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Data Recording

The PZT sensor was fixed with an adhesive plaster to a towel-
covered foam mattress in an incubator and covered with a folded
face towel, on which the neonate was placed; therefore, there were
2 layers of towel cloth between the PZT sensor and the back (or
chest/abdomen) of the neonate (fig. 1). Adhesive ECG electrodes
were also attached to the chest or back of a neonate for ECG/IPG.
In addition, other catheters, tubes or sensors (orogastric tube, per-
cutaneous central venous catheter, oxygen saturation monitor)
were used for all neonates, while an orotracheal tube, transcuta-
neous CO, monitor and umbilical arterial/venous catheter were
additionally used for serious cases. After placing the PZT sensor
under a neonate, a physician or nurse corrected the neonate’s po-
sition as usual during their routine work, but no attention was
paid to the PZT sensor setting during the measurement. In addi-
tion, the sleeping position of all neonates was routinely changed
at every 3 h into either supine, prone, right or left (side down) lat-
eral position.

PZT sensor output and ECG signal output from a patient
monitor (DS-5100E; Fukuda Denshi, Japan) were uploaded to a
computer installed with data acquisition software (Axoscope9;
Molecular Devices, USA) via a 2-channel A/D converter. An-
other data recording system (Acquisition 2.0; Unique Medical)
was used for three-channel recording including respiratory sig-
nal of IPG in addition to the above signals. Heart sounds,
breathing movement signals and other digital outputs of the
PZT system were not recorded so as to maintain data less than
~1 Gbyte; data were sampled at 2-millisecond intervals to give
a maximum file size for continuous recordings over 3 days of
~1 Gbyte. Measurement for each neonate was started at 0 (me-
dian, range 0-8) days and continued for 1-9 days. In the pre-
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liminary study, PZT sensor output and ECG signal were record-
ed for 5-10 min by a data recorder (PC204Ax; Sony, Japan) at a
sampling rate of 20 kHz to analyze the heart sound waveform

(fig. 2).

Brief Assessment of Inherent Performance of the PZT Sensor

Inherent performance of the PZT sensor was assessed using
data analysis software (Clampfit 9.2; Molecular Devices), which
is often used to analyze the firing rate of spontaneously firing
cells, and a spreadsheet application (Excel; Microsoft, USA) after
data recording. Firstly, the PZT sensor output signal was filtered
(high-pass 70 Hz: 8-pole Bessel) by a filter of the data analysis
software to extractheart sounds. Secondly, heart sounds and ECG
signals for 1 min each were extracted from periods when no large
noise, fluctuation, arrhythmia and apnea occurred. Thirdly, the
peak time data of every first sound (S;) and second sound (S,) in
the heart sound signal were then automatically sampled by tem-
plate search analysis (a type of pattern recognition processing) of
the data analysis software, which searches the whole record for
similar signals with a predefined representative $; epoch regard-
less of their amplitude. Then, using the spreadsheet application,
S-S, intervals were compared with corresponding R-R intervals,
which were similarly obtained from the ECG by template search
analysis after a filtering process (high-pass >5 Hz). §,-S, interval
errors arising from multi-peaks of the S; signal [7] were manually
corrected. Twenty-seven neonates (19 boys and 8 girls; GA 34.5 *
3.5 weeks, BW 2,027 £ 800 g) were recruited for this assessment
{table 1). Similarly, respiration signals obtained by the PZT sensor
and IPG for 1 min each were extracted and band-pass filtered
(0.5-0.6 and 0.5-0.8 Hz, respectively) to obtain the breathing in-
tervals of 11 newborn infants (5 boys and 6 girls; GA 35.0 + 3.6
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Table 1. Clinical characteristics of patients enrolled in long and short period assessments of heart rate and breathing rate detection by
the PZT sensor and those in body motility assessment in 2 groups that underwent ECG recording with and without the PZT sensor

measurement

Long and short period assessments

Body motility assessment

heart rate breathing rate ECG + PZT sensor ~ ECG only
(n=27) (n=11) (n=10) (n=10)
Age at measurement, days 0[0-3] 1[0-5] 1 [0-5] 0[0-3]
Gestational age at birth, weeks 34,9 [25.3-39.9] 35.0 [28.6-41.1] 34.0 [28.6-40.7] 35.2 [32.3-40]
Boys 19 (70) 5 (45) 5(50) 6 (60)
Neonatal weight, g 1,960 [742-4,126] 2,157 [1,117-3,316] 2,152 [1,117-2,852] 2,029 [1,302-2,434]
ELBW 2(7.4) 0(0) 0(0) 0(0)
VLBW 5(18.5) 2(18.2) 2 (20) 2 (20)
LBW 14 (51.9) 6 (54.5) 6 (60) 8 (80)
Diagnosis
Amniotic infection 1(3.7) 0(0) 0(0) 0(0)
Anal atresia 1(3.7) 0(0) 0(0) 0(0)
Asphyxia 1(3.7) 0(0) 0(0) 0(0)
Asphyxia neonatorum 1(3.7) 0(0) 0 (0) 0(0)
Atrial septal defect 1(3.7) 0(0) 0(0) 0(0)
Chromosome abnormality 1(3.7) 0(0) 0 (0) 0(0)
Cleft of the soft palate 0(0) 1(9.1) 0(0) 0(0)
Down syndrome 2(7.4) 0(0) 0(0) 0(0)
Duodenal atresia 1(3.7) 0(0) 0(0) 0(0)
Patent ductus arteriosus 2(74) 1(9.1) 1(10) 0(0)
Patent foramen ovale 1(3.7) 0(0) 0 (0) 0(0)
Peripheral pulmonary stenosis 1(3.7) 0(0) 0(0) 0(0)
Pierre Robin sequence 0(0) 1(3.7) 0(0) 0(0)
Pneumothorax 1(3.7) 0(0) 0(0) 0(0)
Respiratory distress syndrome 3(11.1) 0(0) 0(0) 0(0)
Transient tachypnea of the newborn 2 (7.4) 109.1) 1(10) 0(0)
Transient myeloproliferative disease 2 (7.4) 0(0) 0(0) 0(0)
Ventriculomegaly 0(0) 1(9.1) 1(10) 0(0)
Mechanical ventilation
Nasal continuous positive airway
pressure 3(11.1) 0(0) 0(0) 0(0)
Intermittent mandatory ventilation 2 (7.4) 0(0) 0(0) 0(0)
High frequency oscillation 2(7.4) 1(9.1) 1(10) 0(0)

Data are expressed as medians with ranges in square brackets or numbers with percentages in parentheses.

weeks, BW 2,150 * 650 g) by template search analysis to compare
the breathing interval between the two methods. These compari-
sons of cardiac and breathing intervals during a short period were
finally evaluated by the correlation coefficient and Bland-Altman
plot using a spreadsheet application.

Assessment of PZT Sensor Measurement of a Long Duration

Long-term assessment was unavoidably simplified because the
manual verification/correction of 1-min PZT data took2hand a
1-week data set would take ~10 years. However, the manual veri-
fication of data was not completely abandoned but we verified
data as much as possible, searching for errors by observing HR/
BR trend graphs and reanalyzing the periods with vertical lines
(fig. 3), which indicate false positives/negatives or noises, by

182 Neonatology 2010;98:179-190

changing threshold and template for template search analysis or
by measuring signal peaks manually.

Detection rates of HR and BR during >10 h (9 days maximum)
long measurement by the PZT system and ECG/IPG were evalu-
ated according to the total time during which cardiac beats and
respiratory activity were identified by template search analysis.
For the evaluation, raw data were divided into 24-hour records.
The divided data were then subjected to template search analysis
to obtain a series of S, and S, time peaks and peaks of R waves
after high-pass filtering of 70 and 5 Hz, respectively. These peak
time data were used to calculate instantaneous HR using a spread-
sheet application; HRs between 100 and 380 (beats/min) were
scored as correct because detecting the S-S, or $,-S,; interval
doubled the HR (fig. 3a, upper), while an acceptable cardiac inter-
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Fig. 3. Time courses of HR and BR for 1 h
measured by the PZT sensor system and
ECG/IPG. a Instantaneous HR detected 0-
by the PZT sensor system (HR-PZT: up-
per) and that by ECG (HR-ECG: lower).
HR-PZT has 2 traces: the upper trace indi-
cates doubled HR calculated from $;-S, a
and $,-S; intervals; the lower trace indi-
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val surrounded by several abnormal intervals (i.e., noisy condi-
tion) was scored as a failure to avoid overestimation. This auto-
matic analysis method seems to be reliable because a HR detection
rate of 95.7% during 10,000 s of representative data, including sig-
nal artifacts in part, was only 0.4% lower than that after a thor-
ough manual correction. In ECG analysis, an HR between 100
and 200 beats/min was scored as correct. Finally, the HR detec-
tion rate, i.e., % time of successful cardiac cycle detection to total
recording time, was calculated and compared between the PZT
sensor and ECG measurements.

Similarly, the BR detection rate between the PZT sensor and
IPG was compared by template search analysis and a spreadsheet
application after band-pass filtering of 0.5-0.6 and 0.5-0.8 Hz,
respectively. These comparisons were performed on selected data
area with fewer motion artifacts, which were distinguished by an-
alyzing template search analysis data; e.g., peak amplitude, maxi-
mum rise slope, instantaneous frequency, change in peak-peak
interval and change in peak amplitude.

As the evaluations of false positive and negative in bradycardia
and apnea are difficult in the case when ECG/IPG missed signals
although the PZT signal was good, and because of huge data size,
only false negatives in bradycardia/apnea detection were evalu-
ated during the period when ECG/IPG detected bradycardia/ap-
nea. Bradycardias of <80 beats/min for >5 s and apneas of >15 s
in 27 and 11 neonates, respectively, were compared between the
PZT sensor system and ECG/IPG.

Assessment of Discomfort

To assess whether the PZT sensor under the body is uncom-
fortable for a neonate, we compared the total amount of body
movements of neonates with and without the PZT sensor. A clus-
ter of body movements was counted when the baseline deflection
of raw IPG signal exceeded +2 V and it was repeated at intervals
of <20 s, and the time between the first and last deflection

A New Noninvasive PZT
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was determined as the duration of body movement. The total time
of body movements, including brief movements (twitch), was
summed over the period of measurement in each neonate using a
spreadsheet application. Ten newborn infants (5 boys and 5 girls;
2 VLBW and 8 LBW; median GA = 35.2 weeks; median BW =
2,029 g), with no complications were subjected to ECG measure-
ment without the PZT sensor to compare with the data of 10 neo-
nates (6 boys and 4 girls; 2 VLBW, 6 LBW and 2 normal weight;
GA = 34.0 weeks; BW = 2,152 g) who underwent ECG with the
PZT sensor recording (table 1). For the latter 10 neonates, 2/27 and
8/11 subjects were chosen from among the neonates who under-
went the HR and BR (brief/long) assessment, respectively. No sig-
nificant difference was found in GA (p = 0.31), weight (p = 0.83)
and Apgar score (p = 0.11; 9 vs. 10, at 5 min, median) between the
2 groups with and without the PZT sensor recording.

Statistical Analysis

Statistical significance between groups was assessed depend-
ing on the homogeneity of variance by Student’s t test or Welch’s
t test. Wilcoxon’s non-parametric test was also applied to reveal
significant differences. Data are expressed as the mean * SD, and
p < 0.05 was considered significant. Mann-Whitney’s U test was
used for the comparison of Apgar scores.

Results

We successfully detected heart sounds and breathing
movements of newborn infants in the preliminary study
using our custom-designed PZT sensor and an electric
circuit similar to the cardiorespiratory monitor for mice
(fig. 2) [7-9]. Differences in the signal waveform of heart
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Fig. 4. Results of brief analysis of cardiac interval detection. Rep-
resentative cross-correlation (a; open circles, r = 0.99) and differ-
ence plots (b) between the cardiac interval (CI) detected by PZT
sensor (CI-PZT) and that by ECG (CI-ECG). Solid and broken
lines indicate the means * 2 SD. Superimposed open-triangle
plots (a; r = 0.67) aggregated below the interval of 400 ms depict
reduced heart rate variability of 1 ELBW patient.

sounds and breathing movement between 4 sleeping po-
sitions (supine, prone, right or left side down) were not
large enough to disturb template search analysis to detect
cardiac and breathing intervals.

Brief analysis showed comparable performance of the
PZT sensor for HR/BR detection to ECG/IPG when neo-
nates were stable. Average cross-correlation coefficients
and differences between the cardiac interval detected by
the PZT sensor system and ECG were 0.92 + 0.12 and
-0.014 * 0.035 ms (n = 27), respectively (table 2; fig. 4),
and those between the breathing interval detected by the
PZT sensor system and IPG were 0.95 * 0.02 and -0.25
+ 1.45 ms (n = 11), respectively (table 3; fig. 5). Bland-
Altman plots showed that 96.8 £ 2.0and 95.2 £ 2.2% of
plots of differences in cardiac and breathing intervals, re-
spectively, fell within *2 SD of their mean values (ta-
bles 2, 3; fig. 4b, 5b). In addition, cross-correlation plots
of an ELBW patient markedly aggregated with small HR
variation (fig. 4a; open triangles).

Long assessment of HR and BR detection by the PZT
sensor was also successful when the body movement of a
neonate was small and infrequent (fig. 3); however, the

184 Neonatology 2010;98:179-190

Fig.5.Resultin briefanalysis of breathing interval detection. Rep-
resentative cross-correlation (a; open circles, r = 0.96) and differ-
ence plots (b) between the breath-to-breath interval (BBI) detect-
ed by PZT sensor (BBI-PZT) and that by IPG (BBI-IPG). Solid and
broken lines indicate the means + 2 SD.

measurement was often disturbed by body movements,
mechanical ventilation, routine care and breastfeeding
by the mother, etc., some of which required the neonate
to be held by the mother or nurses, and consequently
ECG electrodes became dislodged. These interferences
impaired heart sounds and breathing movement signals
as well as ECG and IPG (fig. 6). The HR detection rate by
the PZT sensor and ECG in all 27 neonates examined was
82.6 £ 12.9 and 91.8 £ 4.1% (p = 0.001), respectively,
while comparable in ~70% (18/27; from top in table 2) of
measurements (90.2 * 4.1 vs. 92.0 £ 3.4%; p = 0.078,
Student’s paired t test; p = 0.054, Wilcoxon signed rank
test).

Similarly, the BR detection rates in 11 neonates are
summarized in table 3. The BR detection rates obtained
by the PZT sensor system and IPG were 95.9 + 4.0 and
95.3 x 3.5%, respectively (p = 0.38, Student’s paired t test;
p = 0.15, Wilcoxon signed rank test), during the period
with fewer motion artifacts and other extrinsic distur-
bances. % time of the period was 76.0 + 12.5and 77.1 +
13.5% (p = 0.86, Student’s paired t test) of the total time
of PZT and IPG recording, respectively. Short periods of
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Table 2. Long (1-9 days) period assessment of HR detection rate (total time of successful HR detection/total measurement time) in
PZT sensor measurement (PZT) and ECG, and brief (1 min) assessment of correlation coefficient and difference of cardiac interval

between the PZT sensor measurement and ECG

Patient  Sex Long period assessment Brief assessment Body
No.. HR detecti : . - - ] weight
etection rate duration of average correlation difference £ SD number
measurement HR coefficient ms of plots &
PZT, % ECG, % days beats/min 1 <x28D,%
1 M 97.1 88.7 3 124 0.981 -0.032£2.72 98.4 2,222
2 E 95.5 96.9 7 132 0.892 -0.136 £3.89 94.7 1,272
3 M 94.6 92.6 7 125 0.986 -0.000£1.73 93.7 1,555
4 F 94.2 93.0 7 143 0.993 0.007 £1.12 96.5 1,582
5 M 94.0 96.0 8 141 0.986 0.014x1.18 100 1,287
6 M 94.0 86.3 1 125 0.979 -0.000 £1.67 96.8 2,182
7 M 93.6 91.3 7 165 0.828 -0.109 £2.63 98.8 1,252
8 F 91.6 96.1 7 111 0.983 -0.000£2.99 97.7 1,835
9 M 90.4 94.2 7 149 0.984 0.013+£1.33 98.8 2,082
10 M 89.8 94.1 3 126 0.997 0.016+1.74 96.9 2,392
11 M 87.7 91.9 5 132 0.999 -0.015x1.55 97.0 2,617
12 F 87.5 92.0 3 129 0.906 -0.000£1.38 97.7 4,126
13 F 86.9 89.8 3 146 0.834 0.014+1.40 97.3 1,960
14 F 86.3 97.4 9 180 0.432 -0.011£1.66 95.8 912
15 M 86.0 89.9 4 131 0.921 0.008+1.15 100 2,307
16 M 86.0 96.6 7 157 0.947 ~-0.000£1.21 96.1 2,140
17 M 85.5 92.7 4 116 0.970 ~-0.017£2.44 91.7 1,555
18 F 83.9 86.1 3 142 0.955 0.000x£1.51 96.5 1,932
19 F 82.3 87.8 4 130 0.991 -0.023£2.27 95.4 3,496
20 M 77.2 88.2 5 142 0.941 0.007£1.01 97.3 1,422
21 M 72.6 97.5 1(10h) 115 0.992 -0.035%£2.96 98.3 2,718
22 M 71.1 86.2 3 148 0.929 -0.020£1.37 95.3 3,437
23 M 68.5 85.4 5 133 0.987 -0.038£2.06 98.5 2,516
24 M 66.5 88.2 6 145 0.973 -0.000x£1.13 96.6 2,288
25 M 62.1 97.1 7 165 0.666 -0.026 £ 1.65 94.0 742
26 M 57.0 86.4 7 140 0.992 -0.014£1.84 94.4 1,856
27 M 47.9 96.5 8 166 0914 0.013+1.48 98.8 1,047

breathing cessation (apnea) and irregular breathing were
comparably detected by the PZT sensor and IPG during
long measurement (fig. 6a, left lower; 6b, right).

Bradycardias of <80 beats/min for >5 s (fig. 7) and ap-
neas for >15 s (fig. 6a, left lower) were found in 6/27 and
5/11 neonates, respectively. False negatives in the brady-
cardias were 4% (4/44 in 5 of the 6 neonates; 1 deselected
patient was ventilated with high frequency oscillation
(HFO) and showed false negatives of 82% due to signal
contamination; fig. 8), and among apneas false negatives
were found in 1 case (6%; 1/17 in 5 neonates) due to weak
signal intensity. In addition, total dislodging time of ECG
electrodes in the 27 and 11 neonates during long mea-
surement was 3,362 * 1,893 s (0.8 * 0.4%) and 3,547 =+
3,141 s (1.2 % 0.8%), respectively.

A New Noninvasive PZT
Cardiorespiratory Sensor for Neonates

Interference of the PZT sensor with neonates was not
perceivable as the difference in % time of body move-
ments between measurements by the PZT sensor with
ECG (24.0 £ 12.5%) and those by ECG alone (22.9 *
13.5%) was not significant (n = 10; p = 0.86, Student’s un-
paired t test; p = 0.92, Mann-Whitney U test; fig. 9). Al-
though complications were diagnosed only in the PZT
sensor group, the result may be not biased because the
amounts of motility of 3 patients with complications were
near the middle of the list (3rd, 6th and 7th). In addition,
the fact that extrinsic artifacts due to treatment by physi-
cians and nurses or parents may have been included in
the motion artifacts was not considered in this analysis.
In all 69 neonates who underwent the measurement with
the PZT sensor, there was no skin damage with severity
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Table 3. Long (1-4 days) period assessment of BR detection rate (total time of successful BR detection/total measurement time) in PZT
sensor measurement (PZT) and impedance pneumography (IPG), and brief (1 min) assessment of correlation coefficient and differ-
ence of breathing interval between the PZT sensor measurement and IPG

Patient Sex  Long period assessment Brief assessment Body
No. BR detection rate non-move time duration of average - correlation  difference plots weight
measurement - BR coefficient ~ (mean * SD) <£28D &
PZT,% IPG,% PZT,% IPG,% days beats/min ms %
1 F 99.2 99.1 69.2 73.9 2 39 0.94 -0.26 £43 5.1 1,917
2 M 99.0 99 72.8 73.3 3 39 0.96 -1.28+42 2.6 1,755
3 F 98.0 95.6 68.8 62.8 3 52 0.93 0.96+45 3.8 2,232
4 M 98.0 96.3 75.1 65.4 4 58 0.93 0.00£45 8.6 2,146
5 F 97.9 98.6 66.8 61.3 4 28 0.95 3.93£70 3.6 1,236
6 F 97.8 97.3 71.1 76.2 4 82 0.93 0.13£27 1.2 2,852
7 M 96.5 95.6 75.5 77.8 3 67 0.92 0.90 £ 40 4.5 2,288
8 M 95.9 95.3 76.9 81.4 1 56 0.98 -0.89+32 7.1 2,157
9 F 94.0 93.7 72.9 77.7 4 61 0.99 -0.56+9 4.8 2,630
10 M 9229 89 70.8 67.0 4 46 0.98 -0.43 %45 6.5 1,117
11 F 85.3 89.1 70.6 75.6 4 45 0.94 0.21+30 4.4 3,316

Non-move time = Total time of periods with no large signal perturbation during measurement.

of stages I, Il and III, from slight erythema to an abrasion
[1], at sides (right/left), back or chest/abdomen. Moreover,
the PZT sensor did not disturb the arrangement of other
tubes or catheters attached to the neonate or the routine
work of physicians and nurses.

Discussion

Cardiorespiratory monitoring by the proposed PZT
sensor is likely to be highly noninvasive for neonates, as
the PZT sensor caused no skin damage and did not in-
crease body movement (fig. 9) as an index of discomfort
[10-12]. Physicians who performed PZT sensor measure-
ment did not perceive any difference in the attitude of
neonates with and without the PZT sensor, although a
small stress due to the PZT sensor may have been masked
by the many tubes, catheters and adhesive plasters at-
tached to a neonate. Accordingly, the thin-shaped PZT
sensor with several holes, which never comes into contact
with the neonate’s skin, may be suitable for keeping a ne-
onate comfortable during long-term cardiorespiratory
monitoring in an incubator (fig. 1).

Brief assessment of HR and BR detection showed that
the PZT sensor has an inherently high performance com-
parable to ECG and IPG (r = 0.92 and 0.95), consistent
with a previous study in mice [7]. In addition, aggregated

186 Neonatology 2010;98:179-190

plots of the HR of an ELBW patient (fig. 4a; open trian-
gles) suggest that the PZT sensor can also be used to ana-
lyze HR variability, which has been considered to be a
prognostic risk indicator of life-threatening diseases in-
cluding sudden infant death syndrome (SIDS).

Long assessment of PZT sensor measurements again
showed a high HR detection rate (~90%) comparable to
ECGinalarge part (18/27) of the measurements (table 2).
While, a small group (5/27) showed alower HR detection
rate of <70% (68.5-47.9%), although it was not continu-
ously low throughout the measurement, but it was >80%
for 1-2 days in 3 of 5 neonates. The lower HR detection
rate was due to HFO ventilation in 2 neonates, frequent
body movements in 1 neonate and weak signal intensity
in another one (being transferred from a closed incuba-
tor to an open cot may have been the cause in 1 neonate).
In addition, frequent changes of sleeping position among
neonates might have influenced the HR detection rate.
Since these lower HR detection rates might have been
higher if the PZT signal had been displayed continuous-
ly on a monitor screen and sufficient attention to the sen-
sor settings had been paid by physicians or nurses, and
since the false-negative value in bradycardia detection
was low (4%), the capacity of the PZT sensor for long HR
measurement is probably sufficient for practical use in
the NICU.
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Fig. 6. Signal perturbations appeared during the simultaneous
measurement of PZT sensor system and ECG/IPG. a From top to
bottom: heart sounds obtained by the PZT system, ECG, breath-
ing movement obtained by the PZT system and impedance pneu-
mography (IPG). Each 4 signals in the left and right half-panels
were recorded simultaneously. Left panel shows signal pertur-
bations in heart sounds and ECG induced by a brief cessation
(~15 s) of breathing (apnea; lower 2 traces). Right panel shows
signal perturbations induced by a large body movement. S, signal

is dominant in the heart sounds in the left panel, while S, and S,
in the right panel are comparable. Several R waves in ECG are in-
articulate compared to the S; and S, (arrows) during the body
movement. b Signal perturbation in IPG signal was often larger
than in PZT sensor signal, i.e., breathing movement (left). Breath-
ing signal was often inarticulate in IPG (arrows) in contrast to
PZT sensor signal. Irregular breathing pattern was similarly de-
tected by both methods (right).
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Fig. 7. Representative traces of bradycardia _
recorded by the PZT sensor system (upper) 9 g
and ECG (lower). Heart sounds and R e

waves were clearly detected, and both car-
diac intervals were gradually increased
until a body movement emerged.
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PZT signal

Fig. 8. PZT sensor output signal (PZT sig-
nal) influenced by mechanical ventilation
(high frequency oscillation, HFO). The
signal is severely contaminated with arti-
fact of HFO (upper trace). High-pass (HP)
filtering reduced the noise and several §,
peaks are distinguishable by human eves
(middle trace), which corresponded to R
waves in ECG (lower trace), but not by au-

HP-filtered
PZT signal

[ ]

ECG
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B e T i et
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tomatic template search analysis.

50

% Time of body movement

Fig. 9. Effect of PZT sensor placement on body movements of ne-
onates. There was no significant difference in the mean (+SD)
%time of body movement between neonates with (+) and without
() the PZT sensor (n = 10, p = 0.86, Student’s unpaired t test).

Cardiac monitoring by the PZT sensor provides us ad-
ditional information on a lower frequency range, compli-
menting information obtained by a conventional stetho-
scope, which was developed by Laennec in 1819 [13]. The
lower frequency signal that probably represents gross
heart movement (fig. 2; arrows) may have useful informa-
tion for clinical diagnoses [Sato et al., unpublished data]
in addition to heart murmurs and accentuated second
sounds [14-16]. Visualized heart and lung sound signals
may contribute to increasing the detection rate of cardiac
function anomalies, excluding innocent heart murmurs
[15-19]. It may also be possible to predict an adverse neu-
rologic outcome at 1 year of age by analyzing abnormal
general movements [20-23], which can be detected by the
PZT sensor.

It was reported that respiratory activity monitoring by
a similar PZT sensor was in good agreement with that by

188 Neonatology 2010;98:179~190

a CO, respiratory monitor [24] or a thermistor airflow
sensor [7] in mice. However, a large deformation of respi-
ratory signal due to motion artifacts, routine care and
artificial ventilation made BR evaluation impossible in
about 30% of the total recording time in the present study
(table 3). Respiratory-signal deformation is also a recog-
nized problem in IPG [25-29] (fig. 6a, right; 6b, left low-
er). As a consequence, the BR detection rate was com-
pared between the PZT sensor and IPG using ~70% of
total data, which resulted in considerably good agree-
ment (fig. 5; table 3). As the impairment of respiratory
signals often occurred either in the PZT signal or IPG but
not always at the same time (fig. 6b, left lower, arrows),
respiratory monitoring with both a PZT sensor and IPG
might reduce the false alarms that often disturb nurses in
the NICU. In addition, as both methods detect different
information on respiratory activity from different sites
on a neonate’s body, it might be of help in discriminating
between central sleep apnea and obstructive sleep apnea
[Sato et al., unpublished data], and also in studying sud-
den infant death syndrome [30].

In the present study, long-term assessment was limited
by compromised evaluation due to the huge data size.
Nonetheless, according to the comparable HR detection
rate (difference 0.4%) in a representative 10,000 s data be-
tween automatic analysis with and without a thorough
manual verification, we believe that errors in HR/BR de-
tection rate with the simplified manual verification were
mostly within ® 1%. A more practical assessment will be
performed after manufacturing a real-time PZT sensor-
based cardiorespiratory monitor for newborns in the
NICU.

Many types of other PZT sensors for cardiorespiratory
monitoring have been proposed. They are generally sus-
ceptible to motion and have disadvantages for use in the

Sato et al.
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NICU; for example, a mattress-type sensor seems to be
difficult to handle in an incubator, to sterilize and let ba-
bies sleep comfortably. In contrast, our PZT sensor was
made as small as possible to impede motion artifacts
from a wider area, and a form mattress under the PZT
sensor attenuates extrinsic vibration from the floor prop-
agating through the bed frame of an incubator, although
the artifact of HFO is still unavoidable. The influence of
the HFO on heart sound signal should be resolved by ad-
vanced signal-processing algorithms such as pattern rec-
ognition, wavelet transforming or independent compo-
nent analysis [17, 31, 32] since the human eye can distin-
guish S; from HFO noise (fig. 8, middle trace). The PZT
sensor also showed strong durability for repetitive use of
over 12 months; it is easy to handle, to sterilize and to use
over along duration without changing the sensor because
it causes no skin irritation and because one does not have
to worry about wet-gel drying up that deteriorates signal
quality when using ECG electrodes.

In addition, we often observed a loss of ECG/IPG sig-
nal for several to 10 s of minutes although the PZT sensor
signal recorded continuously, which suggests that the two
systems can help each other when either one fails to de-
tect a signal. Accordingly, the PZT sensor system can be

used as a backup cardiorespiratory monitor for a more
secure monitor system, or as a main cardiorespiratory
monitor for a healthier infant who does not necessarily
require full ECG information. Furthermore, the system
may serve well as an advanced diagnostic tool for cardiac
diseases because it utilizes the PZT system and analyzes
information derived from both acoustic cardiography
and ECG [15, 16, 18].

In conclusion, the PZT sensor is noninvasive and does
not cause skin irritation, but we believe it does provide
reliable, accurate measurements for monitoring of long-
term cardiorespiratory activity of neonates in the NICU,
although the issue of mechanical ventilation noise (HFO
in particular) remains to be solved.
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Expression of wild-type, but not mutant, loricrin
causes programmed cell death in HaCaT keratinocytes
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ABSTRACT

The epidermal cornified cell envelope is a complex protein-lipid composite that replaces the plasma membrane of
corneocytes and is crucial for epidermal barrier function. Loricrin is a major constituent of the epidermal cornified
cell envelope, contributing approximately 70% by mass. In order to explore novel function of wild-type (WT) loricrin
other than the major component of the epidermal cornified cell envelope, we transiently expressed construct encod-
ing human WT and mutant loricrin (730insG) in HaCaT keratinocytes. HaCaT cells transfected with WT or mutant
loricrin were at differentiation level. WT loricrin in the transfected cells was seen diffusely in the cytoplasm and nuclei.
Positive transferase deoxytidyl uridine end labeling staining was observed in the nuclei of WT loricrin-transfected
HaCaT keratinocytes. Data from the DNA fragmentation assay showed that only WT loricrin induced DNA ladders
compared with that of mutant loricrin. WT loricrin-transfected HaCaT keratinocytes were susceptible to pro-
grammed cell death (PCD). Activation of caspase-14 was also seen. In contrast, PCD or activation of caspase-14
did not occur in mutant loricrin-transfected HaCaT cells. These results suggest that the expression of WT loricrin

facilitates induction of PCD in HaCaT keratinocytes.

Key words: caspase-14, cornified cell envelope, loricrin, programmed cell death.

INTRODUCTION

Loricrin is a glycine-, serine- and cystein-rich basic
protein expressed in the granular cell layer of the epi-
dermis, where it is first stored in aggregates (L-gran-
ules in mouse, keratohyalin granules in human) that
are predominantly cytoplasmic, but also seen in the
nucleus.”® In the last stage of terminal differentiation,
these aggregates are dispersed and loricrin is
assembled into the cornified cell envelope where it is
cross-linked with the other cornified cell envelope
components. Recently, mutations in the loricrin gene

have been reported in Vohwinkel syndrome with
ichthyosis (Online Mendelian Inheritance in Man
[OMIM] 604117).”~"7 Furthermore, Ishida-Yamamoto
et al.™* identified a similar loricrin mutation in a family
with progressive symmetric erythrokeratoderma
(OMIM 602036). These syndromes are now collec-
tively named loricrin keratoderma. So far, four types
of loricrin mutations have been detected in genomic
DNA from nine families. The most frequent mutation,
730insG, has been found in families from the UK,
Japan and Germany. A defective protein generated
from the mutant loricrin allele in Vohwinkel syndrome
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is unusual. It generates a frame-shift before its termi-
nal 84 codons, which further extends the polypeptide
22 amino acids beyond the C-terminal domain of the
wild-type (WT) protein. This C-terminal domain of the
mutant, but not WT, loricrin polypeptide is predicted
to contain a nuclear localization signal. To explore the
molecular mechanisms for abnormal keratinization
caused by mutant loricrin, it is essential to know the
function of WT and mutant loricrin in vivo and in vitro.

In this study, we sought to determine the function
of WT loricrin in HaCaT keratinocytes using transient
transfection as a means of ectopic protein expres-
sion. We report here that expression of human WT,
but not mutant, loricrin leads to programmed cell
death (PCD) with the activation of caspase-14.

METHODS

Plasmid construction

Genomic DNA containing the entire coding region of
WT loricrin' and mutant loricrin'® was subcloned into
pcDNA 3.1/V5-His vector (Invitrogen, San Diego, CA,
USA). The most frequent mutation, 730insG, was
chosen for the present study. The sequence of
each of the plasmid constructs was verified by the
dideoxynucleotide chain termination method using
the 377 DNA sequencing system (Applied Bio-
systems, Foster City, CA, USA).

Cell culture and plasmid transfection

The culture and transfection of HaCaT cells were car-
ried out as previously described.'®'® Briefly, cells
were plated on 35 or 60 mm culture dishes at a den-
sity of 4 x 10° cells/mL 24 h before plasmid transfec-
tion, and cultured in Dulbecco’s modified Eagle’s
medium (450 mg/dL glucose) supplemented with
10% (v/v) fetal bovine serum. A portion of 2 pg of WT
loricrin or mutant loricrin in pcDNA3.1/V5-His vector
for 35-mm dishes and 10 pg for 100-mm dishes
was transfected into cells with LipofectAMINE plus
reagent (Invitrogen) according to the manufacturer’s
instructions. Forty-eight hours after transfection, cells
were collected for further analysis. In each experi-
ment, transfection efficiency was confirmed to be
similar among types of transfected plasmids using
X-gal staining. The percentage of cell death induced
by WT loricrin was determined by transfecting cells
with pcDNA3.1/V5-His vector (mock), pcDNA3.1/

© 2010 Japanese Dermatological Association
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V5-His WT loricrin and pcDNAS3.1/V5-His mutant
loricrin. PCD cells were identified by visual inspection
with a Nikon inverted fluorescence microscope
(Nikon, Tokyo, Japan). The uptake of Trypan blue and
SYTO 13 (Invitrogen) was used to confirm the number
of PCD. Each experiment was performed at least
five times, with 10 000 cells counted for each
determination.

Primary antibodies

The anti-V5 antibody was purchased from Invitrogen,
polyclonal rabbit anti-human keratin antibody from
DAKO (Glostrup, Denmark), anti-caspase-14, anti-
filaggrin, anti-transglutaminase-1, anti-involucrin and
anti-a-tubulin antibody from Santa Cruz Biotech
(Santa Cruz, CA, USA), and anti-envoplakin and anti-
periplakin antibody from Abcam (Cambridge, UK).

Immunofluorescence microscopy
Immunostaining was performed exactly as described
previously.?® After 48 h of transfection, HaCaT cells
on glass coverslips were fixed with methanol. Cells
on glass coverslips were incubated with primary anti-
bodies (anti-V5 [1:300], anti-keratin [1:200], anti-envo-
plakin {1:300], anti-periplakin [1:300], anti-involucrin
[1:300], anti-transglutaminase-1 [1:300], and anti-
filaggrin [1:300]) overnight at 4°C, and detection was
made with fluorescein isothiocyanate-conjugated
antibody to rabbit immunoglobulin (Ig)G or a combi-
nation of Cy3-conjugated streptavidin and biotin-
conjugated antimouse IgG. Immunofluorescent
images were viewed with a confocal laser micro-
scope (Olympus, Tokyo, Japan).

Immunoblot analysis

Immunoblot analysis was performed exactly as
described previously.’ After 48 h of transfection,
HaCaT cells were lysed in Laemli buffer (consisting of
62.5 mmol/L Tris-HCI (pH 6.8), 25% glycerol, 2%
sodium dodecylsulfate [SDS], 0.01% bromphenol
blue) on ice for 30 min. Cell debris was removed by
centrifugation at 20 380 g for 1 min, and supernatant
(cell lysates) was coliected. Protein concentrations in
cell lysates were determined using Bradford reagent
(BioRad, Hercules, CA, USA). Cell lysates con-
taining 30 pg proteins were electrophoresed on an
SDS/polyacrylamide gel and transferred to a nitrocel-
lulose membrane. The membrane was incubated with
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primary antibody (anti-V5 [1:1000], anti-caspase-14
[1:5000] and anti-a-tubulin [1:200] antibody) for 2 h
at room temperature, followed by incubation with
horseradish peroxidase (HRP)-conjugated appropri-
ate secondary antibody, and the proteins were
detected using an enhanced chemiluminescence
system (Amersham Biosciences, Piscataway, NJ,
USA) according to the manufacturer’s instructions.

TUNEL staining

Transferase deoxytidyl uridine end labeling (TUNEL)
staining was performed with ApopTag apoptosis
detection kit (Intergen, Burlington, MA, USA) exactly
as described previously.'® HaCaT cells on coverslips
were fixed with —20°C methanol, rinsed with phos-
phate buffered saline (PBS) two times, and treated
with 10% normal goat serum for 10 min. They were
then incubated with the anti-V5 antibody for 30 min,
rinsed with PBS three times, and incubated with bio-
tin-conjugated goat antimouse IgG (Sigma, St Louis,
MO, USA) for 30 min, followed by incubation with
streptavidin-Cy3 conjugate (Sigma) for 30 min. Cells
were incubated with working strength TdT enzyme at
37°C for 1 h, extensively washed with stop/wash
buffer and PBS, and incubated with anti-digoxigenin
conjugate fluorescent dye for 30 min. They were
mounted on a glass slide with PermaFluor (Thermo-
Shandon, Vernon Hills, IL, USA) and observed by
confocal laser microscope (Olympus).

DNA fragmentation assay

After 48 h of transfection, HaCaT cells were lysed
in lysis buffer (10 mmol/L Tris-HCI (pH 8.0), 100
mmol/L NaCl, 1% SDS, 1 mmol/L ethylene diamine
tetra acetate, and 2 mg/mL proteinase K) for 1 h at
65°C. Following two successive extractions with phe-
nol/chloroform, the DNA samples were precipitated
in ethanol. After washing with 70% ethanol, the
DNA samples were resuspended in TE buffer and
subjected to 2% agarose gel electrophoresis.

Statistics

All values are presented as means = standard error
of the mean. The significance of the difference from
the respective controls for each experiment test con-
dition was assayed using a Student’s t-test for each
paired experiment. An anova was used to test for
significance (P < 0.05).

958

RESULTS

Subcellular localization of WT and mutant
loricrin

Genomic DNA containing the coding region of WT
loricrin and mutant loricrin was subcloned into
pcDNAS.1/V5-His vector. The most frequent muta-
tion, 730insG, was chosen for this study. The trans-
fection efficiencies for WT and mutant loricrin were
almost the same. Immunoblot analysis using anti-v5
antibody revealed that WT loricrin (Fig. 1a, arrow,
35 kDa) and mutant loricrin (arrowhead, 42 kDa) were
expressed to almost the same degree (Fig. 1a).
Although the expected molecular mass of WT loricrin
is 35 kDa, the migrating position of WT loricrin was
around the 37-kDa molecular marker. We think this
migration is due to many aliphatic amino acids (gly-
cine/serine/cystein) in WT loricrin. Next, to determine
whether mutant loricrin protein localizes in the
nucleus in cultured keratinocytes as in keratinocytes
of loricrin keratoderma in vivo,” we transfected
HaCaT cells with V5-tagged WT loricrin or mutant
loricrin, the mutation in loricrin keratoderma, and
stained them with an anti-V5 antibody and an anti-
keratin antibody. WT loricrin distributes in the cyto-
plasm and nucleus (Fig. 1b, upper right panel). Mutant
loricrin, which is predicted to get a nuclear locali-
zation signal, seems to localize in the nucleolus
(Fig. 1c, upper right panel). Why it localizes in the
nucleolus, rather than nucleus, is not clear as
reported by Ishida-Yamamoto et al.?’ We analyzed
4 000 000 cells and found that transfection effi-
ciency was the same in either semi-confluent or
non-confluent state. That is, transfection efficiency
was not dependent on confluency. When WT lorictin
was transfected, we observed cells shrinking perhaps
due to PCD.

Differentiation level of the HaCaT cells

transfected with WT .or mutant loricrin

At first, we transfected WT loricrin and mutant loricrin
into normal human epidermal keratinocytes. Normal
human epidermal keratinocytes were purchased from
KURABO (Osaka, Japan). These primary human epi-
dermal keratinocytes were cultured and transfected
as described by DiColandrea et al.?? However, we
could not transfect WT and mutant loricrin constructs
into normal human epidermal keratinocytes. That was
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Figure 1. (a) Immunoblot analysis of wild-type (WT) loricrin-transfected HaCaT cells and mutant loricrn-transfected HaCaT
cells. Immunoblot with anti-V5 antibody revealed that WT loricrin and mutant loricrin were expressed to almost the same degree.
Arrow denotes 35-kDa WT loricrin including V5 tag sequence. Arrowhead denotes 42-kDa mutant loricrin including V5 tag
sequence. Although the expected molecular mass of WT loricrin is 35 kDa, the migrating position of WT loricrin was around the
37-kDa molecular marker. We think this migration is due to many aliphatic amino acids (glycine/serine/cystein) in WT loricrin.
(b,c) Distribution of WT loricrin-V5 and mutant loricrin-V5 of transfected HaCaT keratinocytes. HaCaT keratinocytes were trans-
fected with either plasmid pcDNA3.1/V5-His-WT loricrin or plasmid pcDNA3.1,/V5-His-mutant loricrin. Cells were fixed at 48 h
post-transfection, and the fate of the transfected gene product was examined by double-label immunofluorescence. To
visualize the transfected gene product, cells were stained with a mouse monoclonal antibody recognizing the sequence
of V5. Antibody staining was followed by biotin-conjugated antimouse immunoglobulin G and Cy3-conjugated streptavidin.
(b) Double-stainings of HaCaT cells with 1:100-diluted anti-V5 antibody (red) and 1:100-diluted anti-keratin antibody (green).
WT loricrin distributes diffusely in the cytoplasm and in the nuclei in transfected cells. (Scale bars: 25 um.) (c) Double-stainings
of HaCaT cells with 1:100-diluted anti-V5 antibody (red) and 1:100-diluted anti-keratin antibody (green). Mutant loricrin distrib-

utes in the nucleolus as a V5-positive immunoreactive granule. (Scale bars: 25 um.) DIC, differential interference contrast.

to say, transfection efficiency was so low (<0.1%) that
we could not detect WT or mutant loricrin with immu-
noblot analysis. Then, we decided to use HaCaT
cells. The HaCaT keratinocyte cell line is a spontane-
ously transformed human epithelial cell line derived
from adult skin which maintains full epidermal differ-
entiation capacity.?® The transfection efficiency into
HaCaT cells was approximately 3%. Because the
expression of WT and mutant loricrin is observed only
in morphologically different keratinocytes, we tried to
estimate the differentiation level of WT and mutant
loricrin transfected HaCaT cells. WT loricrin-transfect-
ed HaCaT cells exhibited positive immunoreactivities
for periplakin, envoplakin, involucrin, transglutamin-
ase 1 and filaggrin. Mutant loricrin-transfected HaCaT
cells also exhibited positive immunoreactivities for
periplakin, envoplakin, involucrin, transglutaminase 1
and filaggrin. Mutant loricrin in the nucleoli co-local-
ized with periplakin, envoplakin, involucrin, trans-
glutaminase 1 and filaggrin (Fig. 2). We could not
transfect WT or mutant loricrin into non-differentiated
level HaCaT cells (filaggrin-negative HaCaT cells).
These results suggest that HaCaT cells expressing

© 2010 Japanese Dermatological Association

WT or mutant loricrin are at differentiation level
because periplakin, envoplakin, involucrin, transgluta-
minase 1 and filaggrin are differentiation markers.

PCD and activation of caspases-14 in HaCaT
cells expressing WT loricrin
To explore whether WT loricrin induces PCD in
HaCaT cells, we first examined the effects of WT
loricrin on cell morphology. Forty-eight hours after
transfection, the number of cell deaths was deter-
mined by counting 10 000 HaCaT cells under a
phase-contrast microsocpe. PCD cells were judged
by staining both PCD nuclei with SYTO 13 and
plasma-membrane permeabilization with Trypan
blue. When WT loricrin was transfected, PCD cells
which contained PCD nuclei were increased (Fig. 3a).
PCD cells in 10 000 cells increased from 9 + 2.2 of
mock to 103 + 4.3 of WT loricrin. In contrast, mutant
loricrin did not increase PCD cells (8 + 4.1 cells).
Furthermore, positive TUNEL stainings were
observed in the nuclei in WT loricrin-transfected cells
(Fig. 3b). Data from the DNA fragmentation assay
showed that only WT loricrin induced DNA ladders
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Figure 2. Differentiation level of the HaCaT cells after transfection of wild-type (WT) and mutant loricrin. WT loricrin-transfected
HaCaT cells exhibited positive immunoreactivities for periplakin, envoplakin, involucrin, transglutaminase 1 and filaggrin. Mutant
loricrin-transfected HaCaT cell also exhibited positive immunoreactivities for periplakin, envoplakin, involucrin, transglutaminase
1 and filaggrin. We could not transfect WT or mutant loricrin into non-differentiated level HaCaT cells (filaggrin-negative HaCaT

cells). (Scale bars: 25 um.)

(Fig. 3c). Immunoblot analysis using anti-caspase-14
antibody revealed that processing the p11 fragment
was observed only in WT loricrin-transfected cells
(Fig. 3d, arrow). Caspase-14 was not activated in
mock or mutant loricrin-transfected HaCaT cells.

DISCUSSION

As far as we know, we showed for the first time that
procaspase-14 was processed and activated accom-
panying PCD when we transfected WT loricrin in
HaCaT cells. In contrast, transient expression of
mutant loricrin in HaCaT keratinocytes does not result
in PCD or activation of casapse-14. The number of
PCD cells in cells transfected with WT loricrin was
markedly higher than that in cells of transfected mock
or mutant loricrin. In addition, we showed positive
TUNEL staining in WT loricrin-transfected cells.
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Although we demonstrated that PCD occurred in the
HaCaT cells after transient transfection of WT loricrin,
we assume that this response represents a tissue-
specific form of PCD that differs from classical apop-
tosis. The frame-shift mutations in the loricrin gene
have produced mutant forms of loricrin with altered
and extended COOH termini, as a consequence
of alternative, downstream termination signals.
Thus, the common feature of all loricrin mutations
described to date is replacement of the COOH-termi-
nal Gly- and Gin/Lys-rich domain with highly charged
Arg- and Leu-rich domain amino acid sequences.
Because the COOH-terminus of mutant loricrin is very
different from the WT loricrin, namely, acquiring a
nuclear localization signal, mutant loricrin accumu-
lates in the nucleus. Mutant loricrin overexpressed in
HaCaT cells by transfection did not cause PCD
in vitro, which might be related to pathogenesis of
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Figure 3. Induction of programmed cell death (PCD) by wild-type (WT) loricrin but not by mutant loricrin. (@) Number of PCD
cells was significantly higher in WT loricrin than in mock or mutant loricrin (morphology) (n = 5). Quantification of PCD was per-
formed by both staining PCD nuclei with SYTO 13 and plasma-membrane permeabilization with Trypan blue. (b) Double-stain-
ings with 1:100-diluted anti-V5 antibody (red; upper right panel) and transferase deoxytidy! uridine end labeling (TUNEL) staining
(green; upper left panel). Lower left panel shows merge of the two stainings. Positive TUNEL stainings were observed in the
nuclei in WT loricrin-transfected cells. (Scale bars: 25 um.) (c) Data from the DNA fragmentation assay showed that only WT
loricrin induced DNA ladders. (d) Activation of caspase-14 by WT loricrin. Immunoblot with 1:5000 diluted anti-caspase-14 and
with 1:200 diluted anti-a-tubulin antibody. Caspase-14 was activated in WT loricrin-transfected cells. Similar data were obtained
in five experiments. DIC, differential interference contrast.

keratoderma although more studies are needed. Ish-
ida-Yamamoto et al."® reported that number of TUN-
EL-positive cells was increased in the skin of loricrin
keratoderma. They reported that epidermal differenti-
ation in loricrin keratoderma seemed to be disrupted
at the very late stages, immediately before the dis-
integration of apoptotic nuclei containing profilaggrin
amino-terminus. Anti-apoptotic protein, such as
Mcl-1, might be expressed more abundantly in

© 2010 Japanese Dermatological Association

HaCaT cells than in vivo epidermis because HaCaT
cells were spontaneously immortalized an aneuploid
human keratinocyte cell line.?*

Filaggrin is an intermediate filament-associated
protein that aggregates epidermal keratin filaments
in vitro and is thought to perform a similar function
during terminal differentiation in vivo. Loricrin and
filaggrin are two major proteins expressed by termi-
nally differentiated epidermal keratinocytes. Recently,
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the importance of filaggrin has been underscored by
demonstrating that loss-of-function mutations in the
profilaggrin gene underlie the skin disease ichthyosis
vulgaris, and that they strongly predispose to atopic
dermatitis and asthma.?>2® Dale et al.?” showed that
transient expression of filaggrin in epithelial cells led
cell contraction, nuclear membrane breakdown and
nuclear condensation. Dale et al?’ and Kuechle
et al.?® stated that a low transfection rate is also seen
in filaggrin constructs (<2%) as we observed with WT
and mutant loricrin constructs. They reported that
green fluorescent protein (GFP) and B-galactosidase
control constructs showed 15-20% transfection rate.
We also observed that the transfection rate of
pcDNAS.1/V5-His WT keratin 14 was 20-30%. We
also tried Lipofectamine 2000 (Invitrogen) as a trans-
fection reagent. However, transfection efficiency of
loricrin was almost the same as using LipofectAMINE
plus reagent (Invitrogen). The reason why there is dis-
parity in transfection rate between loricrin and keratin
14 constructs is not currently clear. In addition, we
could not detect proteins by immunoblot analysis
after transfection of WT and mutant loricrin constructs
into cultured normal human epidermal keratinocytes.
Similarly, we observed a cystatin A expression vector
with cytomegalovirus immediate early promoter could
not transfect cystatin A in cultured normal human epi-
dermal keratinocytes.?® Transfection of cornified cell
envelope component proteins such as loricrin, filag-
grin or cystatin A into cultured keratinocytes may be
very difficult.

We formerly showed that no alterations could be
observed in mice with an approximately twofold over-
expression of human WT loricrin.® We also observed
that human cystatin A transgenic mice did not show
any abnormalities in the epidermis or hair follicle.?®
Presland et al.*® created human filaggrin transgenic
mice and observed no abnormalities in the epidermis,
hair structures or tissue organization. Interestingly
enough, there was no evidence of altered keratin fila-
ment organization in the suprabasal layers of filaggrin
transgenic epidermis. On the contrary to these trans-
genic mice in vivo data, we observed that WT loricrin-
transfected HaCaT keratinocytes were susceptible to
PCD. Dale et al.?” proved that transient transfection
of epidermal filaggrin efficiently aggregates keratin fil-
aments when expressed in vitro either in rat keratino-
cytes (keratin5/keratin14 and keratin1/keratin10) or
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monkey COS-7 cells (keratin8/keratin18). Presland
et al.%>*" reported that there was a disruption of cell-
cell adhesion in keratinocytes overexpressing filag-
grin, which they did not observe in transgenic mice
overexpressing filaggrin. They speculated that cul-
tured cells might be more sensitive to keratin filament
disruption than epidermal tissue, which expressed a
greater diversity of keratin proteins and thus con-
tained a more robust intermediate filament network
with stronger cellcell adhesion through desmo-
somes. Similarly, we think cultured HaCaT cells may
be more sensitive to various PCD stimuli than in vivo
epidermal tissue which express a greater diversity of
keratin proteins and contain an abundant type | kera-
tin proteins that are known to prevent apoptosis.

Although the bulk of WT loricrin exists within kera-
tohyalin granules and cornified cell envelope, WT lori-
crin is also known to be present in the nucleus at
in vivo epidermis.* We also confirm that WT loricrin
distributes in the nucleus in vitro transfected HaCaT
cells. However, the function of WT loricrin is not
known yet. The profilaggrin N-terminal domain local-
izes to both cytoplasm and nucleus of epidermal
granular layer cells. Profilaggrin is a large phospho-
protein that is expressed in the granular cells of epi-
dermis where it is localized in keratohyalin. It consists
of multiple copies of single filaggrin units plus N- and
C-terminal sequences that differ from filaggrin. The
N-terminal sequence of human profilaggrin comprises
two distinct domains; an acidic A domain of 81 amino
acids that binds calcium, and a cationic B domain of
212 residues. The cellular distribution of WT loricrin is
similar to that of profilaggrin N-terminal domain. We
speculate that WT loricrin may interact with profilag-
grin N-terminal domain in vivo and that this interaction
may have some role in normal epidermal keratini-
zation. To explore the expression of nuclear WT lori-
crin in cultured keratinocytes and epidermis and
examine its association with profilaggrin N-terminal
domain would be of great interest as a future project.

In summary, this study shows that expression of
WT loricrin in HaCaT keratinocytes causes PCD
whereas mutant loricrin is unable to cause PCD. Our
results may implicate novel function of WT loricrin
considering that the overexpression of filaggrin and
profilaggrin results in PCD in both simple epithelial
cells (COS-7) and rat epidermal keratinocyte cell line
(REK).2”

© 2010 Japanese Dermatological Association
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Background: In Asians, mutations in the known maturity-onset diabetes of
the young (MODY) genes have been identified in only <15% of patients.
These results were obtained mostly through studies on adult patients.
Objective: To investigate the molecular basis of Japanese patients with
pediatric-onset MODY-type diabetes.

Subjects: Eighty Japanese patients with pediatric-onset MODY-type diabetes.
Methods: Mitochondrial 3243A>G mutation was first tested by the
polymerase chain reaction restriction fragment length polymorphism analysis
for maternally inherited families. Then, all coding exons and exon—intron
boundaries of the HNFI1A, HNFIB, GCK, and HNF4A genes were amplified
from genomic DNA and directly sequenced. Multiplex ligation-dependent
probe amplification analysis was also performed to detect whole-exon
deletions.

Results: After excluding one patient with a mitochondrial 3243A>G,
mutations were identified in 38 (48.1%) patients; 18 had GCK mutations, 11
had HNFI A mutations, 3 had HNF4A4 mutations, and 6 had HNFIB
mutations. In patients aged <8 yr, mutations were detected mostly in GCK at
a higher frequency (63.6%). In patients >9 yr of age, mutations were identified
less frequently (45.1%), with HNFI A mutations being the most frequent. A
large fraction of mutation-negative patients showed elevated homeostasis
model assessment (HOMA) insulin-resistance and normal HOMA-$ indices.
Most of the HNFI B mutations were large deletions, and, interestingly, renal
cysts were undetectable in two patients with whole-gene deletion of HNFIB.
Conclusion: In Japanese patients with pediatric-onset MODY-type diabetes,
mutations in known genes were identified at a much higher frequency than
previously reported for adult Asians. A fraction of mutation-negative patients
presented with insulin-resistance and normal insulin-secretory capacities
resembling early-onset type 2 diabetes.
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