATR knockdown strikingly
reduced Chk1 and NBS1 phosphorylation, and partly attenuated
Chk2 and SMC1 phosphorylation after both 2 h and 24 h expo-
sure to HU. Although NBS1, Chk2, and SMC1 are well-known
ATM targets, NBS1, Chk2, and SMC1 were also phosphorylated
in an ATR-dependent manner after HU treatment (Fig. 1c, Fig.
S1d). Treatment with the ATR inhibitor VE-821 also repre-
sented the siRNA-dependent ATR knockdown experiment
(Fig. 1d). These data are consistent with previous reports show-
ing that Chk1, NBS1, and SMC1 are phosphogylated in an ATR-
dependent manner after HU or UV exposure®>'® and that Chk2
can be phosphorylated by ATR in vitro.'> From these results,
we concluded that ATM is activated in an ATR-independent
manner after prolonged exposure to HU.

Long continuous HU exposure induces DSB. To investigate the
precise mechanisms underlying the activation of the ATM
signaling pathway after prolonged HU exposure, the concomi-
tant formation of foci of YH2AX, which is indicative of stalled
replication forks and DNA DSBs,"®!” and RPA2, a hallmark
of ssDNA lesions, was investigated by immunofluorescence
microscopy. YH2AX and RPA2 foci were detectable after a 2-h
exposure to HU, although these signals were relatively smaller
and weaker than those observed after 24 h exposure. At the 2 h
time point, most YH2AX foci colocalized with RPA2 foci
(Fig. 2a,b,Fig. S2a). After 24 h HU treatment, YH2AX and
RPA2 foci were more intense and granular. Interestingly,
although both foci were detectable, most YH2AX foci no longer
colocalized with RPA2 foci at this time point (Fig. 2a,b, Fig.
S2a,b). After HU treatment, pS1981 phosphorylated ATM
formed foci colocalizing with YH2AX in Hela cells (Fig. S3a).
After HU treatment for 24 h, pS1981 phosphorylated ATM was
detected as clearly larger foci, and some of these were indepen-
dent from RPA2 foci in wild-type derived control fibroblasts
(WT fibroblasts). However, ATM-pS1981 foci, consisting of
weakly stained fine granules, colocalized with RPA2 foci in
Artemis-mutated RS-SCID derived AV2/326 cells (Artemis-
deficient fibroblasts) (Fig. S3b). These results are compatible
with the interpretation that short-term HU exposure causes rep-
lication fork arrest and prolonged HU exposure induces DSB,
consistent with a previous report indicating the existence of
DSB after prolonged HU treatment."® To detect DSBs
directly, DNA fragmentations after HU exposure were investi-
gated by PFGE. After more than 12 h of HU exposure, increas-
ing amounts of DSBs were clearly generated (Fig. 2¢,d).
Collectively, observations from Figures 1 and 2 support a two-
step model for the activation of DNA damage checkpoints in
response to HU-induced replication fork stalling: the primary
activation of the ATR signaling as an early phase response to
stalled replication fork and the secondary activation of the
ATM signaling pathway as a late response to DSB.

Artemis-dependent DSBs activate ATM signaling. Because the
relationship between prolonged replication fork stalling and
DSB generation has not been precisely clarified, we sought to
determine the key factor for DSB formation under these

doi: 10.1111/cas.12144
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Fig. 2. Short-term hydroxyurea (HU) exposure
causes replication fork arrest and 24 h continuous
HU exposure induces double-strand breaks (DSB).
(a) HeLa cells were synchronized at S phase and
treated with 1 mM HU for 2 h or 24 h. Cells were
fixed and stained with anti-phosphorylated histone
H2AX (YH2AX) (Ser139) and anti-replication protein
A2(RPA2) antibodies. (b) More than 100 cells were
counted, and the percentage showing >10 yH2AX
foci or >4 yH2AX foci not colocalized with RPA2 foci
was determined. Data represent the mean &
SEM from three independent experiments.
(c) Human telomerase reverse transcriptase (hTERT)-
immortalized normal human fibroblasts (HDF2/326)
were treated with 1 mM HU for indicated times.
Cells were analyzed by pulse field gel electrophoresis
(PFGE). (d) Mean relative fragmented DNA (1 = the
fraction of DNA released from the gel plug in
untreated fibroblasts) from (c) was calculated, and
data are shown in the bar graph. Data represent the
mean + SEM from two independent experiments.

conditions. The recruitment of endonuclease(s) to the ssSDNA—
dsDNA junction, a structure that arises in replication fork stall-
ing, is likely to lead to the generation of DSBs.'%!® Since the
Artemis nuclease is known to process ssSDNA—dsDNA junc-
tions in vitro,®” we hypothesized that processing of stalled
replication forks by the Artemis nuclease leads to generation of
DSBs after prolonged HU exposure. To test this possibility, we
investigated HU-induced DSBs using WT and Artemis-defi-
cient hTERT-immortalized fibroblasts derived from RS-SCID
patients. Pulse field gel electrophoresis (PFGE) showed a lower
level of dose-dependent generation of DSBs in Artemis-defi-
cient fibroblasts compared to WT fibroblasts after HU exposure
(Fig. 3). Camptothecin treatment was used as a positive control
for replication-associated DSB,"'?” showing no significant
difference of DSBs in cells with or without Artemis (Fig. S4a,
b). Identical results were obtained with the neutral comet
assay, which detects DSBs at the single-cell level, confirming
our PFGE data (Fig. S4c,d). These data suggest that DSB gen-
eration after prolonged HU exposure is Artemis-dependent.

We also investigated whether the extent of DSB formation
induced by HU exposure correlates with the level of DNA
damage checkpoint activation. Interestingly, Artemis-deficient
fibroblasts treated with HU for 24 h showed attenuated activa-
tion of ATM signaling compared to WT fibroblasts (Fig. 4a).
To consolidate this finding, we also investigated the effect of
Artemis knockdown in HelLa cells using two independent
shRNA constructs. These transfectants showed cell cycle
kinetics similar to control shRNA-transfected cells (Fig. SS5).
Artemis knockdown HeLa cells thus generated showed attenu-
ated activation of the ATM signaling pathway after 24 h HU
exposure; in contrast, Chkl phosphorylation levels were
unchanged (Fig. 4b). RPA2 was hyperphosphorylated after
only 24 h of treatment with 1 mM HU in Artemis-competent
cells, as previously described.*” Interestingly, hyperphosph-
orylation of RPA2 was attenuated in Artemis-deficient fibro-
blasts. After DNA damage, ATM, ATR, and DNA-PK
dependent phosphorylation of RPA2 plays a key role in repli-
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cation checkpoint activation. It has been reported hyper-
phosphorylated RPA2 associates with ssDNA and recombinase
protein Rad51 in response to replication arrest by HU treat-
ment and is critical for Rad51 recruitment and homologous
recombination-mediated repair.?"Artemis-deficient cells may
also show homologous recombination-mediated DNA repair
defect (Fig 4c,d).

To address the functional importance of Artemis nuclease
activity, we introduced WT or nuclease dead construct
(H254A; histidine to alanine substitution on amino acid 254)
of Artemis into Artemis-deficient fibroblasts. As is shown in
Figure 4(e), the Artemis nuclease-dead mutant did not pro-
mote efficient activation of ATM signaling after HU treatment.
This was in contrast to WT transfectant which efficiently
restored ATM activation. Chkl phosphorylation was indistin-
guishable between the cells expressing WT and nuclease-dead
mutant Artemis. These results are in accord with the interpre-
tation that the nuclease activity of Artemis plays a critical role
in the generation of DSBs when replication fork stalling is
prolonged by long exposure to HU, and that DSBs, thus gen-
erated, lead to activation of the ATM-dependent DNA damage
response pathway.

DNA-dependent protein kinase (DNA-PK) is activated by repli-
cation fork stalling. In vitro, Artemis endonuclease activity is
controlled by DNA-PKcs autophosphorylation at the ABCDE
cluster.®® Thus, we investigated whether the kinase activity of
DNA-PKcs is involved in Artemis-dependent DSB formation
and subsequent ATM activation following prolonged HU expo-
sure. To gain direct evidence for the activation of DNA-PKcs,
we monitored its autophosphorylation at Ser2056 and/or
Thr2609, which have been reported to be essential for DNA-
PKcs function.?**® A low level of DNA-PKcs Ser2056 phos-
phorylation was detected after 2 h of HU exposure, which
increased after 24 h HU exposure (Fig. 5a, Fig. S6a). Immuno-
fluorescence examination using a phospho-specific antibody
against Thr2609 of DNA-PKcs showed similar results in S-
phase synchronized HeLa cells, in which we observed small
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foci of phospho-DNA-PKcs after a 2 h HU exposure and an
increased number and intensity of foci after 24 h HU expo-
sure. These phospho-DNA-PKcs foci colocalized with RPA2
foci following 2 h exposure to HU and remained colocalized

706

Mock WT ND

Fig. 3. Double-strand breaks (DSB) generation
after replication fork stalling is Artemis-dependent.
(a) Human telomerase reverse transcriptase (WTERT)-
immortalized normal (HDF2/326;WT) and Artemis-
deficient (AV2/326; radiosensitive severe combined
immunodeficiency [RS-SCID]) human fibroblasts
were treated with the indicated doses of
hydroxyurea (HU) for 24 h. Cells were analyzed by
pulse field gel electrophoresis (PFGE). (b) Mean
relative fragmented DNA (1 = the fraction of DNA
released from the gel plug in untreated fibroblasts)
from (a) was calculated, and data are shown in the
bar graph. Data represent the mean + SEM from
two independent experiments.

Fig. 4. Activation of the ataxia-telangiectasia
mutated (ATM) signaling pathway is Artemis-
dependent. (a) HDF2/326 and AV2/326 (radiosensitive
severe combined immunodeficiency [RS-SCID] human
fibroblasts were treated with 1 mM hydroxyurea (HU)
for 24 h. Cell extracts were immunoblotted with the
indicated antibodies. (b) Hela cells were transfected
with a control (shCTRL) or two types of shArtemis-
expressing construct. Cells were synchronized 24 h
after transfection. One hour after release, the cells
were treated with 1 mM HU for 2 h or 24 h, and cell
extracts were immunoblotted. () Hela cells were
treated with 1 mU HU and RPA2 phosphorylation
status was determined by Western blotting.
(d) Western blot analysis of RPA2 phosphorylation
status in HDF2/326 and AV2/326 human fibroblasts.
(e) HDF2/326 and AV2/326 human fibroblasts were
infected with mock or Artemis WT or H254A nuclease
dead mutant (ND). Cells were treated with 1 mM HU
for 24 h and subjected to Western blot analysis. Right
graph indicates relative ATM phosphorylation
standardized to 1 as the base level of mock transduced
Artemis-deficient fibroblasts before HU treatment.
Data represent the mean + SEM from three
independent experiments. hTERT, human telomerase
reverse transcriptase. *Hypersphosphorylated form of
Artemis or RPA2.

even after 24 h exposure (Fig. 5b, Fig. S6b), indicating that
DNA-PKcs is activated on stalled replication forks.

Because DNA-PK has been shown to bind to dsDNA ends
and is believed to require dsDNA ends for its activation,

(24,25)
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(a)

DNA-PKes-pS2056
DNA-PKcs |1

Fig. 5. Activation of catalytic subunit of DNA-
dependent protein kinase (DNA-PKcs) by stalled
replication forks after treatment with hydroxyurea (e)
(HU). (@) S-phase synchronized Hela cells were
treated with 1 mM HU 1 h after release from double
thymidine block. Cell extracts from the indicated time .
points were immunoblotted with an anti-phospho- -
DNA-PKcs (Ser2056) and generic DNA-PKcs antibody.
(b) Same as in (a), cells were stained with anti-phospho-
DNA-PKcs (Thr2609) and anti-RPA2 antibodies. (c) Left
panel, generation of a single-stranded gap region on
pG68 plasmid. Nb.BbvCl digestion generated a nick on
the plasmid, and subsequent heat denaturation
released DNA fragments. N, Nb.BbvCl site; S, Spel site.
Lower panel, restriction digestion analysis with
indicated enzymes. Nb.BbvCl-treated pG68 plasmid was
resistant to Spel digestion (different mobility from
EcoRl digestion), indicating the existence of a single-
stranded DNA gap in the plasmid. The DNA-PK
holoenzyme is activated by a plasmid containing a
single-stranded gap DNA in vitro. The reaction was
analyzed, followed by SDS-PAGE and immuno-
blotting using indicated antibodies. _
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our results in Figure 5(a,b) are difficult to interpret. However,
several reports have suggested that DNA-PKcs exerts kinase
activity at ssDNA-dsDNA junctions in the absence of a
dsDNA end in vitro.*>*® The Ku heterodimer is also able to
bind to ssDNA—dsDNA junctions in vitro.*” Therefore, we
monitored autophosphorylation of DNA-PKcs (Ser2056,
Thr2609, and phospho-(S/T)Q) and phosphorylation of p53
peptide (amino acids 1-100) as an indicator of kinase activity
to investigate whether ssDNA gaps could activate DNA-PK.
To activate DNA-PK, we used a pG68 plasmid carrying an
array of seven Nb.BbvClI and one Eco RI sites.?® Nb.BbvClI
or EcoRI treatment created a single-stranded gap DNA region
or dsDNA ends on the plasmid, respectively (Fig. 5c). These
enzyme-treated plasmids facilitated autophosphorylation of
DNA-PKcs only in the presence of ATP (Fig. Sc, lanes 3,5),
as assays performed without ATP or with non-hydrolysable
ATPyS were unable to support DNA-PKcs autophosphoryla-
tion (Fig. 5c, lanes 2,4,6). p53 peptide was preferentially phos-
phorylated in the presence of dsDNA end than single-stranded
gap DNA, which is in accordance with the results of previous
studies that used oligonucleotide as activating DNA.Z?>27
Thus, our in vitro findings strongly support the interpretation
that HU-induced stalled replication forks activate DNA-PKcs
in cellulo. Therefore, we can conclude that DNA-PKcs is acti-
vated on stalled replication forks (which are presumably sin-
gle-stranded gap DNA lesions harboring ssDNA-dsDNA
junctions) by HU exposure.
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Next, we addressed the relationship between activation of
DNA-PKcs and Artemis in cellulo. Autophosphorylation of
DNA-PKcs was detected in WT and Artemis-deficient fibro-
blasts following exposure to HU (Fig. S6¢). Immunofiuores-
cence microscopy revealed that autophosphorylated DNA-PKcs
(Thr2609) foci were also formed in the absence of Artemis
after HU exposure, with an almost equal percentage of foci-
positive cells in WT and Artemis-deficient fibroblasts (Fig.
S6d). These results suggest that the activation of DNA-PKcs
by HU treatment is not Artemis-dependent.

Catalytic subunit of DNA-dependent protein kinase (DNA-PKcs)
is required for HU-induced DSB formation. Since the inhibition
of DNA-PKcs kinase activity affects the endonuclease activ-
ity of Artemis,® we investigated whether suppression of
DNA-PKcs kinase activity by the specific inhibitor NU7026
affects DSB formation and subsequent ATM activation.
Indeed, NU7026 attenuated DSB formation measured by
PFGE (Fig. 6a,b) and neutral comet assay (Fig. S7a,b).
Identical results were obtained with the DNA-PKcs-deficient
human glioma cell line M059J and parental control MO59K
by neutral comet assay (Fig. S7c,d). NU7026 attenuated sub-
sequent activation of ATM signaling after 24 h HU expo-
sure (Fig. 6¢c). Taken together, these results suggest that
DNA-PKGcs is initially autophosphorylated in response to sin-
gle-stranded gap DNA lesions at stalled replication forks,
which leads to DSB induction mediated by Artemis nuclease
and subsequent activation of the ATM signaling pathway.
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Fig. 6. Double-strand breaks (DSB) generation and ataxia-telangiectasia mutatedactivation (ATM) activation following prolonged replication
fork stalling are dependent on catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) activity. (a) Normal human fibroblasts (HDF2/326)
were pretreated with DMSO or 10 pM NU7026 for 1 h, and treated with 1 mM HU for 24 h in the presence or absence (DMSO) of NU7026
(10 pM). Cells were analyzed by pulse field gel electrophoresis (PFGE). (b) Mean relative fragmented DNA (1 = the average of the fraction of
DNA released from the gel plug in untreated control) from (a) was calculated, and data are shown in the bar graph. Data represent the mean +
SEM from two independent experiments. (c) S-phase synchronized Hela cells were treated with 1 mM HU 1 h after release from double thymi-
dine block with DMSO or NU7026 (10 uM). Cell extracts from the indicated time points were immunoblottedwith the indicated antibodies.

Discussion

We revealed that the Artemis/DNA-PK machinery plays a
critical role in generating DSBs after prolonged replication
fork stalling by continuous HU exposure. Involvement of some
nucleases has been speculated. Recently, the endonuclease
Mus81 was shown to be involved in DSB formation after pro-
longed inhibition of DNA replication by HU and aphidicolin
in mouse embryonic stem cells.’® Mus81 was also shown to
interact with human Apollo/SNMI1B, a member of the SNM1
nuclease family characterized by the presence of a metallo-
B-lactamase domain, and they have been speculated to work
cooperatively for DSB formation after replication stress.”
Because Artemis/SNMI1C is also a member of the SNMI1
nuclease family, we hypothesized that, like Apollo/SNM1B,
Artemis/SMN1C also works cooperatively with Mus81. How-
ever, Artemis and Mus81 did not associate with each other
before or after HU exposure (data not shown), suggesting that
these proteins might function independently against different
targets/substrates. For example, Artemis can cleave hairpin or

DNA repiication fork staliing
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bubble structures, but Mus81 does not process these struc-
tures.®?

After replication fork stalling, secondary structures such as
hairpins, stem-loops/bubbles, or similar structures might be
formed on ssDNA gaps.®'>? There is a strong possibility that
these secondary structures activate DNA-PK, and are processed
by Artemis on the stalled replication fork in cellulo. This is in
accord with the idea that autophosphorylation and simulta-
neous conformational changes in DNA-PK enhance cleavage
of ssDNA-dsDNA junctions by Artemis.¢>>

Replication-associated DSBs are thought to be one-sided DSBs,
and can cause chromosomal aberrations such as translocation,
when these one-sided DSBs are rejoined with incorrect partners.
Indeedé r%salication—associated DSBs are thought to be tumori-
genic.®**> Thus, genome integrity during replication needs to be
monitored by several fail-safe mechanisms. Increase of DSB gen-
eration and apoptosis induction is one of the ways to avoid tumor-
igenesis in Artemis-competent cells. In contrast, induction of
apoptosis was impaired and cellular survival was increased with
fewer DSBs in Artemis-deficient fibroblasts after prolonged

Fig. 7. Model for Artemis-mediated double-strand
break (DSB) formation and subsequent DNA damage
checkpoint activation. ATM, ataxia-telangiectasia
mutated; ATR, ataxia—telangiectasia and RAD3-
related; DNA-PK, DNA-dependent protein kinase;
P, phosphorylation; RPA, replication protein A.
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HU.®® Artemis-deficient fibroblasts may have aberrant chromo-
somes in M-phase after prolonged HU treatment, as is the case in
Mus81-knockout embryonic stem cells,"® but fail to be eradi-
cated by cell death through apoptosis/mitotic catastrophe. These
are in accord with the recent finding that apoptosis induction after
massive DSB is Artemis-dependent.®” Thus, further study is
ongoing in order to assess whether genomic abnormalities
increase in Artemis-deficient fibroblasts surviving after
HU-induced replication stress.

In summary, our findings indicate a novel function of the
DNA nuclease Artemis in resolving stalled DNA replication
forks in cells in S phase, with potential implications for under-
standing carcinogenesis and therapeutic responses to DNA
damaging drugs. Although stalled replication forks initially
activate an ATR-dependent DNA damage response, when stall-
ing is prolonged, cells may trigger a second wave of DNA
damage checkpoint response mediated by Artemis-dependent
DSB generation (Fig. 7). Thus, Artemis plays an essential role
in the response to DNA damage caused by HU-induced repli-
cation fork stalling. Subsequent activation of the ATM signal-
ing pathway in response to DSB generation could allow two
alternative cell fates through either induction of cell death or
DSB-dependent DNA repair/replication restart, thereby pre-
venting the disruption of DNA integrity.
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