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Noninvasive Interference Tear Meniscometry in Dry Eye
Patients With Sjogren Syndrome
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® PURPOSE: To compare noninvasive tear meniscus height
(NI-TMH) using a tear interference device in normal
subjects and dry eye patients with Sjégren syndrome (SS),
and to investigate the applicability of this new method
before and after the punctal occlusion procedure.

® DESIGN: Prospective case control study.

® METHODS: Tear meniscus was visualized noninvasively
using a tear interference device (Tearscope plus, Keeler,
Windsor, United Kingdom). Tear interference image was
captured with digital video camera (SP-321, JFC Sales
Plan Co, Tokyo, Japan) attached to the slit-lamp. Lower
lid margin NI-TMH was measured using image analysis
software. NI-TMH of 28 eyes from 17 normal subjects
and 46 eyes from 27 aqueous tear deficiency (ATD) dry
eye patients with SS were compared. The change of
NI-TMH three weeks after the successful punctal occlu-
sion was examined in 11 eyes of eight dry eye subjects.
® RESULTS: Tear meniscus was well visualized with the
tear interference device in all cases. Lower lid margin
NI-TMH was 0.22 = 0.065 mm in normal subjects, and
0.13 = 0.042 mm in SS subjects, respectively (P <
.0001). After the punctal occlusion, lower lid margin
NI-TMH increased significantly from 0.12 + 0.026 mm
to 0.42 = 0.21 mm (P = .001).

® CONCLUSIONS: NI-TMH was substantially lower in
SS subjects and also significantly improved after punctal
occlusion. This method is expected to be helpful in the
diagnosis and in the evaluation of the efficacy of punctal
occlusion in ATD dry eyes such as SS.  (Am ] Oph-
thalmol 2007;144:232-237. © 2007 by Elsevier Inc. All
rights reserved.)

and distributed by blinking to form the tear film of
the ocular surface.!-> Tear film is responsible for
wetting the ocular surface, which is the first line of defense,
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and is also essential for clear visual imaging.#-6 Tears are
distributed to the cul-de-sac and the exposed ocular surface
area, including tear menisci.” Tear meniscus is a major part
of the tear reservoir, which holds approximately 70% to
80% of the total tear volume of the exposed ocular
surface area. Thus, tear menisci have been considered to
reflect tear volume on the ocular surface, and have been
considered to be important in the diagnosis of dry eye
syndrome.8

Using a minimal amount of fluorescein staining, Main-
stone and associates reported that the fluorescein-stained
tear meniscus height (f-TMH) of normal subjects was 0.46
mm, and f-TMH of dry eye subjects was significantly
decreased as 0.24 mm.® This conventional method is
widely used as the most common method of tear meniscus
height (TMH) measurement. Oguz and associates also
reported that -TMH of dry eye subjects using minimal
fluorescein was 0.21 mm, and TMH of the same subjects
measured by a noninvasive method with slit-lamp
equipped with a micrometer-scale was 0.19 mm.!0 In the
meantime, they pointed out that TMH of dry eye subjects
sometimes could not be observed without fluorescein, since
it was too low. Conventional f-TMH has been reported to
be of value in the diagnosis of dry eye; however, it was
limited by its invasive nature.®!1-15

Another method to visualize the lucent tear meniscus is
to use interference phenomena. Tear interferometry is a
noninvasive visualization method of the lucent tear film.
The optical path difference from the reflectance at the
surface of the tear lipid layer and at the interface of the tear
lipid-aqueous layer causes a tear interference image, which
could be clearly observed.'6-18 It has been mainly used to
observe the precorneal tear lipid layer.19-21

In ophthalmic practice using the tear interference de-
vice (Tearscope Plus, Keeler, Windsor, United King-
dom),2-26 not only can the precorneal tear film be
observed clearly and noninvasively, but the tear film at the
tear meniscus as well. Therefore, we hypothesized that
noninvasive tear meniscus height (NI-TMH) could be
quantified with the image analysis of tear meniscus inter-
ference image, and could be used to differentiate aqueous
tear deficiency (ATD) dry eye such as Sjdgren syndrome
(SS) or to assess surgical efficacy after dry eye treatment by
punctal occlusion. The significance of this method and
findings are further discussed.

0002-9394/07/$32.00
doi:10.1016/j.2j0.2007.04.006



i

FIGURE 1. Measurement of noninvasive tear meniscus height (NI-TMH) using Tearscope Plus. (Top left) Tearscope interference
device is set between the subject’s eye and the slit-lamp. Precorneal tear interference image and tear meniscus interference image
could be observed through the slit-lamp, and was recorded to the computer through the mounted digital video camera. Tear
interference image with meniscus could also be seen on the computer screen. (Top right) Slit-lamp image of tear meniscus with
diffuser light is shown. Tear meniscus of the same subject in Top left image is noninvasively visualized (Bottom left) and is also
visualized with fluorescein staining (Bottom right). (Bottom left) Using image analysis software, the height of noninvasively
visualized tear meniscus (between upper and lower white arrow) in central area (vertical white line) was measured. NI.TMH was
quantified as 0.21 mm. Note that surface lipid layer of both tear meniscus and precorneal tear film is visualized by the tear
interference device. (Bottom right) Using image analysis software, the height of fluorescein stained tear meniscus (between upper
and lower white arrow) in central area (vertical white line) was measured in the same image capturing system. Fluorescein-stained

tear meniscus height was quantified as 0.24 mm.

METHODS

® MEASUREMENT OF NONINVASIVE TEAR MENISCUS
HEIGHT USING TEAR INTERFERENCE DEVICE: Tear-
scope Plus tear interference device was attached to the
slit-lamp (SL130, Zeiss, Jena, Germany, magnification
fixed to 12 X, Figure 1). The tear interference image of the
lower tear meniscus could be observed noninvasively when
focusing at the lower lid margin. The image was captured
using a high quality digital video camera (SP-321, JFC
Sales Plan Co, Tokyo, Japan) attached through the beam-
splitter of the slit-lamp and recorded using an image
capturing system (P4m/MaxFile, P4 Medic Co, Kobe,
Japan) in 720 X 480 pixels sized JPEG format. NI-TMH
was measured using the Image] 1.32 image analysis soft-
ware (National Institutes of Health, Bethesda, Maryland,
USA). None of the subjects received any eye drop instil-
lations at least six hours before the measurement.

As NI-TMH measurement with Tearscope Plus device
has not been reported, it was compared concomitantly
with conventional -TMH in 31 eyes of 16 subjects. Nine
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eyes of five dry eye patients with SS (five females, mean
age, 64 * 8 years) and 22 eyes of 11 normal subjects (five
males and six females, mean age, 34 * 12 years) were
measured. Initially, NI-TMH was measured with the Tear-
scope Plus tear interference device. Then, f-TMH was
measured one minute after instillation of 2 pl of fluores-
cein solution with a micropipette. The images of NI-TMH
and f-TMH were recorded and measured using exactly the
same set-up as described above. The mean NI-TMH was
0.20 # 0.09 mm, and f-TMH was 0.26 *+ 0.11 mm. Images
of the representative cases of NI-TMH and f-TMH are
shown in Figure 1. The correlation between NI-TMH and
f-TMH was also calculated with linear regression analysis.
A significant correlation was found between NI-TMH and
f-TMH (r = .79, P < .0001).

® SUBJECTS AND ASSESSMENT OF TEARS AND OCULAR
SURFACE: We examined a consecutive series of 27 dry eye
patients with SS (46 eyes, all female, mean age, 62 * 10
years), as well as 17 normal subjects (28 eyes, all female,
mean age, 52 * 16 years). SS patients were diagnosed

INTERFERENCE TEAR MENISCOMETRY IN DRY EYE 233
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FIGURE 2. Noninvasive tear meniscus height (NI-

e

TMH) between normal subject

s and dry eye with Sjégren syndrome (SS). (Left)

NI-TMH of a representative normal subject (0.28 mm). (Right) NI-TMH of a representative dry eye subject with SS (0.094 mm).

FIGURE 3. Noninvasive tear meniscus height (NI-TMH) before and after punctal occlusion. (Left) NI-TMH of a representative
dry eye patient with Sjégren syndrome (SS) before punctal occlusion (0.17 mm). (Right) NI-TMH after punctual occlusion of the

same patient (0.56 mm).

according to the criteria of Fox and associates.2? Among
the SS patients, eyes with a Schirmer I test value less than
or equal to 5 mm were included in the study as they were
considered to have ATD dry eye according to the Japanese
dry eye criteria.?8 Eyes with a history of punctal occlusion,
conjunctivochalasis, corneal transplantation, or corneal
perforation were excluded from the study. In addition, eyes
with anterior blepharitis and infectious conjunctivitis were
also excluded. No patients used contact lenses in this
study.

NI-TMH was assessed as described above before any
invasive procedure. After that, the cornea was examined
by fluorescein staining. A 2-pl volume of preservative-free
solution consisting of 1% fluorescein dye was applied to the
conjunctival sac. The intensity of the actual fluorescein
staining of the cornea such as superficial punctate kera-
topathy was rated from a minimum of zero to a maximum
of three, in each upper, middle, and lower cornea. Thus,
the maximum total staining score was 9.2 Tear film
break-up time (BUT) was measured three times, and the
measurements were averaged.?® 2 pl of preservative-free
solution consisting of 1% Rose Bengal dye was then
applied to the conjunctival sac. The intensity of rose
bengal staining in the comea and conjunctiva was re-
corded, with the maximum score rated as nine points.3®
The Schirmer I test was then performed to measure the
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tear secretion volume.3! NI-TMH was compared between
dry eye subjects and normal controls.

¢ CHANGE OF TEAR MENISCUS HEIGHT AFTER PUNC-
TAL OCCLUSION: All dry eye patients received treatment
with non-preserved artificial tears, and 0.1% non-pre-
served hyaluronic acid eye drops as necessary for at least
two months. These subjects who were refractory to this
treatment protocol underwent punctal occlusion. NI-
TMH was compared before and three weeks after punctal
occlusion or punctal plug insertion for both superior and
inferior puncta in 11 eyes of eight subjects in an additional
interventional case series (eight females, mean age, 69 + 8
years). Flex plugs (Eagle Vision, Memphis, Tennessee,
USA) were used for punctal occlusion in three eyes of
three subjects, and punctal cauterization using Optemp 2
(Alcon, Fort Worth, Texas, USA) was performed in eight
eyes of five subjects. Tseng’s method was performed in
punctal occlusion surgery32 and the operation was success-
ful in all cases without re-canalization.

® STATISTICAL ANALYSIS: All data are shown as means =
standard deviation. The Mann-Whitney U test was ap-
plied to the comparison of NI-TMH, fluorescein staining,
rose bengal staining, tear film BUT, and Schirmer I test
between SS and normal subjects. Wilcoxon matched pairs
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test was applied to the comparison before and after punctal
occlusion at each examination. A level of P < .05 was
accepted as statistically significant. Graphpad Instat 3.0
(Graphpad Software Inc, San Diego, California, USA) was
used for statistical analysis.

RESULTS

THE MEAN NI-TMH IN NORMAL SUBJECTS WAS 0.22 £ 0.065
mm. On the contrary, it was significantly lower (0.13 =
0.042 mm, P < .0001) in dry eye patients with SS. The
representative cases are shown in Figure 2. Corneal fluo-
rescein staining mean score was significantly lower (0.46 *
0.64) in normal subjects compared to dry eye patients with
SS (4.0 = 2.1, P < .0001). Rose Bengal staining mean
score was significantly lower in normal subjects (0.18 *
0.48) compared to dry eye patients with SS (4.6 = 1.8, P <
.0001). Similarly, tear film BUT was 5.9 % 3.0 seconds in
normal subjects, and it was significantly longer than in dry
eye patients with SS (2.3 * 1.4 seconds, P < .0001).
Schirmer I test result was 13.9 * 9.4 mm in normal
subjects, and it was significantly longer than in dry eye
patients with SS (1.7 * 1.5 mm, P < .0001).

Images of NI-TMH before and after punctal occlusion in
the representative case are shown in Figure 3. The mean
NI-TMH significantly increased from 0.12 * 0.026 mm to
0.42 = 0.21 mm after the punctal occlusion procedure
(P = .001). NI-TMH was increased after both punctal
cauterization or punctal plug insertion procedures. In
addition, corneal fluorescein staining mean score signifi-
cantly decreased from 4.5 = 2.3 t0 0.27 = 0.65 (P = .002),
tear film BUT was prolonged from 0.91 * 0.30 seconds to
5.2 + 2.8 seconds (P = .001) and the Schirmer I test result
increased from 2.8 * 2.0 mm to 6.8 * 4.2 mm (P = .005).
On the contrary, Rose Bengal staining mean score de-
creased, but not significantly, from 5.0 * 1.7 to 2.5 = 2.0
(P = .06).

DISCUSSION

IN THE PRESENT STUDY, USING THE TEAR INTERFERENCE
device, tear meniscus was successfully visualized in a
noninvasive manner in all cases. We showed that
NI-TMH measurement could be as relevant as the con-
ventional f-TMH measuring method in the diagnosis of dry
eye syndromes, could differentiate between normal sub-
jects and ATD dry eye patients with SS, and could help in
the evaluation of the change of meniscus height after
punctal occlusion.

NI-TMH was significantly lower in dry eye patients with
SS (0.13 * 0.042 mm) compared with normal controls,
(0.22 # 0.065 mm) along with higher fluorescein and rose
bengal staining, shortened tear film BUT, and lower
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Schirmer I test result. After punctal occlusion, NI-TMH
significantly increased from 0.12 = 0.026 mm to 0.42 *
0.21 mm along with the improvement of corneal fluores-
cein staining, tear film BUT, and Schirmer I test result.
NI-TMH was increased after both punctal cauterization or
punctal plug insertion procedures. We believe that
NI-TMH accurately reflects the deficiency of tear volume
on the ocular surface in ATD dry eye patients with SS.

The values of NI-TMH in this study are low compared
with the previous studies on TMH.%11-1533 The previous
data related to TMH mainly measured with fluorescein
dye. In this study, a significant correlation was found
between NI-TMH and f-TMH, and NI-TMH was slightly
lower than f-TMH. This was possibly because of the
addition of a minimal amount of water added to the
fluorescein dye. The other merit of the present method is
visualization ability even when the TMH is very low. In a
previous study, using direct observation of the TMH with
the slit-lamp, Oguz and associates reported that tear
meniscus could not be observed when it was too low in dry
eye subjects.’® OQur method using interference phenomena
could visualize clearly such low tear meniscus even in ATD
dry eyes with SS (Figures 2 and 3). Furthermore, in the
principle of tear interferometry, reflectance is ranged ap-
proximately from 2% to 6%.1718:34 Thus, tear interference
image of tear meniscus could be visualized even in dry eye
cases with lipid tear deficiency. Using optical coherence
tomography in ATD dry eyes, Savini and associates
recently reported that mean NI-TMH was significantly
lower in patients with ATD dry eyes (0.13 = 0.07 mm)
than in the control group (0.25 * 0.08 mm).3> We
considered that their results strongly support the relevance
of our method.

Compared with fluorescein-stained tear meniscus obser-
vation, noninvasive tear meniscus observation using the
interference device has one demerit in terms of the
limitation in the observation area. As shown in the figures,
this method could visualize frontal tear meniscus at a
limited observation angle. To observe all lower and upper
tear meniscus areas from the inner to outer canthi, we
considered that the fluorescein staining method still has
some advantages.

Recently, another tear meniscus measuring device to
measure meniscus radius curvature has been reported by
Yokoi and associates.?637 This noninvasive method, how-
ever, is not widely available yet, and we chose the
Tearscope interference device for the evaluation of tear
meniscus in this study. Furthermore, height and radius of
tear meniscus have been reported to have a positive
correlation by Yokoi's group.1® Thus, we also believe that
the measurement of the NI-TMH is important, as well as
tear meniscus radius measurement.38

In this study, we compared NI-TMH of normal and dry
eye patients with SS who are representing ATD dry eyes.
In the future, NI-TMH measurement of the other dry eye
subtypes such as non-SS dry eye, meibomian gland dys-
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function,?® or dry eye with only decreased tear film BUT#0
would be highly anticipated. Furthermore, observation of
the upper NI-TMH using Tearscope in superior limbic
keratoconjunctivitis,*! or lid-wiper syndrome?*? would be
also interesting.

As many clinicians are aware, the diagnosis of ATD dry
eyes is sometimes difficult owing to the variability of the
Schirmer I test results by its invasive nature. In the future,
we expect that NI-TMH measurement by the tear inter-
ference device would become an established tear volume
evaluation test such as the Schirmer I test.3!

In conclusion, NI-TMH measurement using the tear
interference device could be considered to have similar
clinical relevance compared with conventional f-TMH
measurement. Not only did this method evaluate tear
aqueous volume noninvasively, but it could also indicate
significantly lower NI-TMH in ATD dry eye patients with
SS and, was useful for indicating the increase of NI-TMH
after the punctal occlusion procedure. The difference of
NI-TMH in normal and dry eye groups was considered to
reflect the difference of tear volume, which is responsible
for moistening and maintaining the ocular surface.
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Suppression of basal autophagy in neural cells
causes neurodegenerative disease in mice

Taichi Hara', Kenji Nakamura?, Makoto Matsui'>*, Akitsugu Yamamoto®, Yohko Nakahara?,
Rika Suzuki-Migishima®, Minesuke Yokoyama®, Kenji Mishima’, Ichiro Saito’, Hideyuki Okano®°®

& Noboru Mizushima''°

Autophagy is an intracellular bulk degradation process through
which a portion of the cytoplasm is delivered to lysosomes to be
degraded'™. Although the primary role of autophagy in many
organisms is in adaptation to starvation, autophagy is also thought
to be important for normal turnover of cytoplasmic contents,
particularly in quiescent cells such as neurons. Autophagy may
have a protective role against the development of a number of
neurodegenerative diseases®®. Here we report that loss of autophagy
causes neurodegeneration even in the absence of any disease-
associated mutant proteins. Mice deficient for Afg5 (autophagy-
related 5) specifically in neural cells develop progressive deficits in
motor function that are accompanied by the accumulation of
cytoplasmic inclusion bodies in neurons. In Atg5 =/ cells, diffuse,
abnormal intracellular proteins accumulate, and then form aggre-
gates and inclusions. These results suggest that the continuous
clearance of diffuse cytosolic proteins through basal autophagy is
important for preventing the accumulation of abnormal proteins,
which can disrupt neural function and ultimately lead to
neurodegeneration.

Every eukaryotic cell has two main systems for the degradation of
intracellular components: the ubiquitin-proteasome system and
autophagy. Autophagy is a generic term for the degradation of
cellular components in lysosomes'™. Macroautophagy (hereafter
referred to as autophagy) is believed to be the main pathway among
several subtypes of autophagy. During the process of autophagy,
small portions of cytoplasm are sequestered by autophagosomes
and then degraded on fusion with lysosomes. In contrast to the
ubiquitin—proteasome system, which accounts for most of the
selective intracellular protein degradation, autophagy is less selective.
Autophagy induced by starvation is a mechanism for producing
amino acids within cells. In yeast, autophagy-defective cells are
susceptible to starvation. In comparison, mice deficient for Atg5
and Atg7, which are essential for autophagosome formation®, suffer
from severe nutrient- and energy-insufficiency soon after birth'®'".
Thus, adaptation to starvation is an evolutionarily conserved role of
autophagy.

In addition to induced autophagy, a low level of constitutive
autophagy is important for intracellular clearance under normal
conditions. Mice bearing a liver-specific conditional knockout allele
of Atg7 show hepatic dysfunction and intracellular ubiquitin-positive
inclusion bodies''. We have also observed the accumulation of
ubiquitin-positive inclusion bodies in hepatocytes and a subset of
neurons in Atg5-knockout (A1g57'7) neonates (Supplementary

Fig. S1); however, conventional histological analysis revealed no
significant abnormality'®. These data suggest that intracellular pro-
tein quality-control by autophagy is particularly important in neural
cells. Indeed, several studies have suggested that impairment of
autophagy could worsen the accumulation of abnormal proteins in
neurodegenerative disease models in vitro and in vivo®®., However,
direct evidence demonstrating that autophagy contributes to the
prevention of neurodegeneration has been lacking, in part because
Atg5~'" and Atg7 ™' mice die soon after birth!>!’,

To determine the role of autophagy in neural cells, we generated
neural-cell-specific Atg5™’~ mice (Supplementary Fig. 52). Mice
bearing an Atg5"™* allele, in which exon 3 of the Atg5 gene is
flanked by two loxP sequences, were crossed with a transgenic line
expressing Cre recombinase under the control of the nestin promoter
(nestin-Cre)*2. In these mice, Cre recombinase is expressed in neural
precursor cells after embryonic day (E)10.5, causing deletion of the
loxP-flanked exon 3 (Supplementary Fig. §3). Recombination was
successful in over 90% of all brain cells from Atg5ﬂ""/ﬂ"x; nestin-Cre
mice. The expression of Atg5 (detected as an Atgl2-Atg5
conjugate’®) and the Atg5-dependent conversion of microtubule-
associated protein 1 light chain 3 (LC3)-I to LC3-II (LC3—phospha-
tidylethanolamine (LC3-PE) con}u}gate)”‘“ were almost completely
suppressed in the brains of Arg5™ flox. pestin-Cre mice after E15.5
(Fig. 1a and Supplementary Fig. $3). These data suggest that
autophagosome formation is impaired in the brains of these mutant
mice.

Atg5T¥flex. nestin-Cre mice were born normally and survived
neonatal starvation. They did not show the suckling defects observed
in Arg5 ™'~ and Atg7 ™’ neonates'®"!, suggesting that an undetect-
able, but sufficient, level of Atg5 remains in the neurons controlling
the suckling response at this stage, or that non-neural cells may
mediate the suckling deficit in the non-conditional mutants. How-
ever, the Atg5™f°% pestin-Cre mice showed growth retardation:
their mean body weight was about 1.5-times lower than that of control
(Atg5ﬂ“"/+; nestin-Cre) mice (Fig. 1b). Athﬂ""/ﬂ‘“; nestin-Cre mice
developed progressive motor and behavioural deficits after three
weeks of age, and footprint analysis revealed an ataxic walking
pattern (Fig. 1c). Mean stride lengths corrected for paw base widths
were significantly decreased compared with control (Atg5Toe+;
nestin-Cre) mice. The Atg5ﬂ°’dﬂ""; nestin-Cre mice showed limb-
clasping reflexes when they were suspended by their tails, whereas
control mice extended their limbs (Fig. 1d). This abnormal reflex is
often observed in mouse models of neurodegenerative disease'>’¢.
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Rotarod (Fig. le) and wire-hanging (data not shown) tasks also

showed severely impaired motor coordination, balance and grip
. ‘floxd flox, . . .

strength in Atg5 ; nestin-Cre mice. Finally, tremor was apparent

in 12-week-old mice. Some of the At§5ﬂ°"/ﬂ""; nestin-Cre mice died

after three weeks of age. Neither Atg5™™"** mice (Cre-negative) nor

Atg5ﬂ°’d+; nestin-Cre mice showed any abnormal phenotype.

The gross anatomy of the brain of the mutant mice was normal.
However, histological examination revealed degenerative changes in
the neurons of Atg5™%, nestin-Cre mice. These alterations were
most prominent in cerebellar Purkinje cells. Haematoxylin and eosin
(H&E) staining (arrowheads in Fig. 2a) and immunohistochemical
staining with an antibody directed against calbindin (a selective
marker for Purkinje cells, left panels in Fig. 2b), demonstrated partial
loss of these neurons (Fig. 2c). The remaining Purkinje cells showed
eccentrically located nuclei, with infolding of the nuclear membrane.
We also found a number of eosinophilic spheroids in H&E-stained
sections in the cerebellar nuclei of these mutant mice (arrows in Fig. 2a),
which probably correspond to the calbindin-positive spheroids in
the same region (Fig. 2b, right panels). These structures suggest
massive swelling of Purkinje cell axons that project to the cerebellar
nuclei'”'®. In addition, TUNEL-positive cells were detected in the
adjacent granular layer, suggesting apoptosis of granular cells in
Atg5Me=ox. nestin-Cre mice (Fig. 2d). Consistent with previous
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Figure 1| Behavioural abnormalities in mice lacking Atg5 in the nervous
system. a, Immunoblot analysis of Atg5 and LC3. Brain homogenates were
prepared from six-week-old control (Atg5™*'*; nestin-Cre) and Atgs"**/;
nestin-Cre (Atg5™") mice. Immunoblot analysis was performed using

antibodies against Atg5 and LC3. GSK-3f was used as a loading control. The

positions of the Atgl2—Atg5 conjugate, LC3-1 and LC3-1I (LC3-PE
conjugate) are indicated. Atg5 monomer was not detected in either lane
(data not shown). b, A representative male control (Atg5ﬂ° /¥ nestin-Cre)
and an Atg5™%; nestin-Cre (Atg5™°*/°) littermate at three weeks of age.
¢, Left, paw placement records of eight-week-old mice. Ri%lt, stride lengths
corrected for paw base widths (stride/width ratio) of Atg5 /flox, nestin-Cre
and control (Athﬂ" '+ nestin-Cre) littermate mice. Values represent
means * s.d. of four mice. Asterisk, P < 0.01 (Student’s t-test).

d, Abnormal limb-clasping of an Athﬂ ox/flex, hestin-Cre mouse compared
with a control mouse (Atg5"*; nestin-Cre) when suspended by its tail.
e, Rotarod testing of Atg5™**; nestin-Cre (open symbols) and Atgsfloxlfiex;
nestin-Cre (closed symbols) mice. One male and one female mouse were
analysed for each genotype. The time until drop from the rod (rotating at
20 r.p.m.) is shown.
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observations, the survival of granular cells largely depends on their
synaptic connectivity with Purkinje cells’®. Axonal swelling was
observed in other regions of the Atg5ﬂ""/ﬂ""; nestin-Cre brain,
including the cerebral cortex, the nucleus gracilis (Fig. 2a), the
posterior thalamic nucleus, hippocampus, inferior colliculus, tri-
geminal nucleus, parabranchial nucleus, anterior thalamic nucleus,
caudal pons and reticular nucleus (data not shown). Partial loss of
pyramidal cells also was observed in the cerebral cortex (data not
shown). Together, these data suggest that Arg57°°; pestin-Cre mice
suffer from neurodegeneration.

We next examined protein aggregation in the brain using an
antibody against ubiquitin, a marker of misfolded proteins. Large,
ubiquitin-positive inclusion bodies accumulated in the cytoplasm of
large neurons in the thalamus, pons, medulla, dorsal root ganglion
(DRG) (Fig. 3a) and midbrain (data not shown) of Athﬂ”’ﬂ"";
nestin-Cre mice. Neurons in the cerebral cortex, hippocampus
(especially in the CA3 and CA4 regions) (Fig. 3a), striatum and
olfactory bulb (data not shown) were also positive for these inclusion
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Figure 2 | Neuronal degeneration in Atg57°*/f°%; nestin-Cre mice.

a, H&E-stained sections of the cerebral cortex, the gracile nucleus and
cerebellum from control (Atg5/¥*; nestin-Cre) and Atg5™*%; nestin-Cre
(Atg5™*fo*) mice at three months of age. Purkinje cells are indicated with
arrowheads. Arrows indicate eosinophilic spheroids, which represent axon
swelling. Scale bar, 10 pum. b, Inmunohistochemistry using an anti-
calbindin antibody on cerebellum sections from control (Atg57~/*;
nestin-Cre) and Athﬂ""/ﬂ"’; nestin-Cre mice at six weeks of age. Scale bar,
25 um. ¢, Loss of Purkinje cells in Atg5"°%; nestin-Cre mice. Purkinje cells
were counted in comparable areas for each mouse, and three fields were
counted in each area for each mouse. Data are normalized against values
from control mice (Atg57°*/*; nestin-Cre). Values represent mean * s.d. of
three mice. Asterisk, P < 0.01 (t-test). d, Apoptotic death of granular cells.
Cerebellum sections from control (Afg5™*™; nestin-Cre) and Atg5™11°%
nestin-Cre mice at six weeks of age were subjected to TUNEL staining. Nuclei
were stained with Hoechst 33258. Scale bar, 500 um.
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bodies. Such inclusion bodies were not observed in the brains of
control (Atg5™™7*; nestin-Cre) mice. We observed ubiquitin-positive
inclusion bodies exclusively in cells positive for the neural cell marker
NeuN, suggesting that inclusion bodies were generated only in
neurons and not in glial cells (Fig. 3b). Notably, although there
was extensive loss of Purkinje cells, these neurons had very few
inclusion bodies in their cell bodies (Fig. 3a). Numerous ubiquitin-
positive dots were observed in the cerebellar nuclei (Fig. 3a), but
most of them did not colocalize with the calbindin dots observed in
Fig. 2b (data not shown).

The accumulation of inclusion bodies was time-dependent, and
the distribution of inclusion-body-positive cells was more limited in
Atg5™'™ and Atg5™™ % nestin-Cre newborns compared to adult
mice. In Ath_’ ~ neonates, inclusion bodies were observed in the
pons, DRG, spinal cord (ventral horn) (Supplementary Fig. S1),
hypothalamus, midbrain and trigeminal ganglia (data not shown),
but not in the cerebral cortex (Supplementary Fiﬁ' S1). A similar
pattern was observed in the brain and DRG of Arg5"™**; nestin-Cre
neonates (Supplementary Fig. S4 and data not shown). Immuno-
electron microscopy of DRG neurons isolated from Atg5 ~'~ neonates

Thalamus Pons Medutia DRG

Lo

Cerebral Hippocampus  Purkinje cell Cerebellar
cortex (CA3) layer nucleus
e i 0

o

Control

o Atg 5ﬂax/ﬂax

Figure 3 | Ubiquitin-positive inclusions in Atg5-deficient neurons.
a, Immunohistochemistry of brain sections from control (Atg5™*;

“nestin-Cre) and Atg5ﬂ” ~/flox, hestin-Cre (Athﬂ"’/ﬂ “*} mice at six weeks of age,

stained with an anti-ubiquitin antibody (1B3). Scale bar, 10 pm.

b, Ubiquitin-positive inclusions in neurons. Sections of medulla from
Atg57°%%; nestin-Cre mice at six weeks of age were stained with an antibody
against NeuN (a neuron-specific nuclear protein) and ubiquitin. Nuclei were
stained with Hoechst 33258. Scale bar, 10 pm. ¢, Immunoelectron
microscopy of ubiquitin-positive inclusion bodies. DRG neurons isolated
from Atg5 '~ neonates were analysed by immunoelectron microscopy
using an anti-ubiquitin antibody. Scale bars, 500 nm.
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demonstrated the specific association of ubiquitin with amorphous,
occasionally filamentous, structures (Fig. 3c, left), as well as with
more compact structures surrounded by filamentous materials
(Fig. 3¢, right; see Supplementary Fig. S5 for larger images). Outside
the brain, Atg5 '~ neonates showed inclusion body formation in the
liver, the anterior lobe of pituitary gland (Supplementary Fig. S1) and
the adrenal gland (data not shown).

Histological examination of Atg5~'~ and AtgsTexifox. nestin-Cre
mice suggested that, in addition to the presence of inclusion bodies,
the intensity of diffuse cytoplasmic ubiquitin staining was higher
compared with wild-type mice. We thus analysed the time course of
accumulation of diffuse ubiquitinated proteins and inclusions in
DRG neurons (the neonatal tissue in which inclusion body formation
was most striking). DRG neurons from Atg5~’~ embryos at E13.5
had no apparent abnormality. However, at E15.5, some neurons
had accumulated diffuse, cytosolic ubiquitinated proteins with
infrequent inclusions (Fig. 4a). Later, in newborn (postnatal day
(P)0) Atg5~'" mice, multiple ubiquitin-positive inclusion bodies
were present in DRG neurons. Thus, the accumulation of diffuse
abnormal proteins seems to be the primary cellular phenotype of
Athﬂ“"’ﬂ . nestin-Cre neurons. We obtained similar results using a
biochemical method with whole brains. Polyubiquitinated proteins
that accumulated in Atg5™™% nestin-Cre brains were primarily
Triton-soluble in six-week-old mice (Fig. 4b). In contrast, in 14-
week-old mice, Triton-insoluble polyubiquitinated proteins were
also abundant, suggesting that inclusion body formation is a later
event.

We confirmed these observations using hepatocytes, another cell
type that showed extensive inclusion body accumulation under
autophagy-defective conditions'' (Supplementary Fig. S1). We
crossed Atg5™*M°* mice with CAG-Cre mice that express Cre
recombinase ubiquitously (see Methods)?. As recombination effi-
ciency was not high when crossed with our Arg5™* mice, the
resulting mice (Atg5™/°*, CAG-Cre) were mosaic for the mutant
allele and viable. In the livers of these mice, the Atg5 gene was deleted
in only about 30% of hepatocytes (Supplementary Fig. $6), which
allowed us to compare directly the immunoreactivity of knockout
cells with that of wild-type cells in the same specimen. Anti-ubiquitin
staining of the liver in four-month-old Atg5™*/**;, CAG-Cre mice
showed that about 30% of cells had very high levels of diffuse
cytoplasmic signals (in addition to inclusion bodies), compared
with surrounding cells that were probably wild type (Fig. 4c). The
results clearly demonstrate that cytosolic ubiquitinated proteins also
accumulate in Atg5 ™/~ hepatocytes.

We then determined the time course of accumulation of ubiqui-
tinated proteins using Mx1-Cre transgenic mice'. In this system,
Cre recombinase is expressed under the control of an interferon-
responsive promoter that can be activated by application of poly-
inosinic acid-polycytidylic acid (pIpC), an interferon-inducible,
synthetic double-stranded RNA. The Afg5 gene in Atg5/ ™/,
Mx1-Cre liver was deleted by intraperitoneal injection of pIpC.
Soon after injection, most targeted cells showed only diffuse ubiqui-
tin staining, with no inclusion bodies (Fig. 4d, €). In contrast, large,
ubiquitin-positive inclusion bodies were present in almost all tar-
geted hepatocytes 16 days after pIpC injection (arrowheads in
Fig. 4d). Cells with only inclusion bodies but not diffuse cytoplasmic
staining were observed very rarely. Taken together, our data demon-
strate that loss of autophagy first leads to accumulation of diffuse
abnormal proteins, followed by generation of inclusion bodies.

We have shown that the inhibition of autophagy in neural cells
causes neurodegeneration and symptoms of neurological pathology.
As the mouse model we used does not express any disease-associated
mutant proteins, the phenotype of these mutant mice indicates that
autophagy mediates essential and continuous turnover of intracellu-
lar proteins. This system is particularly important for neurons, in
which deregulation of this degradation process can induce cell
dysfunction. The role of autophagy could be even more critical if
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Figure 4 | Accumulation of diffuse ubiquitinated proteins in autophagy-
defective cells. a, Inmunohistochemistry of DRG neurons from Atg5*/*
and Atg5 ~'~ mice at different developmental stages (embryonic day (E)13.5,
E15.5 or postnatal day (P)0), stained with an antibody directed against
ubiquitin. Scale bar, 25 pm. b, Accumulation of Triton-X-100-soluble
polyubiquitinated proteins in the brains of Atg5**/%; nestin-Cre mice.
Brain homogenate prepared at the indicated times from control (AtgsTox/+,
nestin-Cre) and Atg5™*"°%; nestin-Cre (Atg5"*"*) mice were separated
into Triton-X-100-soluble (S) and -insoluble (P) fractions and analysed by
immunoblotting using anti-ubiquitin antibodies. Arrowhead indicates the

any aggregation-prone mutant proteins were expressed. Although
autophagy is generally thought to be a non-selective process, several
studies have suggested that autophagosomes can specifically engulf
inclusion bodies®*?*. In our system, however, inclusion bodies
appeared in later phases of autophagy deficiency, suggesting that
the primary role of autophagy under normal conditions is the
turnover of diffuse cytosolic proteins, not direct elimination of
inclusion bodies. As the population of ubiquitinated proteins in
Athﬂ‘”‘/ﬂ""; nestin-Cre brains was similar to that in wild-type mouse
brains, we suggest that cytoplasmic proteins that are usually ubiqui-
tinated, rather than specific proteins, accumulate in larger amounts
in the absence of autophagy (Supplementary Fig. S7). Downregula-
tion of protein turnover could cause the accumulation of abnormal
proteins, which then could promote aggregate formation (Sup-
plementary Fig. S8).

The critical role of autophagy in the basal turnover of diffuse
cytosolic proteins in neural cells should be emphasized, because it has
been suggested that large inclusion bodies themselves might not be
pathogenic, but that mutant proteins present diffusely in the cytosol
could be the primary source of toxicity?’. However, we do not rule
out the possibility that autophagosomes can selectively recognize
abnormal soluble proteins or microaggregates on the membrane sur-
face. It was recently reported that the polyubiquitin-binding protein
p62/SQSTM1 might mediate the specific recognition of protein
aggregates by autophagosomes®. This pathway might also be involved
in the degradation of diffuse ubiquitinated proteins by autophagy.

stacking gel. ¢, Immunohistochemistry of liver sections from control
(Athﬂ“’d +; CAG-Cre) and Atg5ﬂ°"/ﬂ” * CAG-Cre (Athﬂ” “floxy mice at four
months of age, using an anti-ubiquitin antibody. Scale bar, 25um.

d, Immunchistochemistry of liver sections from six-week-old Athﬂ"’ﬂ"x;
Mx1-Cre mice at the indicated time points after pIpC injection, using
anti-ubiquitin antibodies. Arrowheads indicate ubiquitin-positive inclusion
bodies. Scale bar, 25 um. e, Five thousand hepatocytes were randomly
selected, and the number of cells with diffuse cytosolic ubiquitin signals,
with (black) or without (white) inclusion bodies, were counted.

METHODS

Generation of tissue-specific Atg5-deficient mice. An approximately 1-kb
Xbal-Spel mouse genomic fragment containing putative exon 3 of the Arg5
gene was flanked by two loxP sites containing the neomycin-resistant (neo”)
cassette from pMC1-Neo (Stratagene). The diphtheria toxin A (DT-A) gene was
inserted downstream of the short arm, for negative selection against random
integration of the vector (Supplementary Fig. S2). Targeted CCE embryonic
stem cells of 129/SvEv mouse origin were injected into C57BL/6 blastocysts, and
chimaeric mice were crossed with C57BL/6 mice to obtain Atg5™* mice. We
used the following primers to detect wild-type Atg5 and Atg5™ alleles: A
(exon3-1), 5'-GAATATGAAGGCACACCCCTGAAATG-3’; B (short2), 5'-
GTACTGCATAATGGTTTAACTCTTGC-3'; C (check2), 5'-ACAACGTCGAG
CACAGCTGCGCAAGG-3'; D (5L2), 5'-CAGGGAATGGTGTCTCCCAC-3';
E (crel), 5’ -AGGTTCGTTCACTCATGGA-3'; F (cre2), 5'-TCGACCAGTTT
AGTTACCC-3'.

Southern blot analysis was performed using the probe shown in Supplemen-
tary Fig. S2 after digestion of genomic DNA with EcoRV and Kpnl, as described
previously'®. Nestin-Cre transgenic mice expressing Cre recombinase under the
control of the mouse nestin gene promoter and second intronic neural enhancer
(a gift from S. Noguchi) have been described previously”. CAG-Cre transgenic
mice expressing Cre recombinase under the control of the CAG (CMV enhancer
and chicken B-actin) promoter have been described previously”. Mx1-Cre
transgenic mice were obtained from the Jackson Laboratory”'. Progeny contain-
ing the Arg5™ allele were bred with these Cre transgenic mice to generate
Atg5fo=!flox; nestin-Cre, A1g5™f°%, CAG-Cre and Atg5Tofox. Mx1-Cre
mice. Atg5 '~ mice have been described previously'. All animal experiments
were approved by the institutional committee of the Tokyo Metropolitan
Institute of Medical Science.

Antibodies. A monoclonal antibody against ubiquitin (1B3) was purchased from
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MBL and used for immunohistochemistry. Rabbit anti-ubiquitin polyclonal
antibody (DakoCytomation) was used for immunoelectron microscopy. Anti-
polyubiquitin monoclonal antibody (FK2, Nippon Bio-Test Laboratories) was
used in immunoblot analyses. The following antibodies were also used:
anti-NeuN monoclonal antibody (Chemicon), rabbit anti-calbindin polyclonal
antibody (Chemicon), Alexa Fluor 488- and 660-conjugated goat anti-rabbit
IgG (H + L) antibodies (Molecular Probes), monoclonal anti-glycogen
synthase kinase-38 antibody (BD Biosciences), monoclonal anti-a-tubulin
antibody (DM1A, Sigma-Aldrich), and antibodies against Atg5 (SO4)" and
LC3".

Behavioural analysis. Mice were placed on a rod rotating at 20r.p.m., and the
time taken for them to fall from the rod was measured. If a mouse stayed on the
rod until the end of the 2-min trial, a time of 120s was recorded.
Immunohistochemical analysis. Mice were transcardially perfused with 4%
paraformaldehyde in phosphate buffer (pH 7.4). Tissues were post-fixed in the
same fixative overnight and embedded in paraffin. Sections were stained using
Meyer’s H&E. For immunohistochemical analysis, all tissue sections were
subjected to antigen retrieval using the microwave method (in 0.01 M citrate
buffer for 10 min). After blocking, sections were incubated with primary
antibodies for 1h, followed by 30 min incubation with fluorescently labelled
or biotinylated secondary antibodies that were detected using Histomouse-plus
kits (Zymed Laboratories) and the Liquid DAB substrate chromogen system
(DakoCytomation). Apoptotic cells were detected by TUNEL assay using an
in situ cell death detection kit (Roche Diagnostic).

Immunoelectron microscopy. For immunoelectron microscopy, the post-
embedding immuno-gold method was used to label tissue sections embedded
with LR white resin {London Resin Co.) as previously described™.
Preparation of detergent-soluble and -insoluble fractions. Mouse brains were
homogenized in five volumes of ice-cold 0.25 M sucrose buffer (50 mM Tris-HCl
pH 7.4, 1 mM EDTA) with protease inhibitors. Homogenates were centrifuged at
500g for 10 min at 4°C, and the resulting supernatants were lysed with an equal
volume of cold sucrose buffer containing 1% Triton X-100. Lysates were
subjected to centrifugation at 13,000 for 15 min at 4 °C to separate supernatants
(fractions soluble in 0.5% Triton-X-100) and pellets. Pellets were resuspended in
1% SDS in PBS (Triton-X-100-insoluble fractions).
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Although tissue-specific apoptosis in the exocrine glands in estrogen-deficient mice may contribute to the
development of autoimmune exocrinopathy, the molecular mechanism responsible for tissue-specific apoptosis
remains obscure. Here we show that RbAp48 overexpression induces p53-mediated apoptosis in the exocrine
glands caused by estrogen deficiency. RbAp48-inducible transfectant results in rapid apoptosis with p53
phosphorylation (Ser9) and a-fodrin cleavage. Reducing the expression of RbAp48 through small interfering
RNA inhibits the apoptosis. Prominent RbAp48 expression with apoptosis was observed in the exocrine glands
of C57BL/6 ovariectomized (OVX) mice but not in OVX estrogen receptor a~'~, p53™~/~, and E2F-1~~ mice.
Indeed, transgenic expression of the RbApd48 gene induced apoptosis in the exocrine glands but not in other
organs. These findings indicate that estrogen deficiency initiates p53-mediated apoptosis in the exocrine gland
cells through RbAp48 overexpression and exerts a possible gender-based risk of autoimmune exocrinopathy in

postmenopausal women.

Estrogenic action has been suggested to be responsible for
the strong female preponderance of many autoimmune dis-
eases, including systemic lupus erythematosus, rheumatoid ar-
thritis, and Sjogren’s syndrome (50, 51). Recent evidence sug-
gests that apoptosis plays a key role in the physiology and
pathogenesis of various autoimmune diseases (2, 7, 19, 35, 42).
We have demonstrated that estrogenic action influences target
epithelial cells through Fas-mediated apoptosis in a murine
model for Sjégren’s syndrome (13). Recently, we found that
tissue-specific apoptosis in the exocrine glands spontaneously
occurring in estrogen-deficient mice may contribute to the
development of autoimmune exocrinopathy (14). We speculate
that antiestrogenic actions might be a potent factor in the
formation of pathogenic autoantigens. It has been reported
that the antiestrogen tamoxifen (TAM) induces cell death in
the human breast cancer cell line MCF-7 (17). We observed a
time- and concentration-dependent increase in apoptosis of
mouse and human salivary gland cells ({MSG] mouse primary
culture; [HSG] human cell line) treated with TAM but not in
other cell lines (HT-29, Colo201, and Jurkat) (14).

Apoptosis can be initiated by many different factors, but
activation of caspases, which are a special class of proteolytic
enzymes, is always involved in this process. Activation of
caspases may be achieved by several molecular pathways; the
best known stimuli triggering the caspase cascade are stimula-
tion of Fas or TNF receptors, release of cytochrome ¢ from the
cellular mitochondria, and exposure to granzymes, which are
secreted by cytotoxic T cells (3, 12, 31, 37, 54). Detailed re-
search on the mechanisms controlling caspase activity will pro-
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vide better insight into the pathogenesis of autoimmune dis-
eases with special reference to estrogen deficiency. In this
study, we have focused on the molecular mechanisms respon-
sible for tissue-specific apoptosis caused by estrogen deficiency
and identified RbAp48 as a novel apoptosis-inducing gene
exclusively in the exocrine glands. Retinoblastoma (Rb) pro-
tein is a multifunctional protein that binds to transcription
factors and kinases to regulate both cell growth and apoptosis
(11). Although recent data suggest that loss of Rb can cause
apoptosis through derepression of basally inhibited extrinsic
apoptotic pathway genes (20), no mechanism has provided a
molecular explanation for RbAp48 in the induction of apop-
tosis.

MATERIALS AND METHODS

Cell culture and gene transfection. HSG, MSG, HT29, Colo201, HeLa,
HepG2, SH-SY5Y, NEC14, THP-1, Jurkat, Raji, U937, and W138 celis were
cultured in Dulbecco’s modified Eagle medium (DMEM) or RPMI 1640 me-
dium containing 10% fetal bovine serum at 37°C. HSG and MSG cells have been
described elsewhere (38, 40). The following were used for cell cultures: 1077 M
TAM (Wako Pure Chemical, Osaka, Japan), 10~ M p-2-estradiao} (E2; Wako),
10~7 M staurosporin (Wako), paclitaxel (Wako), | pM etoposide (Wako), 1 pM
ICI182780 (Wako), 25 ng/ml anti-Fas monoclonal antibody (MAb) (MBL,
Nagoya, Japan), and 10 ng/ml recombinant human gamma interferon (R&D
Systems, Minneapolis, MN). The RbAp48 gene inserted into the pCMV (2N3T)
vector, a gift from D. Trouche, was transfected into the cells using FuGENEG6
Transfection Reagent (Roche Diagnostics Corp., Indianapolis, IN). The
RbAp48-stable cell line (RHO) from HSG celis in which RbAp48 expression was
regulated by isopropyl-1-thio-B-n-galactopyranoside (IPTG), was established us-
ing a LacSwitch II Inducible Mammalian Expression System (Stratagene, La
Jolla, CA). Briefly, the repressor vector (pCMVLacl) and RbAp48-inserted
operator vector (pOPRVI/MCS) were cotransfected into HSG cells with
FuGENES®, and the RbAp48 expression of hygromycin and G418-resistant trans-
fectants was controlled by IPTG. For infection of adenovirus vector, RbAp48
gene-transfected MSG cells from p53~/~ or wild-type mice were infected with
100 multiplicities of infection of adenovirus vector including the p53 gene ob-
tained from Toren Finkel (National Institutes of Health). MSG and mouse
mammary glands (MMG) were removed, placed in DMEM containing 10% fetal
calf serum (FCS) and 10 mM HEPES (pH 7.4). and rapidly minced. The mate-
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FIG. 1. Identification of the RbAp48 gene in salivary gland cell apoptosis. (A) A time-dependent increase in apoptotic HSG cells stimulated with
TAM (1077 M) was observed, and E2 (107 M) treatment inhibited apoptosis. Apoptotic cells were detected by flow cytometry using FITC-conjugated
annexin V. (B) TAM-induced gene fragments cloned by differential display PCR were used as a probe by Northern blotting with mRNA from HSG cells
treated with TAM (1077 M) or E2 (10™°M and 10~°M). B-Actin mRNA was detected as an internal control. Each blot is representative of three
independent experiments. (C) Analysis of RbAp48 mRNA expression was performed using total RNA from TAM-stimulated HSG and MCF-7 cells for
0 to 24 h. The graph is representative of three independent experiments. (D) The inhibitory effects of siRNA on TAM-induced apoptosis in HSG cells
with siRNA (15 nM) of the RbAp48 construct but not in MCE-7 cells. After transfection of siRNA of RbAp48 and a fluorescence-labeled control gene,
the cells were incubated with TAM (10~7 M) for an additional 24 h. Apoptosis was estimated by flow cytometric analysis using PE-conjugated annexin
V. The graph is representative of three independent experiments. (E) A dose-dependent inhibition of siRNA (0 to 200 nM) of TAM-induced RbAp48
expression in HSG cells, not MCF-7 cells, was observed. The graph is representative of two independent experiments. (F) RbAp48 mRNA expression
levels were analyzed using human tissue total RNA-blotted membrane. Message levels (arbitrary units) were quantified by BAS-20001I and expressed as
the ratio of RbAp48 mRNA/B-actin mRNA. The graph is representative of two independent experiments.
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FIG. 2. RbAp48 overexpression in OVX B6 mice. (A) Increased RbAp48 expression in salivary and lacrimal gland tissues in OVX B6 mice from
0 to 3 weeks (age of mice, 4 to 7 weeks). Expression levels of RbAp48 in thymus, spleen, liver, and mammary glands from OVX B6 mice were
constant. Western blot analysis was performed on proteins from tissue homogenates of OVX and sham mice. Blots were representative of three
independent experiments. (B) Detection of RbAp48* and TUNEL" cells in salivary and lacrimal glands from OVX B6 and sham B6 mice at the
age of 7 weeks. Immunohistochemical analysis of RbAp48 and in situ TUNEL assays were performed on the sections of salivary and lacrimal glands
from OVX and sham mice. Images are representative of sections from five mice. The percentage of RbAp48* and TUNEL™ cells in salivary and
lacrimal glands was enumerated using a 10- by 20-mm grid covering an objective area of 0.16 mm?Z. Data were analyzed in 10 fields per section and
expressed as mean percent * standard deviation of data from five mice. (C) TAM-induced apoptosis was associated with RbAp48 expression in
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rials were then digested for 1 h at 37°C with 750 U/ml collagenase (Wako), 500
U/ml hyarulonidase type IV (Sigma), 1% bovine serum albumin, and 10 mM
HEPES (pH 7.4) in DMEM. After digestion, they were filtered through a 70-um
nylon mesh, centrifuged, and rinsed twice with DMEM containing 10% FCS.
These cells were cultured in chamber slides (Nalge Nunc International, Den-
mark) at a density of 5 X 10%well with DMEM containing 10% FCS. After cells
were cultured for 24 h, the medium was changed to HuMedia-KG2 (Kurabo,
Osaka, Japan).

Differential display analysis and Northern blotting. Total RNA was isolated
from TAM-treated or nontreated HSG cells and reverse transcribed for differ-
ential display PCR with an RNAimage kit (Gene Hunter, Nashville, TN). TAM-
induced cDNA fragments were gel excised and subcloned for TA vector. The
clones were screened with a cDNA library derived from mRNA of TAM-stim-
ulated HSG cells. The screened clone was transformed to plasmid and se-
quenced. Expressions of RbAp48 mRNA were detected by Northern blot anal-
ysis using 3°P-labeled RbAp48 cDNA probe. Equal loading of the gel was
confirmed by using B-actin cDNA probe. In addition, the human total RNA-
blotted membrane (Biocain Institute, Inc., San Leandro, CA) was used for
analysis of RbAp48 mRNA in various human tissues.

Apoptosis detection assay. Apoptosis was detected using the annexin V-fluo-
rescein isothiocyanate (FITC) apoptosis detection kit (Genzyme Corp.. Cam-
bridge, MA). Briefly, after cultured cells were washed with phosphate-buffered
saline, the cells were incubated with FITC-conjugated annexin V and propidium
iodide (PI) for 10 min at room temperature in the dark. Binding buffer was
added, and apoptotic cells were detected by flow cytometric analysis with an
EPICS flow cytometer (Beckman Coulter. Inc., Miami, FL).

Mice. Estrogen receptor a-deficient (ERa™7), p33~/~, E2F-17/7, or
C57BL/6 (B6) mice were purchased from Taconic (Germantown, NY), Jackson
Laboratory (Bar Harbor, ME), or Nihon Clea (Tokyo, Japan). These mice were
subjected to ovariectomy (OVX mice) and or to a sham operation (sham mice)
at 4 weeks of age. At 0 to 3 weeks after OVX, all organs were evaluated by
pathological or immunohistochemical analysis. To generate the RbAp48-trans-
genic (TG) mice, B6 mice were used to obtain fertilized eggs, and the gene
fragment containing RbAp48 cDNA regulated by salivary gland-specific pro-
moter (22) (provided by B. B. Larsen) was microinjected into the pronucleus of
fertilized eggs 10 establish the transgenic lines. Histopathological analysis of all
organs of RbAp48-TG mice screened by PCR was performed. All mice were
maintained in our specific-pathogen-free facility.

siRNA of RbAp48. Small interfering RNA (siRNA) corresponding to the
coding sequence +136 to +156 of the RbAp48 gene was synthesized by Hok-
kaido System Science (Sapporo, Japan) according to standard methods (23, 52)
for the following: sense, CGAGGAAUACAAAAUAUGGTT; antisense, CCA
UAUUUUGUAUUCCUCGTT. siRNA of the glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) gene (Ambion, Austin, TX) was used as a control.
siRNA (0 to 50 nM) and 1 g of pPCMV-green fluorescent protein (GFP) plasmid
were cotransfected into HSG, MCF-7 cells, and the IPTG-controlled RbAp48-
stable cell line (RHO) using a Silencer siRNA Transfection II Kit (Ambion) or
FuGENES (Roche). At 24 h after cotransfection, RHO cells were incubated with
IPTG for an additional 24 h. GFP* apoptotic cells were detected by flow
cytometry using phycoerythrin (PE)-conjugated annexin V.

E2F-1, ARF, and p33 siRNA. For siRNA of E2F-1, ARF, and p53, an siTrio
Fuli Set (B-Brigde International, Sunnyvale, CA) was used for HSG cells. Briefly,
each cocktail including the three RNA oligonucleotides listed below was trans-
fected into cells with a Quick-Step Transfection Kit (B-Brigde International).
Sequences of the oligonucieotide sets are as follows: for E2F-1, CCAACGUCCU
UGAGGGCAUTT (sense), AUGCCCUCAAGGACGUUGGTT (antisense), CU
GCAGAGCAGAUGGUUAUTT (sense), AUAACCAUCUGCUCUGCAGTT
(antisense), GGAAAGUGAGGGAGGGAGATT (sense), and UCUCCCUCCC
UCACUUUCCTT (antisense); for ARF, GCUCACCUCUGGUGCCAAATT
(sense). UCACCAAGAACCUGCGCACTT (antisense), GGGUUUUCGCGGU
UCACAUTT (sense), AUGUGAACCACGAAAACCCTT (antisense), GGGUU
UUCGUGGUUCACAUTT (sense), and AUGUGAACCACCACGAAAAC
CCTT (antisense), for p53, GGAAACUACUUCCUGAAAATT (sense), UUUU
CAGGAAGUAGUUUCCTT (antisense), CUGGAAGACUCCAGUGGUATT
(sense), UACCACUGGAGUCUUCCAGTT (antisense). CUUAGUACCUAAA
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AGGAAATT (sense), and UUUCCUUUUAGGUACUAAGTT (antisense).
Transfected cells were incubated with or without TAM, and confocal or flow cyto-
metric analysis was performed.

Western blotting. Whole-cell extracts of HSG or RHO cells were purified using
radioimmunoprecipitation assay buffer (50 mM Tris-HCI. pH 7.4, 150 mM NaCl.
1 mM EDTA, 1% NP-40, 1 mM dithiothreito! [DTT], 1 mM phenylmethylsul-
fonyl fluoride) supplemented with a protease inhibitor cocktail (Sigma Chemical
Co., St. Louis, MO). After centrifugation for 20 min at 12,000 rpm at 4°C, the
supernatant was extracted and used for samples. Also, to detect a-fodrin in
organs, tissue samples from OVX and sham C57BL/6 mice were extracted as
described above. Ten micrograms of each sample per well was used for 7.5 to
12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to polyvinylidene difluoride membranes, which were probed with anti-
RbAp48, anti-Rb (p110 and p130). anti-Bad, anti-Bax, anti-ARF (p14 and p19),
anti-cyclin D3 (BD Transduction Laboratories, Lexington, KY), anti-Mdm2,
anti-E2F-1, anti-phospho-Rb (Sigma), anti-p33, anti-phospho-p53 Ab sampler
kit (Ser6, Ser9, Serl3, Ser20, Ser37, Serd6, and Ser392; Cell Signaling Technol-
ogy Inc., Beverly, MA), anti-a-fodrin (Affiniti, Mamhead, United Kingdom), and
anti-p21 (Santa Cruz Biotechnology, Sania Cruz, CA) as the primary Abs, and
anti-a-tubulin, GAPDH, or histone MAb (Sigma) as internal control. The nitro-
cellulose membranes were incubated with peroxidase-conjugated horse anti-
mouse or rabbit immunoglobulin G (IgG; Vector Laboratories) as the secondary
Ab. Protein binding was visualized with ECL Western blotting reagent (Amer-
sham Corp., Arlington Heights, IL).

TUNEL assay. Apoptotic cells were detected in sections using the in situ
terminal deoxynucleotidyltransferase (TdT)-mediated dUTP-biotin nick end la-
beling (TUNEL) kit (Wako). Sections were incubated with proteinase K (20
p.g/ml) for 10 min and then presoaked in TdT buffer (0.5 uM cacodylate, 1 mM
CoCl, 0.5 uM DTT, 0.05% bovine serum albumin, 0.15 M NaCl) for 10 min.
Sections were incubated for 2 h at 37°C in 25 pl of TdT solution, containing 1X
terminal transferase buffer, 0.5 nmol of biotin-dUTP, and 10 U of TdT. After the
TdT reaction, sections were soaked in TdT blocking buffer (300 nM NaCl, 30
mM Tris-sodium citrate-2-hydrate), incubated with horseradish peroxidase-con-
jugated streptavidin for 30 min at room temperature, and developed for 10 min
in phosphate-buffered citrate (pH 5.8) containing 0.6 mg/ml DAB (3,3’-diamino-
benzidine-tetrahydrochloride-dihydrate). Nuclei were counterstained with hema-
toxylin. For confocal microscopic analysis, FITC-labeled UTP was used.

Caspase activity assay. Caspase activities were assayed using a caspase family
colorimetric substrate set (BioVision Inc.). Briefly, 100 pg of cytoplasmic lysates
of RHO cells was incubated with 200 WM Ac-YVAD-pNA (caspase 1 substrate),
Ac-VDVAD-pNA (caspase 2 substrate), Ac-DEVD-pNA (caspase 3 substrate),
Ac-WEHD-pNA (caspase 5 substrate), Ac-VEID-pNA (caspase 6 substrate), Ac-
IETD-pNA (caspase 8 substrate), and Ac-LEHD-pNA (caspase 9 substrate) at 37°C
for 1 h. The absorbance of samples was read at 405 nm in a microtiter plate reader.
The relative percent increase in caspase activity was determined by comparing these
results with the level of the uninduced control.

Gel shift assay. Nuclear extracts were prepared from RHO cells by a method
previously described (29). Nuclear extracts containing 5 pg of protein were
incubated in 20 pl of binding buffer (10 mM Tris-HCI, pH 8.0, 50 mM NaCl, 1
mM MgCl12, 0.5 mM DTT, and 4% glycerol) with or without a cold competitor.
The E2F-1 DNA probe, 5-TCCGTAGTTTTCGCGCTTAAATTTGAGAAAG
GGCGCGAAACTAGTC-3' (10,000 cpm) labeled with [y-*2PJATP was added,
and the samples were incubated at room temperature for 20 min. Reaction
mixtures were separated in a 4% polyacrylamide gel and autoradiographed on
X-ray film (Fujifilm, Kanagawa, Japan).

Immunohistochemical analysis. Immunochistochemical analysis of RbAp48
expression was performed on the sections of salivary and lacrimal glands from
sham, OVX B6, RbAp48-WT (wild type), and RbAp48-TG mice. Paraffin-
embedded sections were stained with anti-RbAp48 MAb (BD Transduction
Laboratories) as the primary Ab. Protein binding was detected with an LSAB2
kit containing horseradish peroxidase (DAKO, Carpineteria, CA) and DAB as a
substrate. The counterstaining of nuclei was performed with hematoxylin.

Confocal microscopy. Confocal microscopic analysis of RbAp48, E2F-1, ARF,
and p53 expression, and TUNEL-positive cells was performed on the cultured
cells, and frozen sections of salivary glands from sham, OVX ERa™/", p53™/~,

MSG cells from B6 mice, and the inhibitory effects with siRNA of RbAp48 construct were observed by confocal microscopic analysis. The
percentage of TUNEL™ apoptotic cells was enumerated as described. Cont, irrelevant siRNA control. Images are representative of three
independent experiments. (D) TAM-induced apoptosis was not associated with RbAp48 expression in the primary culture of MMG cells from B6
mice. TUNEL™" apoptotic cells were enumerated as described. Images are representative of three independent experiments.
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E2F17/~, RbAp48-WT, and RbAp48-TG mice using a Confocal Laser Mi-
croscan (LSM 5 PASCAL; Carl Zeiss, Germany). As the second Abs, Alexa
Fluor 488-anti-mouse IgG heavy and light chain [IgG (H+L)], Alexa Fluor 568-
goat anti-rabbit IgG (H+L), Alexa Fluor 488-donkey anti-rat IgG (H+L), Alexa
Fluor 488—chicken anti-goat IgG (H+L). and Alexa Fluor 568-rabbit anti-goat
IgG (H+L) were used. Nuclear DNA was stained with 4',6-diamidino-2-phe-
nylindole dihydrochloride.

BrdU incorporation. MSG cells from RBAp48 TG and WT mice were stim-
ulated with phorbol 12-myristate 13-acetate for 24 h. and 10 mM bromodeoxyuri-
dine (BrdU) was incorporated for the last 2 h. Fixed and permeabilized cells
were treated with DNase and stained with FITC-conjugated anti-BrdU antibody
(BD Pharmingen, San Diego, CA). The polyvinylidene difiuoride DNA synthetic
activity was analyzed by flow cytometry.

RESULTS

Identification of TAM-induced gene. We found a time-de-
pendent increase in apoptotic HSG cells stimulated with TAM,
and E2 treatment inhibited the apoptosis (Fig. LA). To identify
gene products specific to TAM-induced apoptosis in the sali-
vary gland cells, mRNAs from HSG cells treated with TAM
and nontreated cells were analyzed by a differential display
PCR method. From the samples isolated with the highest
grade of differential expression, we analyzed the mRNAs from
HSG cells treated with TAM and nontreated cells by a reverse
Northern blotting technique (Fig. 1B). The sequence of TAM-
induced mRNA corresponds (100%) to RbAp48. The expres-
sion of RbAp48 mRNA in HSG cells reached peak level at 2 h
after stimulation with TAM, and then the level decreased,
whereas increased expression of RbAp48 mRNA in MCF-7
cells was not observed (Fig. 1C). We confirmed the inhibitory
effects of siRNA on TAM-induced apoptosis in HSG cells, not
MCEF-7 cells, with siRNA (5 to 50 nM) of RbAp48 construct
(Fig. 1D). In addition, a dose-dependent inhibition of siRNA
(0 to 200 nM) on TAM-induced RbAp48 expression in HSG
cells, not MCF-7 cells, was observed (Fig. 1E). We next
searched the tissue distribution of RbAp48 mRNA using hu-
man tissue total RNA-blotted membrane by Northern blot
analysis. We found the highest level of expression of RbAp48
mRNA in the testis, which is consistent with the previous
report (33), and the lowest was found in the parotid salivary
gland (Fig. 1F), although the molecular mechanism by which
the lowest RbAp48 mRNA is expressed in the parotid glands is
unclear.

RbApA48 overexpression in estrogen-deficient mice. To con-
firm the in vivo overexpression of RbAp48 and apoptosis in
estrogen-deficient B6 mice, OVX was performed on mice at
the age of 4 weeks. Using Western blotting, we detected a
time-dependent increase in RbAp48 in the salivary and lacri-
mal gland tissues from 0 to 3 weeks after OVX (at the age of
4 to 7 weeks) but not in other organs, including mammary
glands (Fig. 2A). RbAp48™ and TUNEL™ apoptotic cells were
detected by immunohistochemical analysis in the salivary and
lacrimal gland sections from OVX B6 mice at the age of 7
weeks but not in sham mice (Fig. 2B). In vitro studies using
primary cultured cells from B6 mice demonstrated that TAM-
induced apoptosis was associated with RbAp48 expression in
MSG cells but not in MMG cells (Fig. 2C and D). We con-
firmed the inhibitory effects of siRNA in MSG cells but not in
MMG cells with siRNA of RbAp48 construct (Fig. 2C and D).

RbAp48 as a novel apoptosis-inducible gene. RbAp48
mRNA expression and apoptosis could be induced in HSG
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cells stimulated with TAM and a pure antiestrogen, ICI182780,
but not with other apoptotic stimuli such as staurosporin, pac-
litaxel, anti-Fas MAb, and etoposide (Fig. 3A). This indicates
that induction of RbAp48 mRNA expression might be depen-
dent on estrogen deficiency. To ensure the role of RbAp48 in
various types of cells, RbAp48 was transiently transfected, and
apoptosis was determined by flow cytometry using an annexin
V-FITC apoptosis detection kit. Among the cells examined
(HSG, MSG, MCF-7, HT-29, Colo201, HeLa, HepG2, SH-
SYSY, NEC14, THP-1, Jurkat, Raji, U937, and WI38), signif-
icant apoptosis was induced exclusively in the salivary gland
cells transfected with RbAp48 of both human and mouse ori-
gin (Fig. 3B). Notably, apoptosis was induced by transfection
with RbAp48 cDNA in MSG cells isolated from ERa™/~ mice,
indicating that this signaling might act in the downstream of
estrogen-ER binding. Apoptotic cells could not be induced
by the transgene of RbAp48 cDNA but was induced by TAM
in MCF-7 cells. We confirmed that the induction levels of
RbAp48 are the same in the other cell lines including Jurkat
and THP-1 as the HSG cells (Fig. 3C). We next generated and
analyzed the RbAp48-stable cell line (RHO), which was an
IPTG-inducible transfectant of RbAp48 in HSG cells, with a
LacSwitch II Inducible Mammalian Expression System using
repressor and operator vectors. Apoptosis was drastically in-
duced in IPTG-treated RHO cells in association with RbAp48
expression within 8 h (Fig. 3D). When we examined the effect
of siRNA on RbAp48-induced apoptosis, the apoptosis in
IPTG-treated RHO cells was clearly inhibited by siRNA of
RbAp48 but not by siRNA of GAPDH or an irrelevant control
(Fig. 3E).

Molecular mechanisms for RbAp48-induced apoptosis. We
next examined the molecular mechanisms responsible for
RbAp48-induced apoptosis. We detected upregulation of phos-
phorylated Rb, cyclin D3, p14ARF, Bax, Bad, cytochrome ¢
(Cyt ¢) and a cleavage product of a-fodrin (arrow) in IPTG-
treated RHO cells (Fig. 4A). Our previous report demonstrated
that a-fodrin is a candidate autoantigen of primary Sjogren’s
syndrome (10). When nuclear extracts of IPTG-treated RHO
cells were analyzed by gel shift assay, DNA binding activity of
E2F-1 was detected in RbAp48-induced apoptotic cells (Fig.
4B). E2F-1 protein was also detected in the nuclear extract by
Western blotting (Fig. 4B). It has been proposed that the
E2F-1 transcription factor serves as a link between the Rb/E2F
proliferation pathway and the p53 apoptosis pathway by induc-
ing the expression of pl4ARF, a protein that regulates p53
stability (36). We next focused on the p53-dependent pathway,
because MSG cells transfected with RbAp48 isolated from
p53~/~ mice are apoptosis resistant (Fig. 4C). When Adp53-
infected MSG cells were transfected with the RbAp48 gene,
apoptosis was rapidly induced (Fig. 4C). Phosphorylated p53
(Ser9) was found by Western blotting after 2 to 4 h, but no
other phosphorylated p53 (Serl5, Ser20, and Ser392) was de-
tected (Fig. 4D). The phosphorylation of p53 in the other sites
(Ser6, Ser37, and Ser46) was not observed (data not shown).
We also confirmed a time-dependent downregulation of
Mdm?2 (Fig. 4D), which is important as a regulatory partner of
p33 (47). Using Western blotting, we also detected increased
p21 expression, a major player in the p53-mediated pathway, in
IPTG-treated RHO cells (Fig. 4E). p53 induces apoptosis by a
multitude of molecular pathways, in addition to transactivation
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FIG. 3. Role of RbAp48 in salivary gland cell apoptosis. (A) HSG cells were treated with antiestrogenic reagents (1077 M TAM and 107’ M
ICI182780) and general apoptotic stimuli (staurosporin, paclitaxel, anti-Fas MADb, and etoposide). RbAp48 mRNA was quantitated with BAS-
200011, and message level was expressed as the ratio of RbAp48 mRNA/B-actin mRNA; the percentage of apoptotic cells was detected by
FITC-annexin V-PI was expressed for all of these agents. Graphs are representative of three independent experiments. (B) The RbAp48 gene was
transiently transfected into various cells using FUuGENEG. At 48 h after transfection of pCMV-RbAp48 plasmid or pCMV (mock) plasmid,
apoptotic cells were detected by FITC-annexin V-PL Data are the means = standard deviations of triplicate samples. The graph is representative
of three independent experiments. (C) The levels of the induction ratio of RbAp48 were shown to be the same in the other cell lines including
Jurkat and THP-1 as the HSG cells using Western blot analysis. The levels were expressed as the ratio of RbAp48/GAPDH protein. (D) Estab-
lishment of the RbAp48 stable cell clone. An increase in RbAp48 expression and apoptosis of IPTG-treated RHO cells were observed in a
time-dependent manner. Apoptotic cells were detected by FITC-annexin V-PL Data are means * standard deviations of triplicate samples.
Expressions of RbAp48 and GAPDH as an internal control were detected by Western blot analysis. Graph and images are representative of four
independent experiments. (E) Inhibitory effects of siRNA on RbAp48-induced apoptosis. IPTG-treated RHO cells were cotransfected with siRNA
(5 to 50 nM) of RbAp48 and pCMV-GFP. Apoptotic cells gated on GFP™ were detected by PE-conjugated annexin V. Data are means * standard
deviations of triplicate samples. Graph is representative of three independent experiments.
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FIG. 4. Molecular mechanisms responsible for RbAp48-induced apoptosis. (A) Contribution of cell cycle and mitochondrion-related molecules
in RbAp48-induced apoptosis of RHO cells. The lysates of IPTG-treated or nontreated RHO cells were used to detect RbAp48, Rb (p110 and
p130), phospho-Rb, cyclin D3, p14ARF, Bax, Bad, Cyt-c, the cleavage product of a-fodrin, and GAPDH for Western blot analysis. Blots are
representative of three independent experiments. (B) Detection of E2F-1 transcriptional activity in RbAp48-induced apoptosis. The nuclear
proteins of IPTG-treated RHO cells were analyzed by gel shift assay with an E2F-1 binding DNA probe. To confirm the specific binding to the
E2F-1 binding site, the mutant oligonucleotide and wild-type oligonucleotide as a competitor were used for this assay. E2F-1 protein was detected
in the nuclear extract by Western blotting. Histone was used for an internal control. Blots are representative of three independent experiments.
(C) Apoptosis of MSG cells from p53~/~ mice was not observed by RbAp48 gene transfection. Transfection with pCMV (Mock) was used as
control. MSG (p537/7) cells were infected with Adp33 and incubated for 24 h. The infected cells were cotransfected with the RbAp48 gene and



