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anterior [Z] directions). (a) With-

out gas removal in non-whole pelvic radiotherapy (WPRT) arm. (b) With gas removal in non-WPRT arm. (c) Without gas

removal in WPRT arm. (d) With gas removal in WPRT arm.

the non-WPRT arm, and in the Z direction (p = 0.005) for the
WPRT arm (Table 3). The 95% confidence limit displace-
ments of the seminal vesicle COM (CLS) in the rectal gas
removal group was smaller than in the non-gas removal
group in all directions. The 95% CLS was reduced by
0.4 mm in the X direction, 0 mm in the Y direction, and
1.9 mm in the Z direction for the non-WPRT arm with rectal
gas removal. For the WPRT arm, the 95% CLS was reduced
by 0.7 mm in the X direction, 1 mm in the Y direction, and
4.1 mm in the Z direction. In these groups, the overall SD,
maximum, and 95% CLS of the seminal vesicles were small-
est in all directions for patients with rectal gas removal in the
WPRT arm.

The results of the separation of the overall prostate and
seminal vesicle variations in Z and o are given in Tables 4
and 5. Statistical significance with rectal gas removal was
noted in the random deviation of the prostate in the X and
Z directions in all patients and in the non-WPRT arm, Except
for the & values in the Y and Z directions in the WPRT arm,
all £ and o values of the prostate with rectal gas removal were
smaller than those with no gas removal, Statistical signifi-

cance with rectal gas removal was noted only in the random
deviation of the seminal vesicles in the Z direction in all
patients and the non-WPRT arm, and the Z value in the Z di-
rection in the WPRT arm. Except for the £ values in the Y
direction for all patients and non-WPRT arm, and ¢ values
in the Y direction for WPRT arms, all £ and ¢ values of
the seminal vesicles with rectal gas removal were smaller
than those with no gas removal, In these groups, the T values
of the prostate and seminal vesicles were smallest in all direc-
tions for patients with rectal gas removal in the WPRT arm,
Except for the Y direction in seminal vesicles, 252+ 07 ¢
of the prostate and seminal vesicles were smallest in all direc-
tions for patients with rectal gas removal in the WPRT arm.

DISCUSSION

A correlation between the rectal volume changes and
movement of the prostate and seminal vesicles has been
reported by many investigators (13-16). Several studies
have reported that the prostate moves mainly in the Y and
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Fig. 7. Scatter plot of seminal vesicle movement in sagiual plane (inferosuperior [Y] and anteroposterior [Y] directions).
(a) Without gas removal in non-whole pelvic radiotherapy (WPRT) arm (b) With gas removal in non-WPRT arm. (c) With-
out gas removal in WPRT arm. (d) With gas removal in WPRT arm.

Z directions and that it moves anteriorly with increasing
rectal distension (13, 14, 16-21),

Although some investigators contoured the rectum starting
at the anus and moving up to the position at which the rectum
turns horizontally into the sigmoid colon (12, 20, 22, 23),
others delineated the rectum using a length equal to the length
of the clinical target volume (CTV) plus margins (9-11, 24).
To decrease patient variability and compare our results with
other reported results, we used the CSA 1o evaluate the effect
of the rectum on prostate and seminal vesicle motion.

Pinkawa et al. (22) reported critical values of CSA >12
em? that demonstrated a steep increase in the posterior mar-
gin necessary to cover the subsequent CTV positions, Ac-
cording to their report, a posterior margin of 1.0 cm and
complete CTV coverage resalted in only 50% of subsequent
CTV positions with a CSA >12 cm” vs. 94%with a CSA 12
cm®. de Crevoisier et al. (12) reported that with a posterior
margin of 0.75-1.0 cm, the incidence of biochemical failure
was significantly greater among patients with a CSA of >11.2
cm? on the planning CT scan. In our results, the CSA in the
rectal gas removal group was significantly smaller m all

patients and in the WPRT arm. The CSA before RT was
<9 cm? in all patients with gas removal. During RT, the
CSA was <9 cm” for all gas removal patients in the WPRT
arm.

Although the use of laxatives to minimize pelvic organ fill-
ing and motion of the prostate has been recommended (13,
25), their use was reported only before acquisition of the
planning CT scan or images (9-11, 25). In contrast, some on-
cologists are reluctant to advise all patients to take a laxative
before the acquisition of the planning CT scan (23). They ad-
vocate that the use of laxatives might empty the rectum too
much and that the prostate would on average be displaced
posteriorly in the preparation stage. It might also be imprac-
tical 1o use laxatives daily for patients with diarrhea because
of WPRT. Furthermore, no clinical study has proved the ben-
eficial effect of regularly used laxatives on reducing the rectal
volume and prostate motion.

We instructed patients to evacuate the rectal gas by insert-
ing their index finger into their anus to widen the rectal canal,
followed by cleaning the rectum with a jet of water. This
method did not increase rectal urgency, even in patients in
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Table 2. Center of mass motion for the prostate over all fractions and all patients

Patients (n) M (mm) SD (mm) P Minimum (mm) Maximum (mm) 90% CLP (mm) 95% CLP (mm)
All patients
Left-right (X)
No gas removal 102 0.1 12 0.028 -24 34 1.9 24
Gas removal 126 0 09 -2 24 1.5 1.7
Superoinferior (Y)
No gas removal 102 03 3 0.065 —8.5 9 50 6.0
Gas removal 126 -0.2 24 -6 7 35 45
Anteroposterior (Z)
No gas removal 102 -03 4.7 0.016 -15 10.2 7.8 10.1
Gas removal 126 -03 31 -8 127 6.4 6.9
No WFRT
Lefi—right (X)
No gas removal 48 -0.1 1.1 0.183 -24 33 1.8 24
Gas removal 78 0 0.9 -2 24 13 1.6
Superoinferior (Y)
No gas removal 48 -04 29 022 -85 6.5 50 6.0
Gas removal 78 ~0.4 24 -6 55 40 55
Anteroposterior (Z)
No gas removal 48 -13 49 032 -15 10.2 9.7 10.2
Gas removal 78 =03 4 -8 127 6.6 74
WPRT
Left-right (X)
No gas removal 54 03 12 0.113 =21 34 21 25
Gas removal 48 0.1 1 -19 21 1.7 19
Supervinferior (Y)
No gas removal 54 0.8 31 0.13 -6 9 5.5 73
Gas removal 48 0.1 24 —d 7 335 40
Anteroposterior (Z)
No gas removal 54 0.7 43 0.047 =107 85 72 835
Gas removal 48 -0.3 34 -6.4 89 6.2 6.4

Abbreviations: CLP = confidence limit displacements of prostate center of mass; other abbreviations as in Table 1.
p Values given for 5D are results of F tests comparing deviations with and without gas removal.

the WPRT arm. All patients tolerated this procedure, and no
patients refused. The vector of the prostate and seminal ves-
icle displacement in the rectal gas removal group was signif-
icantly smaller in all patients by ANOVA. The maximal,
90%, and 95% confidence limits of the prostate and seminal
vesicle displacement vector in the rectal gas removal group
were smaller than in the non—gas removal group. The 95%
confidence limit of the prostate displacement vector was re-
duced by 2.5 mm in all patients, 2.3 mm in the non-WPRT
arm, and 2.9 mm in the WPRT arm with rectal gas removal.
The 95% confidence limit of the seminal vesicle displace-
ment vector was reduced by 1.1 mm in all patients, 0.3 mm
in the non-WPRT arm, and 4.4 mm in the WPRT arm with
rectal gas removal. Clinical concerns exist about the pertur-
bation of the radiation dose near the air-tissue interfaces
and underdosing of targets because of the presence of an
air cavity (26). Rectal gas removal can decrease both pros-
tate motion and perturbation of the radiation dose near the
prostate.

Differences in treatment techniques and organ motion
measurement techniques make it very difficult to compare
the results of the various published studies. Some made the
measurements of organ motion from the edges of the organ
structures (14, 17) and some analyzed organ motion by the

COM (11, 13, 16, 20, 24). We selected the COM for organ
motion measurement to be able to compare our results with
those of other studies. In other studies of organ motion mea-
sured by COM, the overall SD of the prostate movements was
0.7-0.9 mm in the X, 3.2-3.9 mm in the Y, and 2.6-3.9 mm
in the Z directions (11, 13, 16, 20). In contrast, the overall SD
of seminal vesicle movements was 1.7-3.2 mm in the X,
3.5-5.5 mm in the Y, and 3.8-7.3 mm in the Z directions
(11, 16, 20). RT was delivered to the prostate and seminal
vesicles in these studies. Comparing our results with these
studies, a smaller SD was noted in patients with gas removal
in the WPRT arm, especially in the Y direction for prostate
motion (2.4 mm) and the Z direction for seminal vesicle
motion (3 mm).

The overall prostate and seminal vesicle variations have
been separated into systematic and random variations. van
Lin et al. (6) reported £ and o of the prostate was 0.7, 2.8,
and 2.2 mm and 1.3, 1.9, and 2.5 mm in the X, Y, and Z di-
rections, respectively. Patients were treated in the supine
position and advised to use a laxative diet before CT scanning
and daily RT. Similar results were reported by Zelefsky eral.
(11). The Z and o of the prostate was 0.6, 2.7, and 2.4 mm
and 0.5, 1.6, and 2.0 mm in the X, Y, and Z directions, respec-
tively (11). They also reported that the Z and ¢ of the seminal
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Table 3. Center of mess motion for seminal vesicles for all fractions and all patients

Patients (n) M (mm) SD(mm) p

Minimum (mm) Maximum (mm) %0% CLS (mm) 95% CLS (mm)

All patients
Left-right (X)
No gas removal 102 ~0.3 23 0.035
Gas removal 126 -0.2 19
Superoinferior (Y)
No gas removal 102 -0.9 4 0534
Gas removal 126 =03 42
Anteroposterior (Z)
No gas removal 102 0.1 55 0.002
Gas removal 126 1] 42
No WPRT
Left-right (X)
No gas removal 48 -0.1 26 0.035
Gas removal 78 0.3 2
Supercinferior (Y)
No gas removal 48 -1.3 39 0.627
Gas removal 78 -0.4 44
Anteroposterior (Z)
No gas removal 48 -0.6 6.1 0.032
Gas removal 78 =04 47
WFRT
Left-right (X)
No gas removal 54 -0.5 19 037
Gas removal 48 =0.2 1.8
Superoinferior (Y)
No gas removal 54 0.6 4.1 0.837
Gas removal 48 -0.2 39
Anteroposterior (Z)
No gas removal 54 0.8 5 0.005
Gas removal 48 0.7 3

-10 48 3.2 40

-7.7 46 3.1 39
-13 10.5 7.0 9.0
~115 13 6.5 8.5
~142 14 8.7 10.5
-113 121 6.6 84
-10 48 as 44

-7.7 46 3.1 40
~115 9.5 70 9.0
~11.5 13 7.5 9.0
~11.6 14 9.5 1.6
~113 121 83 9.7

—4.6 4. 3l 4.1

~34 4. 3.2 34
-13 105 75 9.0
-10.5 6 6.0 80
~142 99 8.5 99

55 72 55 5.8

Abbreviations: CLS: confidence limit displacements of the seminal vesicles center of mass; other abbreviations as in Table 1.
p Values given for SD are results of F tests comparing deviations with and withoul gas removal.

vesicles was 2.6, 4.8, and 3.9 mm and 1.7, 2.7, and 3.0 mm in
the X, Y, and Z directions, respectively. Their patients under-
went CT scanning in the prone treatment position with an
individually designed immobilization device. All patients
were instructed to use a Fleet enema the night before and
the day of the simulation procedure. A rectal catheter was in-
serted at the simulation procedure. Compared with these stud-
ies, our results for the gas removal group in the WPRT arm
suggested a smaller £ in the Y direction (1.8 mm) for prostate
motion and all directions for seminal vesicle motion (X, 1.4
mm; Y, 3.2 mm; and Z, 2.3 mm). Except for the o values in
the Y and Z directions in the WPRT arm, all Z and o values
of the prostate with rectal gas removal were smaller than those
with no gas removal. Except for the Z values in the Y direction
forall patients and the non-WPRT arms and the ¢ values in the
Y direction for the WPRT arm, all £ and ¢ values of the
seminal vesicles with rectal gas removal were smaller than
those with no gas removal.

Some investigators proposed recipes for automatic calcu-
lation of the CTV-PTV margins to account for both system-
atic and random errors (21, 27). To ensure a minimal dose to
the CTV of 95% for 90% of the patients, van Herk eral. (21)
determined that 2.5 £ + 0.7 ¢ is required for a margin
between the CTV and PTV. According to their recipe, the

prostate margin was reduced by 0.4 mm in the X direction,
1.2 mm in the Y direction, and 2.4 mm in the Z direction
for the non-WPRT arm with rectal gas removal. For the
WPRT arm, the margin of the prostate was reduced by 0.8
mm in the X direction, 2.3 mm in the Y direction, and 2.8
mm in the Z direction. For the seminal vesicles, except in
the Y direction in the non-WPRT arm, the margin was
reduced by 1.1 mm in the X direction and 2.6 mm in the
Z direction for the non-WPRT arm by rectal gas removal.
For the WPRT arm, the margin of the seminal vesicles was
reduced by 0.4 mm in the X direction, 0.7 mm in the Y direc-
tion, and 5.7 mm in the Z direction. Reduction of the prostate
by >2 mm was noted in the Z direction for the non-WFRT
arm and WPRT arm and in the Y direction for the WPRT
arm. The reduction of the seminal vesicle motion by >4
mm was noted in the Z direction for the WPRT arm. These
results were similar to the 95% CLP and CLS reduction
with rectal gas removal.

CONCLUSIONS

This is the first clinical study to prove the beneficial effects
of rectal gas removal by patients on reducing prostate and
semninal vesicle motion. With rectal gas removal, the CSA
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Table 4. Center of mass motion for prostate: systemic
deviations and random deviations

Table 5. Center of mass motion for seminal vesicles:
systemic deviations and random deviations

248

ZE(mm) p o(mm) p 25Z+07¢
All patients
Left-right (X)
No gasremoval 09 0063 1 0.003 29
Gas removal 0.7 0.8 22
Superoinferior (Y)
Nogasremoval 26 0347 2 079 79
Gas removal 19 1.9 6.0
Anteroposterior (Z)
Nogasremoval 4.1 0.109 28 0.025 123
Gas removal 3.1 2.5 9.6
No WPRT
Left-right (X)
MNogasremoval 0.8 0557 1 0.018 26
Gas removal 0.7 0.8 22
Superoinferior (Y)
Nogasremoval 23 0833 2.1 064 7.3
Gas removal 2 1.8 6.1
Anteroposterior (Z)
Nogasremoval 4.1 0534 34 0003 12.7
Gas removal 34 2.5 103
WPRT arm
Left-right (X)
No gas removal 1 0212 09 0.119 3.1
Gas removal 0.7 0.8 23
Superoinferior (Y)
Nogasremoval 2.7 0.194 1.9 0485 8.1
Gas removal 18 2 58
Anteroposterior (Z)
No gas removal 4 0.176 2 0.894 11.5
Gas removal 28 25 8.7

E(mm) p o(mm) p 25E+07¢
All patients
Left-right (X)
No gas removal 1.7 0552 19 0233 55
Gas removal 1.6 14 4.8
Superoinferior (Y)
No gas removal 33 0385 3 0.632 10.3
Gas removal 34 29 10.4
Anteroposterior (Z)
No gas removal 4.5 0096 4 0.003 14.1
Gas removal 35 28 10.7
No WPRT
Left-right (X)
Nogasremoval 1.8 0.843 23 0.087 6.2
Gas removal 1.7 14 5.1
Superoinferior (Y)
No gas removal 29 0373 33 0307 9.6
Gas removal 37 29 114
Anteroposterior (Z)
Nogasremoval 46 0434 5 0.003 149
Gas removal E 31 123
WPRT am
Left-right (X)
Nogasremoval 1.5 0499 14 0956 4.8
Gas removal 14 13 4.4
Supercinferior (Y)
No gas emoval 3.5 0.748 2.7 0.672 10.6
Gas removal 32 28 9.9
Anteroposterior (Z)
No gas emoval 45 0049 29 0298 132
Gas removal 23 24 75

Abbreviations: Z = systematic deviation; ¢ = random deviation;
other abbreviations as in Table 1.

p Values given for SD are results of F tests comparing deviations
with and without gas removal.

was decreased, resulting in reduced motion and reduced
CTV-PTV margins of the prostate and seminal vesicles. In
the WPRT arm, the smallest £ values of the prostate and sem-
inal vesicles of all groups were obtained in most directions
with rectal gas removal. This is especially important for
WPRT patients who require RT to the prostate, seminal

Abbreviations as in Tables 1 and 4.
p Values given for SD are results of F tests comparing deviations
with and without gas removal,

vesicles, and PLNs, because either PLN or prostate gland
movement cannot be comrected by image-guided RT in
patients undergoing WPRT. Rectal gas evacuation using
the patient’s index finger and a jet of water can be performed
safely without rectal urgency. We recommend this proce-
dure, especially for patients who require WPRT.
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Metabolic changes In patients with cancer lead to alterations In their amino-acid balances. Thus, amino-
acid profiles may be useful as biomarkers ol cancers. This study was conducled lo analyze amino-acid
profiles in plasma by multivariale analysls, In order lo elucidate differences belween cancer palients
and controls. Venous blood samples were taken from colorectal and breas! cancer patients, and healthy
controls. Plasma free amino acids were measured by liquid chromatography/mass spectrometry. No
weighl loss was observed In any of the cancer patients. Multiple logistic regression models were used
to discriminate between cancer patients and controls. The area under the curve (AUC) of the recelver
operating characteristic (ROC) curve for each discriminant score was calculated as 0.860 (95%
confidence Interval: 0.784 to 0.937) for coloreclal cancer and 0.906 (95% Cl: 0.845 to 0.967) for breast
cancer. The performance of these discriminants was Independent of the cancer stage. This sludy
revealed significant differences in plasma amino acid profiles between cancer patlents and controls,
The development of a cancer alters plasma amino-acid profiles without cachexia or weight loss, and the
paitern of change differs between two cancers. Plasma amino-acid profiling might therefore be useful

for the early detection of cancer.

Key words: amino acid profiles, plasma, screening, cancer, multivariate analysis

INTRODUCTION

Recent developments in metabolomic approaches enable
investigators to measure amino acids and various other
metabolites in humans by inexpensive methods with high

*Corrasponding author, E-mail.
ckamoto@gancen.asahi.yokohama jp. Tel: +81 45 391 5761
ax1.4030, Fax: +81 45 366 3157,

throughput (Yoshida et al,, 2007). Lee et al. (2004) have
described how metabolic profiling data can be used to
define biological status for diagnostic purposes through
multivariate analysis. A great deal ol knowledge on
human amino-acid metabolism has also been collected
over the last three decades through the monitoring of
plasma amino-acid levels. Metabolic changes alter the
amino-acid balance in patients with varicus diseases
Because ol this, physicians can use indexes such as
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Fischer's ratio, that is, the ratio between branched-chain
amino acids (BCAAs) and aromatic amino acids (Fisher,
1975, 1976; Rosen, 1977), to track the progression of
liver fibrosis and the effectiveness of drug treatment.

The changes in the balance of plasma free amino acids
(PFAA) may only be slight during the early stage,
whereas later-stage patients may become cachectic due
to malnourishment, depending on the deficiency of PFAA
(Heber et al., 1985; Mackenzie and Baracos, 2004, Lai et
al., 2005).

Investigators can also use post-genomic technologies
to derive multivariate functions easily with the aid of a
computer. Noguchi et al. (2006) used multivariate func-
tions made up of plasma amino-acid profiles as indexes
of diabetes, while Zhang et al. (2006) used them to diag-
nose liver fibrosis in patients infected with chronic heap-
titis C. Shikata et al. (2007), meanwhile, described the
structure of the aminc-acid metabolism network. The
reports by these authors demonstrate that multivariate
analysis of plasma Iree amino-acid profiles is a promising
and versatile method for diagnosing various diseases,

Investigators have often found noticeable alterations in
the metabolism of cancer cells (Heber et al, 1985;
Mackezie and Baracos, 2004; Sido et al, 1998;
Rodriguez et al., 2004; Yamaguchi et al., 2005) and
changes in the plasma amino-acid profiles of cancer
patients (Norton et al,, 1985; Naini et al., 1988; Cascino
et al, 1991, 1985; Kubota et al., 1991; Lviano et al,
2003; Proenza et al,, 2003; Vissers et al., 2005). Cascino
et al. (1991, 1995) for example, described significant
increases in tryptophan (Trp), glutamic acid (Glu), and
ornithine (Orn) in lung cancer patients. Proenza et al.
(2003) reported an increased level of Om in lung cancer
patients. Kubota et al. (1991) first used plasma amino-
acid profiles to discriminate between breast cancers,
gastrointestinal tract cancers, head and neck cancers,
and healthy individuals within small sample populations
partly made up ol malnourished patients. Their results
indicated that the amino acid profiles may be uselul for
cancer diagnosis by site.

The detection of metabolic changes using amino-acid
profiles is a promising approach for detecting the pre-
sence of various cancers.

Colorectal cancer is a major cause of morbidity and
monality worldwide, and one of the most common causes
of cancer deaths in Japan (Saito, 1996). Breast cancer,
meanwhile, is the most comman cancer among Japanese
women (Ohnuki, 2006). Both types of cancer can be
gliminated by surgical or endoscopic excision if diag-
nosed at an early stage, without recurrence or meta-
stases in most patients. The development of technologies
for early detection is thus a crucial strategy for de-
creasing cancer deaths. In this study we investigated
differences in the plasma amino-acid profiles between
non-cachectic colorectal cancer patients, non-cachectic
breast cancer palients, and controls, then examined whe-
ther these cancers could be detected by plasma free
amino-acid profiling using multivariate analysis.

MATERIALS AND METHODS
Subjects

Sixty-three palienis with colorectal cancer and 61 palients with
breast cancer diagnosed histologically and hospilalized at the
Kanagawa Cancer Center, Yokohama, Japan, between February
2006 and December 2007 were recruiled as cases.

The recruitment criteria for the selection of cases were as lollows:
clinical stage be 0, |, Il, or lll, no metasiasis, fumor marker (CEA,
CA19-9, P53} conceniralions in serum be under the cul-off levels,
and no weight-loss before hospitalization.

All of the patients were fully informed by the chist physician at
admission and agreed 1o pariicipate in this study. One-hundred and
fifty-lour healthy individuals who had undergone medical exami-
nations at the Cemer lor Multiphasic Health Testing and Services,
Mitsui Memarial Hospital, Tokyo, between May and June 2006 were
recruiled as controls. None ol the conirols had abnormal tumor
markers (CEA, CA19-9),

Of these cases, 49 patienis with colorectal cancer and 45 with
breast cancer were chosen at random {o form the fraining data sel.
Age (+/- 5 years)-gender matched conirals were chosen for each

and the ining ls were used lor a lest dala set 1o
evaluale the performance ol the estimaled discriminanis, Blood
samples were collected from all of the colorectal cancer patients,
breast cancer patients, and heallhy conirols. None of the palients
underweni medical interventions such as surgery, chemotherapy, or
radiotherapy belore their blood was sampled. The baseline
characteristics of the patienis and conirols are summarized in Table
1-A, B.

Analytical methods

Blood samples (5 ml) lrom all cases and controls were laken from
forearm veins alier an overnighl fast, placed in wbes comaining
elhylenediaminetetraacetic acid disodium sall (EDTA-2Na; Termo,
Japan), and immediately cooled with ice. Blood was drawn from the
cancer patients before any operation or treatmen!. Plasma samplas
were separaled by centrifugation at 3,000 rpm and 4°C for 15 min,
and then stored al —80°C. The plasma samples were deproleinized
in a final concentration of B0% aceioniirile before sample
preparation. The amino-acid concentrations in the plasma samples
were measured by high-performance liquid chromalography
(HPLC)-electrospray ionization (ESI)-mass spectrometry (MS),
followed by derivatization. An MSQ Plus LC/MS system (Thermo
Fischer Scientitic, Waltham, MA, USA) equipped with an ESI source
was used in positive-lonization mode for selected ion monitoring
(SIM). Xcalibur™ version 1.4 SA1 soltware (Thermo Fisher Sclen-
tiic, Yokohama, Japan) was used lor data coflection and pro-
cessing. The HPLC separation system consisted of an L-2100
pump, L-2200 autosampler, and L-2300 column oven (Hitachi High-
Technologies ation, Tokyo, Japan). A Wakosil-ll 3C8-100HG
column (100, 2.1, 3 mm; Wako Pure Chemical Industries, Osaka,
Japan) was used for the separation, and {he mobile phase
consisted of eluent A (25 mM ammonium lormate in waler) and
eluent B (water-acetonitrile = 40:60), The following amino acids and
related molecules (24 compounds) were measured and used in the
analysis: alanine (Ala), alpha-aminobutyric acid (a-ABA), arginine
(Arg), asparagine (Asn), citruline (Cid), glutamic acid (Glu),
glutamine (Gln), glycine (Gly), histidine (His), iscleucine (lle),
leucine (Leu), lysine (Lys), methionine (Met), ornithine (O},
phenylalanine (Phe), proline (Proj, serine (Ser), threonine (Thr),
{ryplophan (Trp), tyrosine (Tyr), and valine (Val). The plasma levels
of amino acids were expressed in M.

Statistical analysis

The aminc-acid concentralions are given as means t standard
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Table 1. The characteristics of the cancer patients and the controls by training/les! dala.
A) Colorectal cancer patients and controls
Training data Test data Total
Case Control Case Control Case Control
Num of data 49 49 13 54 62 103
(Male, Female) (38.11) (38,11) (4.9) (14,40) (42.20) (52,51)
| Age (Mean:SD) 64.1282" 59.615.9 57.5¢12.4 55.8457 62.749.5 57.646.1 |
(min-max) (40~78) | (40-89) (33-75) (40~69) (40-78) (40~69)
BMI_(Mean$SD) 23.134.3 23.844.1 22.2436 22.8430 229135 23.3:3.6
min-max) {13.8~34.9) | (17.8~422) | (13.1-26.8) | (17.4-316) | (13.1~34.9) | (17.4-42.2)
| Stage0 2 - 0 - 2 -
1 7 - 2 ]
1] 18 3 - 2
n 14 - 8 > 22
w :] - 0 - ]
Uncharacterized 1 - 0 1
B) Breast cancer patients and controls
Training data Test data Total
Case Control Case Control Case Control
Num of data 45 45 18 B 61 51
| Age (MeanSD) 56.4:12.6 57.546.0 62.649.8 58.3t4.2 58.0412.1 57.6¢5.8
(min-max) (28~81) (40~69) (41~77) (54~865) (28-81) (40-89)
BMI_(Mean2SD) 22.0%4.2 229442 22 3431 21.8424 22.0+2.9 22.844.0
(min-max) (16.4-30.2) (17.4~42.2) (17.0~27.6) (18.5-25.2) (16.4~30.2) (17.4~42.2)
Stage 0 5 - 3 - 8 -
| 22 . ] - 30 -
1] 14 . 4 - 18 .
1] 4 - i - 5 .
Uncharacterized 0 0 0
":Significant (p<0.05) af Hest

deviation (SD), Stwdent's tlests and Mann-Whilney U-lests were
used 10 assess differences between patients and conirols lor each
cancer, A probability ol 5% or less was considered significant
Principal component analysis (PCA) was performed using the
standarcized z-score for all the training data. Discriminant functions
for each cancer were predicted by mulliple logistic-regression
analysis. The multiple logistic-regression model was appied 10 all
combinations ol the 21 amino acids, and the maximum number of
variables was restricted to below seven, To avoid multicolinearity,
combinations of variables with a variance inflation factor (VIF)
exceeding 10 were omitled from the analysis. The best model was
defined as the candidale lormula with the mimimum Akaike's
Information Criterion (AIC, Steyerberg &t al,, 2000). The efficiency
of discrimination of lhe discriminanis was estimaled from the
receiver-operator characteristic (ROC) curve ol the estimaled
probabilily score of each cancer. The area under the curve (AUC)
was calculated lor the ROC curve (ROC_ALUC; Baker, 2003), To
confifm the performance of the estimated diseriminants, ROC_AUC
values were also calculated using the probability scores oblained
from the lest dala, The Kruskal-Wallis tes) was used fo estimale the
ellect ol the cancer stage on lhe probability score. All of the
statistical and multivariate analyses were performed with MATLAB
(The Mathworks, MA, USA) and GraphPad Prism {GraphPad
Software, CA, LUSAY

This sludy and study prolocel were reviewed and approved in
atvance by the institutional review board of the Kanagawa Cancer
Center

RESULTS
Characleristics of patients and control subjects

The training group included 49 colorectal cancer patients
{two at pathological stage 0, seven at stage |, nineteen at
stage |l, fourteen at stage lIl, six al stage IV, and one
uncharaclerized; Table 1A) who had been diagnosed by
low-dose helical computed tomagraphy (CT) and biopsy,
and 45 breast cancer patients {five at pathological stage
0, twenly-two at stage |, lourteen at stage Il, and lour at
stage |Il; Table 1B} who had been diagnosed by mammo
graphy and biopsy belore any symptoms were noticed.
There was no significant difference in body-mass index
(BMI) between the patients and control subjects for either
type of cancer (Table 1A, B)
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Figure 1. ROC curves of discriminant-1 lor coloreclal cancer (A)
and discriminant-2 for breast cancer (B) of training data (solid line)
and test data (dotted line).

Allered amino-acid profiles in colorectal and breast
cancers

The plasma concentrations of several amino acids in the
colorectal cancer patients were significantly different from
those observed in the controls. The levels of Thr, Cit, Val,
Met, lle, Leu, Tyr, and Phe were reduced in the colorectal
patients, while that of Glu was increased (Table 2A). The
total essential amino acids (EAAs) therefore declined
(especially the BCAAs, Val, Leu, and lle), whereas the
total plasma amino acids (SUM AA), including the non-
essential amino acids, were unchanged (Table 2A). In
contrast, the concentrations of the BCAAs, Tyr, and Phe
decreased, whereas the Fischer's ratio (BCAA/S
(Tyr+Phe); (Rosen et al, 1977) remained unchanged
(Table 2A).

The alteration of the plasma amino-acid profile in breast
cancer differed from that in colorectal cancer, with fewer
changes observed. The levels of Met, lle, Phe, and Arg
decreased in the breast cancer patients, while those of
Thr, Ser, Glu, a-ABA and Orn increased (Table 2B), The
breast cancer patients were similar to the colorectal can-
cers in exhibiting no significant change in EAA and
BCAA, but they did exhibit an increase in the Fischer's
ratio, a change not observed in colorectal cancer (Table
2B).

To summarize the changes ol the plasma amino-acid
profiles, we performed a principal component analysis
(PCA) using the standardized z-score for each amino
acid and five principal components (PCs) with eigen-
values of more than 1 (Table 3). To analyze the contribu-
tions of three background factors, that Is, age, gender,
and the presence (=1) or absence (=0) of cancer, to each
PC, we used the Spearman's correlation coefficients
between these factors and the five PC scores. Our analy-
sis revealed that PC3 was mainly correlated with the
presence or absence of colorectal cancer, that PC4 was
mainly correlated with the presence or absence of breast
cancer, and that gender and age contributed principally to
PC1 and PC2 (Table 3). These findings suggest that the
altered amino-acid profiles would be uselul for detecting
the onset of these cancers. They also imply that the two
kinds ol cancer have different effects on the plasma

amino-acid profile.

Multivariale functions for discriminating colorectal
and breast cancers

The above-mentioned results suggest that it should be
possible to improve discrimination by deriving multivariate
functions with the amino-acid profiles as explanatory
variables. Noting this, we performed multiple logistic-
regression analyses with selected variables using each
training datum (as described in the Subjects and Methods
section). For colorectal cancer, discriminant-1 consisted
of the six amino acids Val, Glu, Thr, a-ABA, Gin, and Pro.
For breast cancer, discriminant-2 consisted of the six
amino acids Thr, Ala, a-ABA, lle, Orn, and Arg, The esti-
mated coefficients, standard errors, and p-values for
each mode! are summarized in Table 4.

To evaluate the performance of the discriminants, we
calculated ROC curves lor each of the discriminant
scores. When using training data for this calculation, we
obtained ROC_AUC values of 0.860 (95% confidence
interval: 0.784 to 0.937) for colorectal cancer and 0.906
(95% confidence interval: 0.845 to 0.967) for breast
cancer (Figure 1A and B, solid lines). To confirm the
performance of the discriminants, we derived ROC
curves from the split test data. These reproduced the
good diagnostic performance, with values of 0.910 (85%
confidence interval: 0.834 to 0.986) for colorectal cancer,
and 0.865 (95% confidence interval: 0.765 to 1.000) for
breast cancer (Figure 1A and B, broken lines),

Discriminant scores are independent of cancer stage

If the above-mentioned discriminants are to be used in
diagnosis for early cancers, they must have adequate
predictive power. To determine whether they met this
condition, we compared all of the predicted values (both
the training data and test data) of each discriminant with
the pathological stage (Figure 2A and B). In the case of
colorectal cancer, about 60% ol the patients were
categorized as early stage (stages 0, |, and I, Table 1A).
The Kruskal-Wallis test revealed no significant correlation
between the probability ol colorectal cancer and the
pathological stage (Figure 2A). In the case ol breast
cancer included training and test data, most of the
patients were categorized as early stage (stages 0, |, and
Il, Table 1B) and only five of the patients were defined as
advanced stage (stage lll, Table 1B). The discriminant
score in the stage 0 or | group was not significantly ditfer-
rent from those in the stage Il or lll groups (Figure 2B).
These results suggest that the discriminants obtained are
equally predictiva for early and later stage.

DISCUSSION

Cancer-associated cachexia is a well known cause ol
alterations in the plasma amino-acid profiles ol cancer



Table 2. The difierences of plasma amino-acid profiles between colorectal cancer patients (A),

breast cancer patients (B), ang controls using the Mann-Whitney U-test.
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A) Colorectal cancer
Amino aclds Case (mean:SD) Control £ SD nificance
Thr 102.1+23.8 1164238 p<0.01
Ser 1168+ 168 1216+ 234
Asn 421%73 453+95
Glu 452186 369+13.2 p<0.05
Gin 586.7 £83.9 580.1£944
Pro 163.3+41.7 1642239
Gly 2432+49.2 2513+ 576
Ala 3918+ 111 3784 £ BBS
Cit 21548 244249 p<0.01
a-ABA 205+7.3 19.1 %6
Val 24351506 276.8 461 p<0.01
Met 28.1£53 314457 p<0.01
lie 68.9+13.3 80.9 + 16.2 p<0.001
Leu 119.8£23.3 136.1224 p<0.001
Tyr 77.5+204 84212136 p<0.01
Phe 63.1+11.7 72+108 p<0.001
His 7722177 80.3+14
Tp 504 +98 6222121
Om 569+18 59.5+15.6
Lys 21432345 2174 £30.6
Arg 101.2419 107.6 £ 25
SUM AA 2851.8 £ 357 2956 £ 255.7
EAA 9764 £ 1415 107311347 p<0.01
BCAA 43224793 49381815 p<0.01
Fisher ratio 3.1+05 32204

B) Breas! cancer

Amino acids Case (Mean 2 SD) Control (Mean 1 SD) Significance
Thr 119.72228 111,52 25.2 p<0.05
Ser 1264 £ 269 114512214 p<D.05
Asn 424171 436186
Glu 34,1 £14.3 2434108 p<0.001
Gin 5945 £ 97 1 591.9+753
Pro 146.3 £32.9 150.6 £ 38.2
Gly 291.6 £80.6 27081751
Ala 3956814 373.3+93.1
Cit 196£4.7 218151
a-ABA 2015 172144 p<0.05
Val 237.2+39 23551455
Met 249453 26.7+4.3 p<0.05
lie 55.2+125 64811589 p<0.01
Leu 108517 1156125
Tyr 69.61124 75.8+15
Phe B0.B £ 12.1 B8 t121 p<0.01
His 7832151 82+118
Tp 57.8t9.9 622+122
Ormn 61.7£17.1 4944134 p<0.001
Lys 205.1£34.8 2055+ 29.7
Arg 80+ 23.8 10734194 p<0.001
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Table 28 Conid.
SUM AA 28392+ 2859 2812.1 £264.7
EAA 947.4 £ 104.4 971.71126.5
BCAA 400.9£61.3 41584826
Fisher ratio 3.1204 29103 p<0.05
Table 3. Correlation between subjects and PCA ol the amino-acid profiles in the training data.
Principal components PCA1 FCAZ | PCA3 PCA4 PCAS
Eigenvalue (% of total variance) 6.2 29 18 1.5 11
29.50% 13.80% 7.60% 7.00% 5.20%
Gender -0.3293 0.3515 0.0775 -0.1224 -0.0485
Spearman’s Age — 0.0084 -0.1116 0.0486 0.1038 0.2349
correlation Presence (=1) or absence (=0) of;
coefficient Colorectal cancer -0.0635 | -0.1368 0.229 -0.0501 | -0.0563
Breast cancer -0.1748 | 0.2117 | 0.1402 | -0.2416 | 0.0109

Table 4. The eslimaled coetficients, standard errors, and p-values
for each model.

Coefficient | SE | p value

A) Colorectal cancer
Caonstant -0.898 3.034 0.767
Val -0.042 0.011 0.000
Glu 0.096 0.025 0.000
Thr -0.039 0.017 0.023
a-ABA 0.177 0.056 0.002
Gin 0.009 0.004 0.027

Pro 0.018 0.009 0.041
Bi Breast cancer
Constant 3.714 3.021 0.219
Thr 0.045 0.021 0.031
Ala 0.010 0.005 0.048
a-ABA 0.210 0.090 0.020
lie -0.120 0.039 0.002
Om 0.061 0.025 0.016
Arg -0.133 0.037 0.000

patients (Heber et al., 1985; Mackenzie and Baracos pa-
tients., 2004; Lai et al., 2005). Cachectic characteris-tics
are thought to result from semi-starvation, decreased
muscle protein synthesis, Increased muscle protein
degradation, increased protein synthesis and turnover,
increased gluconeogenesis, and other processes (Heber
et al., 1985; Mackenzie and Baracos, 2004). Given the
possible effects of colorectal cancer on the absorption of
amino acids and other nutrients, some suspect that the
plasma amino-acid concentrations, particularly those of
EAAs, may decrease even when no weight loss is
detected (Table 1A, B). It thus appears that the change of
plasma amino-acid profiles observed in colorectal cancer
may result in part from malnutrition. Indeed, plasma
amino-acid profiles are also altered in patients with
inflammatory bowe! disease (IBD; Papadia et al., 2007)

Several studies, however, have demonstrated significant
changes in the plasma aminc-acid profiles of cancer pa-
tients without cachexia (Cascino, 1995; Proenza, 2003,
Vissers, 2005). This suggests that multivariate analysis of
amino-acid profiles may be uselul for the early detection
of cancer.

This work theretore recruited the earlier-stage cancer
cases before clinical stage IV, although we also included
6 patients with colorectal cancer of pathological stage IV
(Table 1).

Our group found no apparent signs of cachexia in the
patients of the current study, as none of them had lost
significant amounts of body weight (Table 1A, B). We
thus speculate that the changes in the amino-acid profiles
of breas! cancer patients cannot be accounted for by
malnutrition or cachexia. Vissers et al. (2005) observed
decreases in the plasma levels of several amino acids in
breast cancer patients and colon cancer patients with lit-
tle or no weight loss. These findings suggest that the
differences in amino-acid profiles observed are due not to
malnutrition, but to cancer-specific alterations of amino-
acid metabolism, especially in cases of breast cancer.

There has recently been accumulating evidence of
important effects on Arg levels in association with acti-
vities of the immune system In cancer patients, Several
reports on cancer have mentioned increased production
of arginase |, which catalyzes the conversion of Arg into
Orn and urea, and increased production of NO synthase,
which catalyzes the conversion of Arg into Cit and nitric
oxide (NO) (Sido et al., 1998; Redriguez et al., 2004;
Yamaguchi et al., 2005; Vissers et al., 2005). Cascino et
al. (1995) reported a decrease in the plasma Arg level
and an increase in the Om level in breast and lung can-
cers, abeit not 1o statistically significant degrees. Our
group also found a slight, less than significant, decrease
of plasma Arg levels in both cancer types examined
{Table 2A, B). Based on this finding, we incorparated Arg



into our logistic-regression model lor breast cancer
(Table 3).

in addition to the possible immunclogical effects, there
is evidence that cancers originating"irom different organs
might lead to dilferent akterations of the amino-acid profile
(Norton et al, 1985; Naini et al., 1988; Cascino el al,
1991, 1995; Kubota et al, 1991; Lvianc et al, 2003;
Proenza et al, 2003; Vissers et al, 2005). The altered
plasma amino-acid profiles identified in our study differed
between colorectal and breast cancers. As amino acids
are produced and assimilated in an organ-specific man-
ner, we were encouraged to find that the indices
screened for the two cancers differed in the compositions
of the plasma amino acids.

In general, histological diagnostic methods such as
colonoscopy and biopsy are established means for
obtaining definite diagnoses. Yet the invasiveness and
considerable expense render them unfeasible for many
individuals who undergo medical examinations. Instead,
faecal occult blood testing is used to screen for colorectal
cancer (Saito, 1996) and mammography is used 1o
screen lor breast cancer (Ohnuki et al., 2006; Moss et al.,
2006). Both of these methods have disadvantages. In
faecal occult blood testing, for example, the appearance
of haemaoglobin in stool is not specific for neoplasms (lto
et al., 2002). Mammography, meanwhile, exposes indivi-
duals to radiation and would not be cost-effective for
annual examination (Ohnuki et al., 2006). Even if no one
test is invasive or expensive, a battery of various tests
performed in an annual medical examination can be bur-
densome and expensive. The discovery of new tumor
markers using genomic and proteomic technologies is
being pursued vigorously (Cho, 2007). Yet few, il any, of
the markers identified so far are sensitive or specific
enough to be clinically uselul lor early detection. To name
just two examples, the major tumar marker for colorectal
cancer, carcinoembryenic antigen (CEA), and the major
marker for breast cancer, cancer antigen 15-3 (CA15-3),
are both thought to lack adequate sensitivity lor early
detection (Ito et al., 2002; Cho, 2007).

Nevertheless, the results presented here demonstrate
that plasma free amino-acid profiling is useful for detecl-
ing both colorectal cancer and breast cancer. Unlike
conventional tumor markers, the discriminants developed
in this study identify patients equally well at any stage of
cancer. Thus, they may used for screening.

This study had important limitations, First, the samples
were limited in number, particularly those for testing data,
and they were taken from only two cancer sites. Second,
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every type of cancer using only one plasma sample, the
reduction in cancer maortality will be tremendous.
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Nuclear Inhibitor of Protein Phosphatase-1 (NIPP1) Directs
Protein Phosphatase-1 (PP1) to Dephosphorylate the U2
Small Nuclear Ribonucleoprotein Particle (snRNP)
Component, Spliceosome-associated Protein 155 (Sap155)™
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Pre-mRNA splicing entails reversible phosphorylation of spli-
ceosomal proteins. Recent work has revealed essential roles for
Ser/Thr phosphatases, such as protein phosphatase-1 (PP1), in
splicing, but how these phosphatases are regulated is largely
unknown. We show that nuclear inhibitor of PP1 (NIPP1), a
major PP1 interactor in the vertebrate nucleus, recruits PP1 to
Sap155 (spliceosome-associated protein 155), an essential com-
ponent of U2 small nuclear ribonucleoprotein particles, and
promotes Sapl55 dephosphorylation. C-terminally truncated
NIPP1 (NIPP1-AC) formed a hyper-active holoenzyme with
PP1, rendering PP'1 minimally phosphorylated on an inhibitory
site, Forced expression of NIPP1-WT and -AC resulted in slight
and severe decreases in Sapl55 hyperphosphorylation, respec-
tively, and the latter was accompanied with inhibition of splicing.
PP1 averexpression produced similar effects, whereas small inter-
fering RNA-mediated NIPP1 knockdown enhanced Sap155 hyper-
phosphorylation upon okadaic acid treatment. NIPP1 did not
inhibit but rather stimulated Sap155 dephosphorylation by PP1 in
vitro through facilitating Sap155/PP1 interaction. Further analysis
revealed that NIPP1 specifically recognizes hyperphosphorylated
Sap155 thorough its Forkhead-associated domain and dissociates
from Sap155 after dephosphorylation by associated PP1. Thus
NIPP1 works as a molecular sensor for PP1 to recognize phospho-
rylated Sap155.
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Pre-mRNA splicing is an essential step for expression of most
genes in metazoans. Intron excision from a nascent transcript is
achieved by pre-mRNA splicing catalyzed by the spliceosome, a
macromolecular complex consisting of five small nuclear ribo-
nucleoprotein particles (snRNPs)* and a large number of non-
snRNP proteins. Spliceosome assembly is an ordered process
that includes stepwise recruitment of U1, U2, U5, and Ud/6
snRNPs on a pre-mRNA and sequential formation of com-
plex E — A/B — B* — C. The activated B* spliceosome
catalyzes step | of splicing, whereas the C complex catalyzes
step 1. During and after splicing, spliceosome components
dissociate and are recycled for further rounds of splicing.
Spliceosome assembly/disassembly and splicing catalysis are
thought to be regulated in part by reversible phosphorylation
of spliceosomal proteins (1-3).

U2 snRNP includes U2 snRNA and two heteromeric protein
complexes, S{3a and Sf3b. Sapl55, also known as Sf3bl or
Sf3b155, 1s a component of the $f3b and becomes hyperphos-
phorylated concomitant with or just after the first catalytic step
of splicing in vitro (4). A recent study reveals that 5f3a/b pro-
teins are destabilized and dissociate from the RNP core of the
activated spliceosome during the transition from the B to C
complex (5). Although Sf3a and 5f3b are essential carly in the
splicing reaction, they are apparently not required for the sec-
ond catalytic step. Currently, it is not known whal triggers
exchange of proteins during spliceosome transitions.

Shi et al. (6) reported that the protein Ser/Thr phosphatase
(PPase) type 1 (PP1) and/or type 2A (PP2A) are essential for
splicing in vitro, in particular, at the second catalytic step. They
also observed that Sap155 and U5- 116k are potential substrates
of these two PPases, suggesting the importance of dephospho-
rylation of spliccosomal proteins in spliceosome structural

* The abbreviations used are: snRNP, small nuclear rbonuclmpmtcin parti-
cle; RNP, rib PP1, in ph 1: NIPP1, nuclear
inhibitor of PP1: siRNA, small hlcfﬁ.-ring RNA; PES, phosphate-buffered
saline; Dox, doxycycline; RNAI, RNA interference; DA, okadalc acid: PPase,
phosphatase; HTO, Hela-Tet-Off; RPA, RNase protection assay; FHA, Fork-
head-associated; RT, reverse transcription; FHA, Forkhead-associated.

JOURNAL OF BIOLOGICAL CHEMISTRY 35805

259



Dephosphorylation of Sap155 by NIPP1-associated PP1

rearrangement. However, how PP1 and PP2A regulate phos-
phorylation of spliceosomal proteins is not well understood.

Both PP1 and PP2A are often targeted to specific substrates
by binding partners. For example, PP1 is regulated in vivo pri-
marily by interaction with various regulatory subunits that dic-
tate subcellular localization, substrate specificity, or enzymatic
activity (7). In some cases, regulatory subunits are phosphoryl-
ated/dephosphorylated, resulting in activity changes that mod-
ulate PP1 activity in response to environmental cues such as
hormones and second messengers (8 —10). In addition to inter-
acting with regulatory subunits, PP1 is regulated by phospho-
rylation. Phosphorylation by cyclin-dependent kinases lower
PP1 activity in vitro and vive in Schi; charomyces pomb
and in human cells (11. 12). The PP1 phosphorylation site is
highly conserved among species and has been mapped to the C
terminus. Studies in yeast and human cells suggest that PP1
phosphorylation is essential for proper cell cycle progression
(13, 14).

A major nuclear interaction partner of PP1 in vertebrate cells
is the nuclear inhibitor of PP1 (NIPP1) (7). Targeted disruption
of the Nipp1 gene in mice results in embryonic lethality, indi-
cating an essential role in vivo (15), NIPP1 has two PP1 binding
regions as follows: a central domain containing a so-called
RVXF-motif, which represents a high affinity binding motif and
a low affinity binding region mapped to the NIPP1 C terminus
{16, 17). The precise function of the latter interaction is not yet
understood. Previous studies suggest the importance of NIPP1
in regulating pre-mRNA splicing. NIPP1 localizes in nuclear
speckles, domains rich in splicing machinery components. Sev-
eral splicing-related proteins such as Cdc5L, SAP155, and
MELK have been identified as potential ligands of the Fork-
head-associated (FHA) domain of NIPP1 (18-20). FHA is a
modular phospho-Thr/Ser recognition motif (21, 22). Beullens
and Bollen (23) reported that NIPP1 physically associates with
spliceosomes through the FHA domain and that a dominant
negative form of NIPP1 blocks the B to C transition of spliceo-
some assembly in the Hela cell nuclear extracts by an unknown
mechanism. Although there is a report that NIPP1 protein lack-
ing the RVXF motif partially compromises splicing in vitro, data
from splicing assays using Hel.a nuclear extracts are contradic-
tory (23, 24). Thus both the mode of NIPP1 action and the
potential role of PP1/NIPPI interaction in pre-mRNA splicing
remain obscure.

To analyze function of NIPP1 In pre-mRNA splicing, we re-
evaluated the physical and functional association among
pre-mRNA/RNA, NIPPL, and PP1 in vivo using cell-based
assays. We show that NIPP1 works as a targeting subunit that
directs PP1 to dephosphorylate Sap155, not as an inhibitor of
PP1. Our results suggest a regulatory mechanism ensuring
proper Sap155 phosphorylation-dephospharylation cycles dur-
ing pre-mRNA splicing.

MATERIALS AND METHODS

Antibodies— Anti-U5-116k antibody was kindly provided by
Dr. H. Brahms and Dr. R. Lithrmann (25). Anti-Sap155 (26),
anti-Myc 9el0, anti-Cdc5L, anti-FLAG M2, anti-phospho-
Thr-320-PP1, anti-MELK, and anti-pan-PP1 E9 antibody were
purchased from MBL (Nagoya, Japan), Roche Applied Science,
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BD Transduction Laboratories, Sigma, Cell Signaling Technol-
ogy Inc. (Danvers, MA), Abcam (Cambridge. UK), and Santa
Cruz Biotechnology Inc. (Santa Cruz, CA), respectively. Anti-
bodies specific to each PP1 isoform have been described (27)
Polyclonal or monoclonal anti-NIPP1 antibodies were gener-
ated against a peptide corresponding to the C-terminal 20
amino acids in our laboratory or purchased from BD Transduc-
tion Laboratories,

Plasmid Constructs—The pTRE-B-globin reporter has been
described (28). The BseRI-BstXI region of pTRE-p-globin,
encompassing the f-globin gene from the 3'-half of exon 1 to
the 5'-half of exon 3, was replaced with a corresponding BseRI-
BstX! fragment of B-globin cDNA derived from pTRE-g-glo-
bin; the sequence verified, and the resulting plasmid was desig-
nated pTRE-intronless-B-globin. Its nucleotide sequence is
identical to that of pTRE-B-globin except intron 1 and 2
sequences are excluded. NIPP1 expression plasmids were con-
structed by subcloning cDNAs encoding wild-type or mutant
forms of rat NIPP1 (29) into pCMV-FLAG2 (Sigma). Myc-PP1
constructs are described elsewhere (30).

Cell Culture and Transfection—HeLa-Tet-Off (HTO) cells
(Clontech) were cultured in Dulbecco’s modified Eagle's
medium containing 10% fetal calf serum and 250 pg/ml gene-
ticin. Transfections were done using FuGENE 6 reagent (Roche
Applied Science) according to the manufacturer’s recommen-
dation. For stable transfection, cDNAs encoding FLAG-tagged
wild-type or mutant NIPP1 were subcloned into the pTRE vec-
tor (Clontech), HTO cells in 10-cm dishes were transfected
with 10 pg of pTRE-NIPP1-WT or -AC with 0.5 pg of pTK-Hyg
(Clontech), Drug-resistant clones were selected in 200 ug/ml
hygromycin, 250 pug/ml geneticin,and 1 pg/ml Dox. Two weeks
later, ~150 independent clones for each construct were
screened for expression of exogenous NIPP1 by immunoblot-
ting with anti-FLAG antibody. Several clones for each con-
struct (four for W'T NIPP1 and three for NIPP1-AC) exhibited
low and high levels of FLAG-NIPP1 proteins in the presence
and absence of Dox, respectively, and were selected for further
experiments. After establishment, stable clones were main-
tained in medium containing 5-10 ng/ml Dox.

In Vitro and in Vivo Splicing Assays—In vitro splicing was
performed as described (23). RNP immunoprecipitation assays
were performed essentially as described (31) with slight modi-
fication. Cells were fixed in 0.75% formaldehyde/PBS at room
temperature for 10 min, washed twice in PBS, and harvested.
Cells were lysed in 1 ml of RIPA buffer (20 mm Tris-Cl, 150 mm
NaCl, 5 mm EDTA, 10% glycerol, 0.1% SDS, 1% Triton X-100,
and 0.1% deoxycholate) by sonication (Sonifier 450, Branson,
Danbury, CT). 50 pl each of lysate was stored on ice as "lnput,”
and the rest was immunoprecipitated with anti-FLAG-agarose
beads at room temperature for 2 h. Beads were collected by
centrifugation and washed four times with gentle rotation for 5
min, followed by elution of RNPs with FLAG peptide (Sigma).
“Inputs” and eluates were heated to 75 *C for 90 min to reverse
cross-links and phenol-extracted twice. RNAs were ethanol-
precipitated using yeast tRNA and Glyco-blue co-precipitants
(Ambion)as carrier and treated with RNase-free DNase (DNA-
free turbo, Ambion). RNA was reverse-transcribed using
SuperScript 111 RTase (Invitrogen) using the RT primer 5'-
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GTGCAGCTTGTCACAGTGCAG-3". PCR was undertaken
using standard protocols with Ex Tag-HS polymerase (Takara
Bio Inc., Otsu, Japan) and the following primers for B-globin:
sense, S5-ATGGTGCATCTGACTCCTGAG-3'; antisense,
5'-ACTAAAGGCACCGAGCACTTTCTTG-3. To analyze
effects of NIPP1 on splicing rates, HTO cells in 10-cm dishes
were transfected with 7.5 ug of NIPP1 expression plasmids with
2.5 ug of pTRE- B-globin. Four hours later, cells were split and
further cultured without Dox for 20 h. At indicated time points
after Dox addition, cells were harvested, and total RNA was
isolated for Northern blot analysis with a **P-labeled f3-globin
probe. For RPAs, antisense riboprobes complementary to exon
1/intron 1 or exon 2/intron 2 boundaries of B-globin gene were
synthesized by in witro transcription using MAXI script
(Ambion, Austin, TX) and T7 polymerase. Hybridization and
RNase digestions were performed using the RPA 111 (Ambion)
kit according to the manufacturer’s instruction. Protected
RNAs were subjected to denaturing PAGE and visualized using
the FLA system (Fuji Film Co., Tokyo, Japan).

Immunoprecipitation and Western Blot Analysis—Cells were
lysed in RIPA or SDS buffer (125 mm Tris-Cl, pH 6.8, 1% SDS)
by sonication using a “Blo-ruptor” sonicator (CosmoBio,
Tokyo, lapan). For co-immunoprecipitation, cells were lysed in
buffer (50 mm Tris-Cl, pH 7.4, 125 mm NaCl, 0.2% Triton
X-100, 2 mm EDTA, 1 mm phenylmethylsulfonyl fluoride, leu-
peptin, and aprotinin) by sonication, Lysates were incubated
with anti-FLAG-agarose or anti-Myc-agarose (Sigma) for 3-4
h at 4 °C. Immunocomplexes were collected by centrifugation,
washed three times with lysis buffer without protease inhibi-
tors, and immunoblotted.

Immunohistochemistry—Cells grown on collagen-coated
coverslips were fixed in PBS containing 3.7% formaldehyde for
10 min. After permeabilization with 0.2% Triton X-100, cells
were incubated in PBS containing 5% (w/v) bovine serum albu-
min and 0.5 pg/ml anti-FLAG M2 monoclonal antibody over-
night at 4°C. Immunoreactants were further visualized using
Alexa Fluord88-conjugated anti-mouse 1gG secondary anti-
body (Invitrogen), and images were acquired using a Pascal
confocal laser-scanning microscope (Zeiss).

*2p-Orthophosphate Labeling—Stable clones were cultured
in the presence or absence of 10 ng/ml Dox for 24 h and then in
phosphate-free medium (Invitrogen) containing 10% fetal calf
serum (dialyzed three times against 100 volumes of Hepes
buffer) and **P-orthophosphate (PerkinElmer Life Sciences) at
1 mCi/ml for an additional 4 h. Cells were harvested, lysed by
sonication using the Bio-ruptor sonicating machine, and sub-
jected to immunoprecipitation. Immunoprecipitates were sep-
arated by SDS-PAGE, followed by immunoblot analysis and
autoradiography using the FLA system.

In Vitro De-phosphorylation Experiments—HTO cells were
lysed in buffer (50 mm Tris-Cl, 100 mm NaCl, 2 mm EDTA, 10%
EDTA, 0.1% Triton X-100) by sonication. Lysates were incu-
bated with or without either PP1 (a recombinant PPl isoform;
Calbiochem) or NIPP1-PP1 holoenzyme at 30 °C for 10-60
min. The NIPP1-PP1 holoenzyme was constituted by preincu-
bation of recombinant PP1a with His-NIPP1 at several ratios
on ice for 20 min in Trs-buffered saline. His-NIPP1 was
expressed in Escherichia coli using the pET system (Novagen,
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San Diego, CA) and purified using TALON beads (Clontech)
following the manufacturer's recommendations. Sap155 was
immunopurified from lysates of Hela cells treated with 100 nm
okadaic acid for 6—8 h using anti-Sap155 monoclonal anti-
body-conjugated agarose.

Phosphatase Assay—Immunoprecipitates with anti-FLAG-
agarose were eluted twice by incubating beads with 200 pg/ml
FLAG peptide. Eluates were subjected to a phosphatase assay
and Western blotting PP1 activity measurement was as
described (26).

RNAi Exper siRNA dupl inst b NIPP1
(Stealth RNAI) were purchased from Invitrogen (HS55143426
and HSS5143427), Stealth RNAi Negative control Medium GC
duplex (Invitrogen) served as control. siRNA transfection was
undertaken using Lipofectamine RNAIMAX (Invitrogen)
according to the manufacturer's instructions at final siRNA
concentrations of 5 nm in culture.

Overlay Assay—Sap155 was immunoprecipitated from HeLa
cell lysates treated with 100 nm okadaic acid (OA) for 6 -8 h,
separated by SDS-PAGE, and transferred to a nitrocellulose
membrane. The membrane was blocked with 5% bovine serum
albumin in PBS and reacted with solutions supplemented with
phosphatase inhibitors (Roche Applied Science}at 4°C for 1 h.
Membranes were washed with PBS, 0.1% Tween plus phospha-
tase inhibitors at 4 °C for 5 min twice and then UV-irradiated to
flx complexes,

Statistical Analysis—One-way analysis of variance combined
with Tukey's test was used to analyze data with unequal vari-
ance between each group. A probability level of 0.05 was con-
sidered significant

RESULTS

Physical and Functional Interaction between NIPPI and
Pre-mRNA Splicing in Imtact Cells—To elucidate interaction
between NIPP1 and the spliceosome in vivo, we performed an
RNP immunoprecipitation assay (31), Cells transfected with
FLAG-NIPP] (Fig. 1A4) together with the f-globin reporter
plasmid pTRE-B-globin were treated with formaldehyde,
recovered, and lysed. RNPs containing FLAG-NIPP1 were
immunoprecipitated using an anti-FLAG antibody. The cross-
links were reversed, and the immunoprecipitated RNAs were
detected by RT-PCR ("Minus RT" controls are presented as
supplemental Fig. 1). As shown in Fig. 1B, both unspliced and
spliced B-globin RNAs co-immunoprecipitated with FLAG-
NIPP1-WT. We next examined interaction between NIPP1
mutants (Fig 14) and B-globin pre-mRNA/mRNAs. Similar
results were abtained with NIPP1-R53A, which has a nonfunc-
tional FHA domain (Fig. 1C). NIPP1-V201A/F203A (NIPP1-
RATA), which is deficient in PP1 binding (Fig. 1D), reproduc-
ibly co-immunoprecipitated pre-mRNA more efficiently than
did NIPP1-WT. NIPP1-AC, which lacks the C-terminal 22
amino acids constituting a second PP1-binding region, inter-
acted almost exclusively with unspliced pre-mRNA. This
observation correlated with accumulation of unspliced
reporter pre-mRNA in cell lysates, as detected by RT-PCR
("total RNA"in Fig. 1 B), suggesting inhibition of splicing by that
mutant form of NIPP1. Because transcription and "post-tran-
scriptional” RNA processing are functionally coupled (32), the
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FIGURE 1, Physical association of NIPP1 and pre-mRNA/mRNA of B-globin reporter genes in intact cells,
A NIPP1 mutant proteins l.rsed In lhh sludy Each s N-terminally tagged with the FLAG epitope. The FHA
domainand PP1-binding regi g RVTF seq e and Lys (K)-rich reglon of NIPP1 are shown. 8, invivo
interaction between NIPP1 and B-globin repurm pre-mANA/mANA. Structure of the human f-globin gene
reponer construct, pTRE-B-globin, is shown on the top. The open reading frame is represented by shaded
boxes, and introns and vector stuffer sequences are represented by lines. Arrows indicate position of primers
used in RT-PCR analysis. HTO cells were transiently transfected with FLAG-NIPP] expression vector with the
B-alobin reporter plasmld Aboul 24 h after transiecﬂon cells were subjected to ANP immunoprecipitation
assay.Co- itated reporter pr RNAs with FLAG-NIPP 1 were detected by RT-PCR Positions of
amplified DNA lmgmenls derived from unspliced pre-mRNA and spliced mRNA are shown at right. Levels of immu-
...... d FLAG-NIPP1 proteins were also assessed by immunoblofting (WE). C pulidown experiments were
porl'mned using GST- taqged FHA domains of NIPP1, GST, GST-FHA-WT, or GST-FHA-R53A was mixed with whole
cell lysates of HeLa cells. Co-precipitated proteins were subjected to immunoblotting using anti-phospho-Thr anti-
body. Cont, control. 0, Hela-TetOff cells were transiently transfected with NIPP1-WT or NIPP1-RATA, lysed, and
subjected to immunoprecipitation (1P) using an antk-FLAG antibody. Immunoblots were performed using antl- PP 1a
of anti-FLAG antibodies. £, effects of wild-type and mutant forms of NIPP1 an mRNA of an intron-less -globin
reporter gene. Structure of the intron-less human B-globin reporter construct Is at the fop. Interaction between
NIPP1 and the intron-less reporter mRNA was analyzed as in B.

effects of NIPP1-AC on splicing might represent an indirect
transcriptional effect. To distinguish between these possibili-

reporter gene, As shown in Fig. 1E,
NIPP1-AC and other NIPP1 con-
structs did not significantly affect
mRNA levels of the intron-less
reporter, suggesting that the effect
of NIPP1-AC on splicing is specific
for a splicing-related event(s) or
for splicing itsell. Intriguingly, all
NIPP1 variants co-precipitated
mBNA derived from the intron-less
reporter, consistent with a recent
report that the U2 snRNP is recruited
to both intron-containing transcripts
and transcripts of intron-less genes,
such as histone genes, to facilitate
3'-processing (33).

To further delineate effects of
mutant NIPP1, we took advantage
of the pTRE-B-globin reporter, in
which the transcription is regulated
by a TRE sequence upstream of
the cytomegalovirus promoter (Fig.
1B). When introduced into cells
expressing the Tet-repressor (Tet-
Off cell lines), de novo transcription
from the reporter is specifically and
rapidly suppressed by the stable tet-
racycline analogue Dox (28). Narth-
ern blot analysis showed that
expression of NIPP1-AC decreased
steady-state levels of fA-globin
mRNA, whereas expression of
NIPP1-WT had produced little if no
effect (Fig. 24). A band likely repre-
senting f-globin pre-mRNA (in-
dicated by asterisk in Fig. 2A)
migrated more slowly than f-globin
mRNA and was more abundant in
cells transfected with NIPP1-AC
compared with mock- or NIPP1-
WT-transfected cells. To confirm
this observation, we performed an
RPA (Fig 2C; see supplemental Fig
2 for assay design) and found that in
mock-transfected cells levels of
unspliced B-globin pre-mRNA were
rapidly decreased after Dox-medi-
ated block of de novo transcription
of the reporter gene, as seen in Fig,
2C. This decrease is likely due to
splicing of the reporter pre-mRNA.
Strikingly. unspliced pre-mRNA
was more abundant in cells trans-
fected with NIPP1-AC, whereas
mature spliced mRNA levels were

decreased (Fig. 2C). Additionally, the half-life of unspliced
pre-mRNA in NIPP1-AC-transfected cells appeared much lon-

ties, we repeated the assays using a corresponding intron-less  ger than that seen in mock- and NIPP1-WT-transfected cells
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FIGURE 2 Effects of NIPP1 mutants on splicing in vive and in vitro. A and B, cells were transiently transfected
with FLAG-NIPP1 expression vector and the pTRE-B-globin plasmid. After 24 h, cells were harvested at indi

cated time points after addition of 10 ng/ml Dox to the medium. Total RNA was isolated and analyzed by
Northern blotting with f-globin cDNA (A). The lysates of cells at time O were analyzed by Western blotting
using the anti-FLAG (upper) and anti-NIPP1 antibody, which recognizes the Lys-rich region of NIFP1 (lower) (8]
Cand D, decay of unspliced pre-mRNA after the shut-off of de novo transcription. Cells were transiently trans-
fected, treated with Dox, and harvested as in A Tatal RNA was isolated and analyzed by a multiprabe RPA (C).
Migration of protected fragments derived from unspliced and spliced mANAs is shown. Band intensities
derived from the unspliced transcript were evaluated and are shown as values relative to those at 0 h (D). Data
represent mean values of 3- 4 Independent RPAs with S0.%, p < 0001, **, p < 0.01 {AC versus WT).

(Fig. 2D). As described, NIPP1-RATA associated with unspliced
pre-mRNA more efficiently than did NIPP1-WT, whereas NIPP1-
RATA did not accumulate unspliced pre-mRNA, in contrast to
NIPP1-AC (Fig. 1B). It is noteworthy that decay of unspliced
pre-mRNA of NIPP1-RATA-transfected cells was slightly slower
than that seen in mock-transfected cells (Fig. 2, Cand D).

Taken together, these results demonstrate physical and func-
tional association between NIPP1 and pre-mRNA splicing and
suggest the importance of the NIPP] C terminus and interaction
between NIPP1 and PP1 in NIPP1-mediated regulation of splicing
in vivo. When we performed an in vitro splicing assay in Hela
nuclear extracts, NIPP1-AC showed no effect as reported (Ref 23
and data not shown). Based on these findings, we chose to evaluate
NIPP1 function in cell-based rather than in vitro experiments.

Characterization of Splicing Inhibition by NIPP1-AC—To
understand functional differences between NIPP1-AC and
wild-type protein, we first investigated NIPP1-AC subcellular
localization and found it indistinguishable from that of
NIPP1-WT (Fig. 34). We next prepared NIPP1 constructs con-
taining point mutations in addition to the AC deletion to inves-
tigate domain requirements for splicing inhibition (Fig. 3B).
The effects of these mutations on splicing of the 8-globin con-
struct were determined by analyzing accumulation of unspliced
pre-mRNA. An RPA analysis revealed that NIPP1-AC, but not
NIPP1-R53A/AC or NIPP1-RATA/AC, inhibited pre-mRNA
splicing of the reporter gene (Fig. 3C). These results indicate
that inhibition of splicing by NIPP1-AC requires both a func-
tional FHA domain and interaction with PP1. Neither the
R53A nor RATA mutation alone promoted accumulation of
unspliced pre-mRNA (Fig. 1B and data not shown).

Because splicing inhibition by NIPP1-AC requires interaction
with PP1, we compared NIPP1-WT and -AC mutant in terms of
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association with PP1. NIPP1-WT

E 2 and NIPPI1-AC were immunopre-

sy cipitated, and PP1 activities were
o evaluated using phosphorylase a as
a substrate. PP1 activity complexed
with NIPP1-AC was reproducibly

D higher than that seen with NIPP1-
e WT (Fig. 4A). Similar amounts of
PP1 in immunoprecipitates of

- NIPP1-WT or -AC were confirmed

z by immunaoblotting with anti-PP1
2 antibody (Fig. 4B). We reasoned
¢ 1 that differences seen in Fig. 44
ey could be due to potential modifica-

o~ mock tion of the catalytic subunit PP1. Itis
L well established that PP1 is phos-
sal phorylated by cyclin-dependent

kinase(s) on a critical Thr residue in
the C terminus {Thr-320 of PPla)
and inactivated (11, 12), NIPP1-W'T
or NIPP1-AC was immunoprecipi-
tated from transfected cells, and
the inhibitory phosphorylation of
endogenous PPl associated with
NIPP] was examined and com-
pared. Strikingly, PP1 co-immuno-
precipitated with NIPP1-WT was highly phosphorylated on the
inhibitory site, whereas PP1 in association with NIPP-AC was
minimally phosphorylated (Fig. 4B). Thus, the higher specific
activity of PP1 associated with NIPP1-AC could be due to lower
levels of inhibitory phosphorylation of PP1, rendering it consti-
tutively active. At present, we cannot differentiate the levels of
inhibitory phosphorylation in each PP1 isoforms because the
phospho-Thr-320-PPla antibody may also cross-react with
other isoforms phosphorylated on the corresponding residue.
Nevertheless, given that NIPP1 preferentially associates with
PPla (see below), it is likely that phospho-PP1 co-immunopre-
cipitating with NIPP1 is primarily PPla.

NIPP1-associated PP1 Regulates Sapl55 Phosphorylation—
To further analyze NIPP1 actions in pre-mRNA splicing, stable
cell lines conditionally expressing WT and mutant forms of
NIPP1 (HeLa-TetOff (HTO)-NIPP1 clones) were developed. In
these clones, FLAG-NIPP1 proteins were detected 8 h after
removal of Dox, and levels were maximal at about 24 h (Fig.
54). Previous studies had identified several potential effec-
tors of NIPP1 and/or PP1 such as CdcSL, Sapl55, and
Us-116k (6, 18, 19, 34). Levels of phosphorylation of these
proteins in HTO-NIPP1 clones were investigated by meta-
bolically labeling cells with **P-orthophosphate. We found
that Sap155 hyperphosphorylation was slightly decreased in
cells expressing WT-NIPP1 (Fig. 58). Importantly, this
decrease was more apparent in cells expressing NIPP1-AC.
Induction of NIPP1-AC expression by Dox removal caused vir-
tual loss of Sap155 hyperphosphorylation. The slight decrease
in Sap155 hyperphosphorylation of HTO-NIPP1-AC cells in
the presence of Dox was probably due to leaky expression of the
construct in this system. In contrast, neither Cdc5L nor
U5-116k phosphorylation levels were affected by NIPP1-WT or
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Dephosphorylation of Sap155 by NIPP1-associated PP1
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FIGURE 3, Characterization of splicing inhibition by NIPP1-AC. A normal
subcellular localization of NIPP1-AC. HTO cells were transiently transfected
with NIPP1-WT or NIPP1-AC and subjected 1o immunostaining with the anti-
FLAG antibody followed by Alexa Fluor488-conjugated anti-mouse lgh
(green). F-Actin was co-stained with Alexa FluorS46-phalloidin (red). &, dia
grams of NIPP1-AC and deleted forms further mutated in the FHA domain or
the PP1-binding motif. €, HTO cells were transiently transfected with the
f-glebin reporter together with NIPP1 constructs shown in B, Total RNA was
isolated and analyzed by RPA as in Fig. 2

-AC. Taken together, these results demonstrate that Sap155isa
major dephosphorylation target of PP1, which is regulated by
NIPP1 in vivo.

To test the effects of NIPP1 depletion on Sap155 phospho-
rylation, parental HTO cells were transfected with NIPP1
siRNA to knockdown NIPP1 (Fig. 5C). Little effect of NIPP]
knockdown on Sapl55 phosphorylation was observed. as
judged by assaying Sap155 mobility shifts on Western blotting
We next treated NIPP1=knockdown cells with the cell-perme
able toxin OA, which could preferentially inhibit PP2A class
PPases (PP2A, PP4, and PP6) at the adopted concentration of
100 nM, OA treatment of mock- or control siRNA-transfected
cells slightly increased levels of hyperphosphorylated Sap155
compared with vehicle-treated cells (Fig. 5C). In NIPP1-knock-
down cells, OA-induced hyperphosphorylation of Sap155 was
more robust than that seen in mock- or control siRNA-trans-
fected cells (Fig. 5C). These results indicate the importance of
endagenous NIPP1 in regulating Sap155 phosphorylation

The results in Fig. 5, B and C, strongly suggest that NIPP|
promotes dephosphorylation of hyperphosphorylated Sap155
by associated PP1. We further tested this hypothesis by in vitro
dephosphorylation experiments. As shown in Fig. 64, OA
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FIGURE 4, Dysregulation of PP1 by NIPP1-AC. A PP1 activities in association
with NIPPV-WT and -AC. HTO cells were transiently transfected with
MNIPPT-WT or NIPP1-AC and lysed, and immunoprecipitates with an antl- FLAG
antibody were subjected 1o a phosphatase assay, Data represents mean of
four independent experiments with 50, *, p - 0.05. B C-terminal inhibitory
phosphorylation of PP1 associating with NIPP1-WT and NIPP1-AC, HTO celis
were transiently transfected with NIPP1-WT or NIPP1-AC. After 24 h, cells
were lysed and immunoprecipitated (IP) with an anti-FLAG antibody. Immu
noblots were performed using anti-phospho-Thr-320-PP1a, anti-pan-PP1
(E9), o antl-FLAG antibodies. Anti-phospho-Thr-320-PP1a antibody also may
cross-react with PP 1y and - & isoforms phosphorylated on the corresponding
residues (data from Cell Signaling Technalogy, Inc). Cant, control

treatment of cells greatly induced Thr phosphorylation of
numerous cellular proteins (lower panel) and also hyperphos-
phorylation of Sap155 (upper panel). Incubation of cell lysates
under dephosphorylation conditions (Le. without PPase inhib
itors) resulted in time-dependent loss of most phospho-Thr,
likely because of the activities of endogenous PPase(s) other
than PP1, but did not affect Sap155 phosphorylation. How-
ever, addition of recombinant PPla led to complete loss of
hyperphosphorylated Sap155 within 60 min, indicating that
Sapl55 1s a PP1 substrate. Remarkably, further addition of
NIPP1 enhanced dephosphorylation of hyperphosphorylated
Sapl155 (Fig. 68). The stimulating effect of NIPP1 on Sapl55
dephosphorylation by PP1 was also observed with immunopu-
rified Sap155, minimizing the possibility that scaffolding pro-
teins other than NIPP1 mediate this effect (Fig. 6C and supple-
mental Fig. 3B). Furthermore, Sap155/PP1 interaction was
detectable by far-Western analysis only when PPl was pre-
complexed with NIPP1 (Fig. 6D). Thus, we conclude that
NIPPI functions as a Sap155-targeting subunit for PP1.
Aberrant Sap155 Dephosphorylation Correlates with Inhibi-
tion of Pre-mRNA Splicing by Mutant NIPP1—How NIPP1
interacts with Sap155 was further investigated by immunopre-
cipitation assays. Sap155 was effectively co-immunoprecipi-
tated with NIPP1-WT and -RATA but not with NIPP1-AC and
-R53A (Fig. 7A), Importantly, Sap155 co-immunoprecipitated
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