The Journal of Immunology 1323
A 100 B 700 200
B3 Vehicle | 600 i ii
& | O oGaCe = 2501
80 =500 E
F] g4()0. 9’20()-
g 60 300 21501
Z 4
8 g200 Z 100
g 40 100
é 0 501
£ 100 o
5% Vehicle a-GalGer Vehicle a-GalGer
o 10007 107~
day 3 day 5 day10-13 sood M 4
Days post transplantation - ? 8
£600 E
2 24 1
400 Y
;1' a4
5000 1200 200 T
o B
5000 1000 0
= = 200
%4000 E800 Vehicle o-GalCer Vehicle o-GalCer
o
Sa000] 56001
= e
& 20004 £ 4001
10004 200] D300 " 20001
[ P = 0 R == _ '51500
s£13 518 2 T 3] §  Ew § L
gl 8|z & 2 8,8 ¢ 2 S
T - -] k-3 -3 -3 = L‘LTOOO
VIO | Vehicle | o-GalCer Vehicle | a-GalCer = =z
stimulation i 100 = -
800 180 500
700 1601
0
_600 140, Vehicle o-GalCer Vehicle o-GalCer
Eso0 =12 30 200
E 5100 il v
FH00 2 a5 25
1300 © 20 T =150 T
= - 60 £ £
200 40 81 gmo
100 204 ljlz.:, 210 _ w
0 2 ] 0 o! ) 5 " s -
g8 8|3 & 2 8]§ 8 -
*El: &8 & E 8|8 & 0
£ > s lz % S N 5 0
hvito 1 yahicle |e-GalCer Vehicle | a-GalCer Vehicle «-GalCer Vehicle o-GalCer

stimuyiation

FIGURE 2. CD4% splenocyie chimerism and serum cytokines of e-GalCer-treated mice. A, Chimerism of CD4™ splenocytes in a-GalCer and vehicle-
trealed recipients. We analyzed CD4™ splenocytes from 6 vehicle- and 6 a-GalCer-treated recipients on day 3, 9 vehicle- and 11 e-GalCer-treated recipients
on day 3. and 8 vehicle- and 8 a-GalCer-treated recipients on days 10-13 (median, 11 days). There is a statistically significant difference between the
proportions of CD4* splenocytes from vehicle- and a-GalCer-treated recipients on day 3 (p = 0.002) and day 5 (p < 0.0001) posttransplant (p < 0.0001).
B, Composite box plots for serum IFN-y. TNF-a. IL-4, and IL-5 levels in a-GalCer-treated (n = 6) or vehicle-treated (n = 6) recipients at 3 h after
transplantation. The plots for IFN-y and IL-4 of vehicle-treated mice overlap with zero lines. There are statistically significant differences between the
vehicle- and a-GalCer-treated groups with each cytokine (IFN-y, TNF-a. IL-4 (p = 0.004), and IL-5 (p = 0.037)). C, Cytokine production from in
vivo-primed and in vitro-stimulated (6 days after priming) splenocytes by a-GalCer or vehicle. Each group included three mice (each bar indicated the result
from one mouse). Results are the means and SD of triplicate values. D, Composite box plots for serum IFN-4. TNF-c. IL-4, and IL-5 levels in a-GalCer-
treated (1 = 16) or vehicle-treated (n = 14) recipients on day 5 or 6 posttransplant. There are statistically significant differences between the vehicle- and

a-GalCer-treated groups with each cytokine (p < 0.0001). Serum from the individual mice was used to measure all four cytokines (B-D).

Host-residual INKT cells are required for the prolongation of
survival by adoptively transferred iNKT cells

The above observations suggest that adoptively transferred iNKT
cells attenuate GVHD by affecting host-residual iNKT cells. To
examine the different roles of host-residual and transferred iNKT
cells more clearly, we used Jal8™/~ (iNKT cell-deficient)
BALB/c and C57BL/6 mice as hosts and donors, respectively.
We compared the survival time between Ja18 7™/ and wild-type
BALB/c mice after transplantation from wild-type C57BL/6.
When Jal187/~ BALB/c mice were used as recipients, the survival
of these mice was significantly shorter than that of wild-type
BALB/c mice after transplantation (p = 0.017, Fig. 4A4). Impor-
tantly, the prolongation of survival by either the adoptive transfer
of iNKT cells (Fig. 4B) or the administration of a-GalCer (data not
shown) was not observed if the recipients were Jal8™/~ BALB/c
mice. Difference in the time course by a-GalCer treatment of do-
nor CD4* T cell chimerism and the serum cytokine levels at both

carly phase (3—6 h) and late phase (5-6 days) posttransplant,
which was seen when wild-type BALB/c mice were used as the
recipients (Fig. 2, A and B). was not evident when Jal87/7
BALB/c mice were the recipients (data not shown). Surprisingly,
iNKT cell administration to Ja18 7/ recipient mice also did not
change the levels of IFN-y. TNF-a, IL-4, and IL-5 at 3-6 h after
transplantation (Fig. 4C). suggesting that cytokines released after
adoptive iNKT administration were produced from host-residual
iNKT cells, not from infused iNKT cells.

In contrast. when Jal18™'~ C57BL/6 mice were used as donors
utilizing the same protocol as in the experiment shown in Fig. 1A
(2 pg of a-GalCer or control vehicle every 4 days from the day of
transplantation), the survival of the recipient BALB/c mice was
prolonged by a-GalCer administration compared with vehicle ad-
ministration (Fig. 4D). as was survival when wild-type C57BL/6
mice were used as donors (Fig. 1A). In this setting (donor:
Ja187'7 C57BL/6). serum cytokine levels at 3—6 h posttransplant
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FIGURE 3. Adoptive transfer of in vitro-expanded iNKT cells. A, Flow cytometric analysis of in vitro-expanded iNKT cells. a-GalCer-loaded CD1d
tetramer and TCRPB double-positive cells indicated iNKT cells. The purity of double-positive cells was 98%. B, Electrophoresed PCR products from in
vitro-expanded iNKT cells using Val4-specific 5 primer and Ca-specific 3° primer (fane 1) and those using B-actin-specific primers (lane 2). C. Assay
for in vitro cytokine production from expanded iNKT cells stimulated by autologous splenic dendritic cells. D, Survival of in vitro-expanded iNKT
cell-transferred recipients. Recipients receiving both C57BL/6-derived (B6 NKT. n = 18) and BALB/c-derived (BALB/c NKT. n = 23) iNKT cells
survived longer than recipients without iNKT transfer (no NKT. n = 17) (C57BL/6-derived iNKT and no iNKT. p = 0.016: BALB/c-derived iNKT and
no iNKT. p < 0.0001). The fine line represents the survival of syngeneic cell-transplanted mice (syngeneic, n = 7). E, iNKT cells in liver [ymphocytes
on day 6 postiransplant. @-GalCer-loaded CD1d tetramer and TCR double-positive cells in the liver from recipients without iNKT cell transfer (no NKT.
i) and with the transfer of iNKT cells derived from BALB/c (BALB/c NKT. if). and C37BL/6 (B6 NKT. iii) are shown in left panels. The origin of iNKT
cells was evaluated by staining H-2D" and a-GalCer-loaded CD1d tetramer (v and v). We repeated the evaluation of liver iNKT cells seven times on day
3. 6. or 7 posttransplant. The chimerism of donor/recipient iNKT cells was not affected by the difference in the strain from which adoptively transferred
INKT cells were derived: the average difference between the two groups was as low as 8.6%. with a SD of 2.9% (range. =6 to 12%). F. Plots for serum
IFN-y. TNF-a. IL-4. and IL-5 levels at 3 h after transplantation from recipients without iNKT cell transfer (# = 6) and with the transfer of iNKT cells
derived from BALB/c (n = 3) and C57BL/6 (n = 3). Horizontal lines indicate the median value. There are statistically significant differences between the
“no NKT" and "BALB/c NKT" and "no NKT™ and “B6 NKT" groups with each cytokine (no NKT and BALB/c NKT. p = 0.003 (IFN-y. TNF-e. and
IL-4) and p = 0.008 (IL-5): no NKT and B6 NKT. p = 0.014 (IFN-y. TNF-a. and IL-1) and p = 0.041 (IL-3)).
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FIGURE 4.

Impact of Jel87~'~ mice on posttransplant survival. A, Wild-type (n = 14) recipients survived significantly longer than Ja18 ™'~ recipients

(n=12)(p = 0.017). B, There was no significant difference among the survival of mice transferred with C57BL/6-derived (B6 NKT, dotted line, 1 = 13)-
and BALB/c-derived (BALB/c NKT. n = 14) iNKT cells and without iNKT cell transfer (no NKT. n = 9). C, Plots for serum IFN-y. TNF-«, IL-4. and
1L-5 levels at 3 h after transplantation from Jal8™'~ mice transferred with BALB/c derived (1 = 5) or those without iNKT cell transfer (n = 5). Horizontal
lines indicate median. D. Survival of a-GalCer (dashed line. n = 25)- and vehicle (n = 22)-treated mice that were transplanted with Jal18~'~ donor cells.
a-GalCer-treated mice survived longer than vehicle-treated mice (p = 0.002).

were significantly increased by «-GalCer treatment, and the serum
IL-4 and IL-5 levels on 5 or 6 days posttransplant in a-GalCer-
treated recipients were higher than those in vehicle-treated recip-
ients and similar to those in wild-type recipients (data not shown).

These results collectively indicated that host-residual iINKT
cells, rather than INKT cells contained in the graft. are the major
producers of various Thl and Th2 cytokines shortly after trans-
plant and key regulators of GVHD, and indeed are required for the
regulation of GVHD by graft-contained and -adopted iNKT cells.

Combination of «-GalCer pretreatment and use of iNKT cell-
depleted grafts resulted in maximal GVHD reduction and graft
rejection
In experiments in which Je18™™ C57BL/6 mice were donors, we
noticed that 2 of 25 recipients treated with a-GalCer survived for
>100 days. which was not the case if the wild-type C57BL/6 mice
were donors (data not shown). Although this could represent a
variation in the experimental conditions because there was no sig-
nificant difference between the two groups, we expected that sur-
vival could be maximally improved if host-residual iNKT cells
were stimulated before and after transplantation and iNKT cells
were absent from the grafts. When we administered a-GalCer on
days —4. 0. and 4 of wransplantation and transplanted the grafts
from Jal8 ™/~ C57BL/6 mice, § of 17 wild-type BALB/c recipient
mice survived for >100 days without obvious GVHD (Fig. 5. A
and B) as expected. Without a-GalCer, there was no obvious dif-
ference in the survival of the recipients due to selection of the
donor. i.e.. wild-type or Ja187'~ C57BL/6 mice (cf Fig. 1A vs Fig.
SA and Fig. 1B vs Fig. 5B).

Among the eight long-term survivors described above in the
setting of Ja18 7/~ C57BL/6 mice as donors and a-GalCer started
before transplantation. seven mice completely rejected the donor

cells and the remaining one mouse exhibited mixed chimerism at
6 wk posttransplant (data not shown). Therefore, we examined the
time course of donor cell chimerism early after transplantation in
recipients with a-GalCer that was started before transplantation.
Both Gr-1% and CD4% T cells were engrafted in vehicle-treated
mice (Fig. 5C). In contrast, both Gr-1* and CD4™ T cells were
rejected carly after transplantation in a-GalCer-treated mice. Par-
ticularly, Gr-1" cells were never engrafted (Fig. 5C).

Since it is known that NK cells are major effectors in graft
rejection (27) and play a role as effectors of iNKT cells in antitu-
mor immunity by secreting IFN-y (1, 9). we performed in vivo NK
depletion by administering anti-asialo GM1 Ab. It is of note that
iNKT was not depleted by this treatment (data not shown). How-
ever. the prolongation of survival (Fig. 6A) and graft rejection (Fig,
6B) by a-GalCer were still observed as seen without anti-asialo
GM1 Ab. For graft rejection, therefore, some targets other than NK
cells should be considered as effectors of host-residual iNKT cells
activated by a-GalCer. particularly in the absence of donor iNKT
cells.

Discussion
Many studies have suggested that an important physiological func-
tion of iNKT cells is to control immune responses against auto-
immunity. infection. and tumors (1, 9). In transplantation immu-
nity, iNKT cells are also thought to play a role in the induction of
allograft (28-30) or xenograft tolerance (31). In this study, we
examined the role of iNKT cells in GVHD mouse model systems,
using an iNKT stimulator e-GalCer. adoptive transfer of in vitro-
expanded iINKT cells. and Ja18 ™/~ mice (16). and found that host-
residual INKT cells can attenuate GVHD.

Some reports have suggested that both donor bone marrow-de-
rived (10) and host-residual (11. 12) NKT cells (NK1.1* or DX5F
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Maximal survival accompanied by graft rejection. Treatment with a-GalCer on days —4. 0. and 4 of transplantation. Survival (A) and clinical

score (B. means and SD) of a-GalCer (n = 17)- and vehicle (n = 10)-treated mice that were transplanted with Ja187™'~ donor cells. a-GalCer-treated mice
lived longer (p = 0.0008). The GVHD score within the first 30 days after transplantation was significantly lower in the a-GalCer-treated group (p <
0.0001). Although the eight mice that survived for >100 days showed few signs of GVHD. they did show graft rejection or long-term mixed chimerism.
C, Engraftment of CD4" splenocytes and Gr-1* bone marrow cells in a-GalCer- and vehicle-treated mice that were transplanted with Ja 8/~ donor cells.
The representative results of three independent and highly reproducible experiments are shown.

T cells) may suppress acute GVHD. These NKT cell populations
should overlap with the iNKT cell population that we describe
here. Therefore, the attenuation of GVHD by adoptive transfer of
in vitro-expanded iNKT cells described here is consistent with
previous results.

Recently, a report has shown that a-GalCer administration to
recipients prolonged survival of GVHD mice and its administra-
tion to CD1d™~ mice did not prolong their survival (14). Our
results show more direct evidence that such findings are caused by
the functional activation of iNKT cells, with the use of Ja187~
mice. Moreover, the need for host-residual iNKT cells was clearly
shown by the result that adoptive iNKT cells from either strain did
not attenuate GVHD if transferred to Ja18 ™'~ BALB/c recipients.

Surprisingly. host-residual iNKT cells were maintained in the
liver early after transplantation if C57BL/6 (donor strain)-derived
iNKT cells were transferred, whereas very few host-residual iNKT
cells were detected without adoptive iNKT transfer (Fig. 3C, i, iii,
and iv). We could not distinguish the origin of H-2D* iNKT cells
detected in the recipient liver if BALB/c strain-derived iNKT cells
were transferred (Fig. 3C, i and iv). It is possible that they also
represent host-residual rather than injected iNKT cells. Taken to-
gether, these findings suggest that the attenuation of GVHD by
adoptively transferred iNKT cells is likely to occur through the
maintenance of host-residual iNKT cells, although the precise
mechanism remains to be elucidated. Tt should also be clarified
whether injected and host-residual iNKT cells locally interact with
each other in a specific tissue. Particularly, it would be highly
desirable if we could visualize iNKT cells in the liver by marking
their strain and origin, which would be possible only after techni-
cal advances are available for the specific staining of iNKT cells.
Analyzing a direct interaction of liver-isolated iNKT cells and ac-
tivated MHC-mismatched iNKT cells would be of great interest.
but impracticable, given the extremely low proportion of liver
iNKT cells. In addition. the a-GalCer-loaded CD1d tetramer is the
only tool for specifically staining iNKT cells, and the isolation

procedure for iNKT cells might stimulate them and thus influence
the results of in vito analyses.

Other unexpected results include the delay in engraftment, the
induction of mixed chimerism, and graft rejection by host-residual
iNKT cells, particularly if a-GalCer administration was started
before transplantation and Jal8 7/~ C57BL/6 mice were used as
donors. This setting conferred the maximal survival benefit to the
recipients because of the mildness of GVHD. albeit this occurred
in our meticulous experimental mouse model. Possibly. the acti-
vated host-residual iNKT cells may suppress donor CD4™ T cell
function or stimulate host T cell function before total-body irradi-
ation and transplantation. Given that mixed chimerism induces
GVHD tolerance (32), host-residual iNKT cells may provide the
attenuation of GVHD and the induction of mixed chimerism and
graft rejection through a common mechanism that regulates graft-
vs-donor immunity.

Induction of a2 Th2-dominant cytokine profile before the onset of
obvious GVHD after transplantation (Fig. 2B) may. at least in part,
be associated with such a mechanism, since many studies (33-~35).
with some conflicting reports (36, 37), have shown that Th2 cy-
tokines protect against GVHD. In addition. some investigators
have reported that IL-2, TNF-a. and IFN-+y play important roles in
the development of GVHD in vivo (35, 38-41). Induction of cy-
tokine production from residual iNKT cells by administration of
«a-GalCer or iNKT a few hours after transplantation was obvious.
Thi as well as Th2 cytokine secretion at the very early stage of
transplantation may be favorable for balancing the recipients’ and
donors” T cell function and. as a result. may suppress GVHD.
Besides, repeated a-GalCer administration may induce a Th2-
dominant cytokine profile. These considerations, as well as previ-
ous reports that the GVHD-protective effect of NKT cells depends
on IL-4 production from NKT cells (10-12. 14). support our spec-
ulation. Regarding other cytokines. several reports have noted that
TL-12 (34, 42). IL-13 (43, 44). IL-15 (34. 38). and IL-18 (45) are
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FIGURE 6. The prolongation of survival and graft rejection caused by
a-GalCer treatment were unaffected by the depletion of NK cells. A, Sur-
vival of a-GalCer (n = 9)- and vehicle (n = 9)-treated wild-type BALB/c
recipient mice. The mice were administered with anti-asialo GM1 Ab on
day —1 of transplantation and transplanted with cells from wild-type
C57BL/6 donor mice. a-GalCer was administered every 4 days from the
day of transplantation. a-GalCer-treated mice survived longer than vehicle-
treated mice (p = 0.005). Meantime. there was no difference between the
anti-asialo GM1 Ab- and vehicle-administered groups (data not shown). B,
Chimerism on day 7 of CD4* and CD8* splenocytes and Gr-1* bone
marrow cells in e-GalCer and asialo GM1 Ab (n = 6)- and vehicle and
asialo GM1 Ab (n = 4)-treated recipients. Asialo GM1 Ab was adminis-
tered to the wild-type recipients on days —5 and —1. and a-GalCer was
administered on days —4 and 0 of transplantation. Grafts were from
Jal87'" C57BL/6 mice. Significant differences were noted in each cell
type (CD4%. p = 0.002: CD8* and Gr-1%, p < 0.0001).

also associated with GVHD. However, we could not obtain suffi-
cient samples from sick mice to measure such various cytokines
simultaneously. Although we were unable to evaluate all of these
cytokines in this study. we hope we will be able to analyze a
complete set of cytokines in future studies.

To further complicate this scenario, our findings also revealed
that the absence of iINKT cells in the graft enhances the suppres-
sion of engraftment of donor cells. A simple interpretation of this
result is that INKT cells in the graft help donor cells engraft, which
is apparently opposite to the effect of host-residual iNKT cells.
While attenuating GVHD by inducing host-residual iNKT cells.
graft-contaminated iNKT cells may suppress host-vs-graft immu-
nity. We observed a delay of engraftment when we adoptively
transferred iNKT cells expanded from the BALB/c strain while
transplanting grafts from Jal87/7 C57BL/6 mice (data not
shown). Furthermore, we observed high levels of serum cytokines
after transplantation and in vitro-expanded iNKT cells only when
recipients had iNKT cells. Therefore. these functional differences
may simply depend on the place, tissue-residual iNKT cells or
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blood-borne iNKT cells that are pre-expanded in vitro. Under
physiological conditions. the cytokine status could be created by
iNKT cells in the liver to prevent autoreactivity. and this environ-
ment may be able to prevent GVHD and influence incoming iNKT
cells to prevent the attack of the donor graft by the recipient lym-
phocytes. Alternatively. the suppression of graft-vs-host immunity
by host-residual iNKT cells and the suppression of host-vs-graft
immunity by graft-contaminated iNKT cells could also be ex-
plained by the recognition of non-self through members of Ly49
(46-48). At least NK cells. which were generally recognized as
major effectors in graft rejection, are not the downstream effectors
of iNKT cell-dependent graft rejection.

In the clinical setting. there is increasing interest in the kinetics
of the establishment of donor chimerism because of the develop-
ment of reduced intensity conditioning regimens for allogeneic
stem cell transplantation. Our results suggest that recipient-resid-
ual iNKT cells play a role against the establishment of donor chi-
merism as well as in the prevention of GVHD. Wam us that «-Gal-
Cer must be used carefully to prevent or treat GVHD are the facts
that the combination of overstimulation of recipient iNKT cells
before transplantation and that the lack of iNKT cells in grafts can
cause graft rejection.

In conclusion, host-residual iNKT cells have a regulatory func-
tion in GVHD. a-GalCer therapy has already been performed in
clinical trials in cancer patients and was well tolerated (49). Tt may
be attractive to use a-GalCer or iNKT cells therapeutically for the
prevention or treatment of GVHD. However, care must be taken in
its clinical application because of the possibility that the activation
of host-residual iNKT cells could also increase graft rejection.
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Table 1 Patient clinical features
Clinical features Diagnosis Disease progression Disease recurrence B hepatitis onset

(November 1998) (November 2001) (February 2004) (September 2004)
Rai clinical stage | Il I 0
CcD38 Negative Negative Negative Negative
Zap 70 Positive Positive Positive Negative
CD4/CD8 0.95 0.90 0.85 0.80
Beta 2 microglobulin (mcg/) 1503 1825 1844 1325
Serum Ig level {(g/l) 0.980 0.790 0.660 0.620
HBsAg Negative Negative Negative Negative
HBsAb Negative Negative Negative Negative
HBcAb Pasitive Positive Positive Positive
HBeAg Negative Negative Negative Positive
HBeAb Positive Positive Positive Positive
HBV DNA NA NA NA 200.000/ul
Ig: immunoglobulin.
followed up until about 2 years later (February 2004) when, fora P Niscola' : ' Department of Hematology, Tor Vergata
disease recurrence, rituximab was given again. M Del.PriPcipe University, Rome, ltaly

At this time, all the above hepatitis markers remained L Maun_llc_)1
unmodified. After four weekly standard doses of rituximab a /F\[;/end_mi ]

GPR was recorded, and then six monthly courses (150 mg/m?) of D Plfgg:;i?lo
the same agent were administered as maintenance therapy. In S Amadori’
September 2004, being the patient in CR, he was admitted with G Del Poeta'
acute hepatitis. HBY DNA strains (200000 copies/ml) were

detected, whgr_eas the HbsAg-negative sﬁatus.persisted. _ _ References

Under antiviral treatment with lamivudine, the viraemia
decregsed to. 330,0 copies/ml within 2 wee.ks. Ngvertheless, 1 Dervite I, Hober D, Morel P. Acute hepatitis B in a patient with
hepatic function did not recover, and the patient died 32 days antibodies to hepatitis B surface antigen who was receiving
after his admission. rituximab. N Engl | Med 2001; 344: 68-69,

Although reactivation of HBV in HBsAg-positive patients is a 2 Westhoff TH, Jochimsen F, Schmittel A, Stoffler-Meilicke M, Schafer
well-documented complication of cytotoxic treatments,* to the JH, Zidek W et al. Fatal hepatitis B virus reactivation by an escape
best of our knowledge, this is the first case of HBV reactivation mutant following rituximab therapy. Blood 2003; 102: 1930.
in a B-CLL patient after rituximab. Moreover, we recorded the > Ng HJ, Lim LC. Fulminant hepatitis B vx_rus.reacnvatnon.thh

. . o concomitant listeriosis after fludarabine and rituximab therapy: case
presence of HBcAb and HBeAb associated with the negativity of report. Ann Hematol 2001; 80: 549-552.
HbsAg and HBsAb, indicating that these findings are a long- 4 Picardi M, Pane F, Quintarelli C, De Renzo A, Del Giudice A, De
lasting occult infection of a HBV variant strain. Given the high Divitiis B et al. Hepatitis B virus reactivation after fludarabine-based
efficacy of prophylaxis with lamivudine, testing HBY DNA regimens for indolent non-Hodgkin's lymphomas: high prevalence
before immunosuppressive and cytotoxic treatments, including ?fzgag,cq1u3”()e3d viral genomic mutations. Haematologica 2003; 88:-
?he am"CDZO ant.lbodles, ShOUId, be recommgnded in order to 5 Tsutsumi Y, Tanaka J, Kawamura T, Miura T, Kanamori H, Obara S
identify HBV carriers among patients presenting HBcAb alone et al. Possible efficacy of lamivudine treatment to prevent hepatitis B
without any other serological HBV markers, since HBsAg virus reactivation due to rituximab therapy in a patient with non-
routine tests may be unreliable in S-gene mutated variants. Hodgkin’s lymphoma. Ann Hematol 2004; 83: 58-60.
Mutations of the Notch1 gene in T-cell acute lymphoblastic leukemia: analysis
in adults and children
Leukemia (2005) 19, 1841-1843. doi:10.1038/s.leu.2403896; signaling leads to tumor development.” This concept is high-
published online 4 August 2005 lighted by a recent report demonstrating that as much as 60% of
childhood T-cell acute lymphoblastic leukemia (T-ALL) has
TO THE EDITOR mutations in the Notchl gene.® The resulting amino-acid
changes have been found in the heterodimerization (HD)
Notch signa!ing plays a key role in the cell fate decision at domains at the C- and N-termini of the extracellular and
various differentiation branch points.” In mammals, it has been transmembrane subunits (HD® and HD™ domains), respec-
well recognized that the deregulated activation of Notch tively, and the transcriptional activation (TA) and PEST domains
at the cytoplasmic region of the transmembrane subunit. The
former mutations are thought to reduce the affinity between the
Correspondence: Dr 5 Chiba, Department of Cell Therapy and  two subunits, which subsequently leads to ligand-independent
T el ety o o gl T om0 -cleauage of he Notch? ransmenbrane subunit nd prodc
E-mail: schiba-tky@umin.ac.jp tion qf an act:vated Notch1 _:ntragellular domain. In the latter,
Received 13 June 2005; accepted 28 june 2005; published online insertion or deletion mutations introduce a premature stop
4 August 2005 codon that results in truncation of the PEST domain, which
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eventually causes prolonged half-life of the cleaved Notchl both the HD and PEST domains, most likely because of the small
intracellular domain. Both mutations appear to result in sample number.
activation of Notch signaling and initiate or develop leukemia.’ In 10 out of the 14 adults analyzed, we previously studied the
Extremely high frequency of activating mutations of the Notch1 deletion of CDKNZA antioncogene. Although homozygous
gene gave us an idea that T-ALL is commonly dependent on deletion of this gene, which is known to be frequent in
abnormal Notchl activation. Based on these findings, it has childhood T-ALL, was found in only one of these 10 cases,’
been postulated that y-secretase inhibitors, which are consid-  we also found an activating NotchT mutation in the HD domain
ered as a treatment modality against Alzheimer’s disease,* could in the same sample. From this observation, we can conclude
be useful as anti-T-ALL drugs. that activating mutation of Notchl gene and inactivation of
While adult T-ALL has pathological characteristics common CDKN2A gene, which are the most frequent abnormalities in
to childhood T-ALL, some differences have been recognized T-ALL, are not likely to be mutually exclusive.
from both clinical observations® and molecular studies.® There- We also analyzed the Notchl gene in 33 childhood T-ALL
fore, it would be worthwhile to examine Notch7 mutations in samples. We found 12, 3 and 2 mutations in the HDE¢, HD™
adult T-ALL to gain insight into the entity and subclassification of
T-ALL, based on the knowledge of exceptionally high frequency
of Notch1 mutations in childhood T-ALL. AGCTCGGAAGCCGCGTGCTGC
In the current study, we found that Notchl mutations were ‘NSERT
frequent in both adult and childhood T-ALLs. In the 14 adult T- B 7t
ALL samples, we found an in-frame 3-nuclectide deletion o [ f i
mutation in one and an in-frame 3-nucleotide insertion mutation &;A{ t \{ Ea’ ‘ [\/Y\f\ f \
in another in the HD® domain. The former was described in the - e = A AL s
previous report as one of the ‘hot spots’ that leads to the deletion
of 1579V. In the latter (Figure 1, upper panel), Gly was inserted GA G T GACAACCGGCAG
between amino-acids 1597L and 1598S. Although the same
mutation was not described in the previous report, these two
residues are conserved among the vertebrate Notchl gene
products, and thus 1598 Ins G may also cause ligand-independent ‘
activation of Notch1. In the HD™ domain, we found a missense
mutation 16811/N in one case, which was described in children
(Figure 1, middle panel). In the TA domain, there was a mutation CCTCCCTGCATCCAT GG
with a 3-nucleotide deletion and a 4-nucleotide insertion at the G C?A INSERT
same position, resulting in a frame shift and a premature stop f
codon (Figure 1, lower panel). In the PEST domain, there was a
mutation with a 5-nuclectide insertion, also resulting in a
premature termination of translation. Both of these insertion
mutations lead to trun;atlon of the PEST’domam. . g Figure 1 Sequence analysw of adult T-ALL patients. (upper panel)
Overall, we found five potentially activating mutations in five Insertion at 4792, GGA (HDEC domain); (middle panel) missense
adult patients, among 14, with ages of 17, 19, 24, 31 and 37  mutation at 5042, T—A (HD™ domain); (lower panel) deletion at
years (summarized in Table 1). No sample showed mutations at 7032, GCA, and insertion at the same position, TCCA.
Table 1 Notch1 heterodimerization domain and PEST domain mutational status and deletion of CDKN2A gene in primary T-ALL cells from
adult patients
D Age CDKN2A Notch1  Seq HD domain Mut HD Seq PEST domain  Mut PEST domain
(vears) domain
TALLT 20 +/+ WT  SNPS097 C/T  — - —
T-ALL 2 31 +/+  Mut {5042 T/A 1681 UN — -
SNP 5097 C/T}
T-ALL3 18 +/+  WT SNP 5097 C/T — — —
T-ALL 4 72 ++  WT SNP 5097 C/T — — —
TALL S 19 +/+  Mut SNP 5097 C/T — Ins. 7374 ATTCT 2458 LFCPRRAPPCPRRCHPRWSHPStop
T-ALL 6 19 +/+  WT SNP 5097 C/T — — —
TALL 7 24 +/+  Mut SNP 5097 C/T — {Del. 7032 GCA 2344 HPWHGRPAAQStop
Ins. 7035 TCCA}
T-ALL 8 17 —/—  Mut {ins. 4792 GGA 1598 Ins. G — e
SNP 5097 C/T}
T-ALL 9 42 +/+  WT SNP 5097 C/T — - —
T-ALL 10 68 ++  WT SNP 5087 C/T — — —
T-ALL 11 65 ND  WT SNP 5097 C/T — — —
T-ALL 12 37 ND  Mut {Del. 4735 GTG 1579 Del. V. — —
SNP 5097 C/T}
T-ALL 13 17 ND  WT — — — —
T-ALL 14 55 ND  WT SNP 5097 C/T — — —
Seq=sequence; HD = heterodimerization domain; Mut=mutation; WT =wild-type; Ins=insertion; Del = deletion; +/+, no deletion; —/~—,
homozygous deletion; ND = not determined.
Bold indicate samples which have a mutation.
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and PEST domains, respectively (data not shown). Overall, we
found 17 mutations in 16 of 33 childhood T-ALL cases (48.5%),
recapitulating the previous observation.?

It is intriguing to consider y-secretase inhibitors as antileuke-
mia agents, with Notch signaling being a new therapeutic target,
since their efficacy is predicted and there are ongoing clinical
trials of y-secretase inhibitors as anti-Alzheimer drugs. However,
at least two issues must be considered further.

First, according to the previous report, many NotchT-mutated
T-ALL cell lines are not likely to respond to y-secretase
inhibitors, although some are definitely sensitive to these agents.
Indeed, we found that y-secretase inhibitors that induce
apoptosis in some T-ALL cell lines did not affect many
Notchi-mutated T-ALL cell lines despite the fact that these
y-secretase inhibitors unambiguously blocked the activation of
Notch1 (data not shown). These findings indicate that Notcht
activation is not always required for the growth of T-ALL celt
lines even if they have mutations. This may be due to additional
mutations during establishment of the cell line or presense of
Notch-independent cell growth machinery in T-ALL cells from
patients. To see whether Notch signaling is a good therapeutic
target, it is important to examine fresh T-ALL cells for frequency
of responsiveness to y-secretase inhibitors.

Second, with the development of y-secretase inhibitors for the
treatment of Alzheimer’s disease, major effort has been made to
find compounds that have less effect on Notch signaling. Indeed,
it has been clearly shown that the administration of large amounts
of Ly411575, a compound with a strong y-secretase inhibiting
activity, to mice induces severe abnormalities in the immune
system and digestive tract.® Therefore, it is unlikely that we can
divert a y-secretase inhibitor that has been developed for
treatment of Alzheimer’s disease to an anti-T-ALL drug. We need
a careful strategy to find y-secretase inhibitors or other Notch
inhibitors that could be used for T-ALL and potentially other
malignancies, with acceptable side effects due to the inhibition of
Notch signaling, which is required for cell life physiologically.
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TO THE EDITOR

Juvenile myelomonocytic leukemia JMML) is a rare myelopro-
liferative/myelodysplastic disorder of early childhood.’ Genetic
abnormalities of the three genes RAS (15-20%), neurofibroma-
tosis type 1 (NFT) (25%), and protein-tyrosine phosphatase,
nonreceptor type 11 (PTPNTT) (34%), all of which are
positioned in the GM-CSF/Ras signal transduction pathway,
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have been implicated in the pathogenesis of JMML.*™* One of
these genetic abnormalities is observed in 75% of JMML
patients, leaving 25% of the reported cases in which a specific
mutation has yet to be detected. Recent reports described an
acquired mutation of the tyrosine kinase JAKZ2 gene that has
been found in human myeloproliferative disorders, and the
single-point mutation (Val617Phe) in exon 12 was identified.”~
Several data demonstrate that JAK2 is physically associated with
the GM-CSFRf chain, becoming activated upon challenge of
myeloid cells with GM-CSF.? To clarify the involvement of JAK2
in the pathogenesis of JMML, we searched for mutations in the
JAKZ gene in five JMML patients.

The diagnosis of JMML for each patient was confirmed
according to diagnostic criteria agreed upon by the International
JIMML Working Group.! Genomic DNA was extracted from
patients’ bone marrow cells, and the human JAKZ exon 12 was
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Saeki, Kumiko, Etsuko Yasugi, Emiko Okuma, Samuel N. Breit,
Megumi Nakamura, Tosifusa Toda, Yasushi Kaburagi, and Akira
| Yuo. Proteomic analysis on insulin signaling in human hematopoietic
cells: identification of CLICI and SRp20 as novel downstream effectors
of insulin. Am J Physiol Endocrinol Metab 289: E419-E428, 2005. First
published April 12, 2005; doi:10.1152/ajpendo.00512.2004.—Insulin/
IGF-1-dependent signals play important roles for the regulation of
proliferation, differentiation, metabolism, and autophagy in various
cells, including hematopoietic cells. Although the early protein kinase
activation cascade has been intensively studied, the whole picture of
intracellular signaling events has not yet been clarified. To identify
novel downstream effectors of insulin-dependent signals in relatively
early phases, we performed high-resolution two-dimensional electro-
phoresis (2-DE)-based proteomic analysis using human hematopoietic
cells 1 h after insulin stimulation. We identified SRp20, a splicing
factor, and CLICI, an intracellular chloride ion channel, as novel
downstream effectors besides previously reported effectors of Rho-
guanine nucleotide dissociation inhibitor 2 and glutathione S-trans-
ferase-pi. Reduction in SRp20 was confirmed by one-dimensional
Western blotting. Moreover, MG-132, a proteasome inhibitor, pre-
vented this reduction. By contrast, upregulation of CLICI was not
observed in one-dimensional Western blotting, unlike the 2-DE re-
sults. As hydrophilic proteins were predominantly recovered in 2-DE,
the discrepancy between the 1-DE and 2-DE results may indicate a
certain qualitative change of the protein. Indeed, the nuclear localiza-
tion pattern of CLIC1 was remarkably changed by insulin stimulation.
Thus insulin induces the proteasome-dependent degradation of SRp20
as well as the subnuclear relocalization of CLIC!.

HL-60 cells; PDQuest; matrix-assisted laser desorption ionization
coupled to time-of-flight mass spectrometry; Mascot

INSULIN AND INSULIN-LIKE GROWTH FACTOR I (IGF-I) are known as
important regulators of a variety of biological effects, includ-
ing growth, development, and metabolism. Moreover, insulin-
dependent signals contribute to the regulation of azurophil
granule-selective macroautophagy in human hematopoietic
cells (16). The molecular mechanisms for the actions of insulin
and IGF-1 have been intensively studied by various ap-
proaches, including gene-targeting animal experiments (1, 8§,
14, 22) and molecular cloning techniques (20, 21). Now, the
scenario for early intracellular signal transduction including a
protein kinase activation cascade is well documented. It has
been revealed that common intracellular signaling pathways
are working downstream of insulin and IGF-1, including insu-
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| Proteomic analysis on insulin signaling in human hematopoietic cells:
identification of CLIC1 and SRp20 as novel downstream effectors of insulin
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lin receptor substrates (IRSs) (12) and She (17). The IRSs
phosphorylate phosphatidylinositol 3-kinase to activate Akt,
which transmits signals for proliferation and survival as well as
the hematopoietic macroautophagy regulation (16), and the
mammalian target of rapamycin and S6 kinase, which transmit
signals for growth and translation besides heaptic macroauto-
phagy regulation (2). On the other hand, Shc transmits signals
for differentiation in hematopoietic cells (25).

In contrast to the early signal transduction, the picture of the
later signaling events remains rather obscure. A large number
of still undetermined molecules may be working downstream
of the insulin-dependent signals. To obtain the whole picture of
the intracellular signaling events downstream of the insulin
receptor, comprehensive studies such as transcriptome analysis
and proteome analysis may be especially powerful. A tran-
scriptome analysis can illuminate the intracellular signaling
events if they require new transcriptions or altered message
stabilities. However, changes in protein expression are not
always associated with those of the message expression, and
vice versa. Thus transcriptome analysis would occasionally
bring about false positive and/or false negative results. In this
sense, proteome analysis is thought to be a more practical tool.
Moreover, proteome analysis has merit in demonstrating pro-
tein modification changes such as phosphorylation and acety-
lation besides the change in net expression amounts. Indeed,
studies on proteome analysis have successfully identified the
protein molecules associated with metabolic regulation in the
liver (3, 7). However, proteome analysis on insulin signaling
in hematopoietic cells has not been performed despite the
significance of insulin-dependent signals in the hematopoi-
etic system.

For the first time, we performed proteomic analysis using
human hematopoietic cells with the high-resolution two-di-
mensional electrophoresis (2-DE) system. We show that
SRp20, a splicing factor, and CLICI, an intracellular chloride
ion channel, are working as novel downstream effectors of
insulin signaling. The biological relevance of these events is
discussed.

MATERIALS AND METHODS

Cells, growth factors, and inhibitors. HL-60 cells were maintained
in RPMI 1640 medium (Life Technologies, Grand Island, NY) sup-
plemented with 10% heat-inactivated fetal calf serum (FCS: JRH
Bioscience, Lenexa, KS). For insulin-stimulating experiments, cells

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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| had been previously culured in serum-free RPMI 1640 medium
supplemented with 5 pg/ml human holo-transferrin (Sigma Chemical,
St. Louis, MO) for 3 days. and then 5 pg/ml insulin (Sigma) were
added. Transferrin was suspended in RPMI 1640 medium, and insu-
lin was solubilized by 1 N hydrochloride. In some experiments,
MG-132 (Calbiochem, La Jolla, CA) was added 30 min before insulin
stimulation.

Two-dimensional gel electrophoresis with quantitative analyses.
Insulin-depleted cells were stimulated by insulin. After a 1-h incuba-
tion, stimulated and nonstimulated cells were collected. After a
washing with wash buffer (10 mM Tris-HCl buffer, pH 8.0. 5 mM
magnesium acetate). 4 X 107 cells were suspended with 7 volumes of
lysis buffer containing 2 M thiourea, 7 M urea, 4% (wt/vol) CHAPS,
and I mM Pefabloc SC PLUS (Roche Diagnostics. Mannheim,
Germany). The cell suspensions were kept for 10 min on ice, soni-
cated intermittently. and centrifuged at 12,000 ¢ for 10 min at 4°C.
and the supernatant fractions were collected. The protein concentra-
tion was determined in the lysis solution with a dye reagent from
Amersham Biosciences (Piscataway. NJ). using BSA as a standard.
The lysate was alkylated with Ready Prep Reduction-Alkylation Kit
(Bio-Rad Laboratories, Hercules, CA). The 120 pg of protein lysate
per gel were subjected to two-dimensional gel electrophoresis (2-DE).
One-dimensional isoelectric focusing was carried out using Immobi-
line dry strip (18 em long, pH 3-10 nonlinear or pH 4-7 linear,
Amersham Biosciences) in a horizontal electrophoresis system (Ettan
IPGphor, Amersham Biosciences) according to the manufacturer’s
instructions. After the one-dimensional elecrofocusing, IPG gels were
equilibrated with buffer containing 50 mM Tris-HCI (pH 8.8), 6 M
urea, 30% (vol/vol) glycerol, 2% (wvvol) sodium dodecyl sulfate
(SDS), 0.01% bromophenol blue, and 0.5% dithiothreitol, followed by
alkylation with equilibration buffer containing 4.5% idoacetamide
instead of 0.5% dithiothreitol at room temperature for 15 min. The
gels were subjected to two-dimensional SDS-PAGE (10% gel). Pro-
teins were visualized in the gels by staining with SYPRO Ruby
Protein Gel Stain (Bio-Rad Laboratories) for overnight. The flores-
cence intensity of each protein spot was digitally recorded by Fluor-
Imager 595 (Amersham Biosciences) using ImageQuaNT software
and the differential protein expression quantitatively analyzed by
PDQuest software (Bio-Rad Laboratories). The density of each spot
was normalized by that of the smallest B-actin spot. Initially, all of the
spots were roughly matched by an automatic program in PDQuest
software, which was followed by a more detailed manual matching
process to correct inappropriate matching pairs. Three to six indepen-
dent experiments were performed, and the results were statistically
analyzed by Student’s r-test.

Mass spectrometric analvsis. Mass spectrometric analysis was
performed according to the method reported by Toda et al. (23). with
slight modifications. Briefly, each protein spot in SYPRO Ruby-

Fig. 1. Two-dimensional electrophoresis (2-

DE) profile of human hematopoietic HL-60 MW
ells with or without insulin treatment, HL-60  ®D®ge,
cells were cultured with ransferrin-supple-

mented serum-free medium for 3 days. Then

buffer solution (feft) or 5 wg/ml insulin (right)

was added. and cells were cultured for another A0
1 h at 37°C. Cel lysates were prepared as
described in Experimental Procedures, and

2-DE was carfled out. PDQuest software-

based analysis demonstrated that the 5 spots
(indicated by arrows) showed significant dif- M- - S b
ferences in their expressions with or without s’
insulin teatment. Spor a, CLICY. an intracel-

lular chloride ion channel: spor b, Rho-guanine B
nucleotide dissociation inhibitor 2 (Rho-GDI-
D ospor ¢, and glatathione  S-transferase-pi
(GST-pi). spors d and ¢, SRp-20. a splicing  pl
factor: *Misoform of B-actn.

Insulin (-)
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stained gels was picked by FluoroPhoreStar 3000 (Anatech, Tokyo,
Japan). The pieces of gels were dehydrated in 50% acetonitrile and
50% ammonium bicarbonate, next in 100% acctonitrile, and dried.
The proteins were digested with 5 pg/ml rypsin (sequencing grade
modified trypsin: Promega, Madison, WI) at 30°C. After overnight
protein digestion. peptide fragments in the digest were subjected to
matrix-assisted laser desorption ionization (MALDI) coupled to a
time-of-flight (TOF) (MALDI-TOF) mass spectrometer (AXIMA-
CFR: Shimazdu, Kyoto. Japan) for peptide mass fingerprinting
(PMF). Protein identification was performed with the Mascot server
(Matrix Science. Boston. MA) and Protein Prospector (UCSF Mass
Spectrometry Facility, San Francisco, CA). We selected the Honto
sapiens database of SWISS-PROT and parameters: peptide toler-
ance = 0.4 Da and one missed cleavage. Carbamidomethy! modifi-
cation of cysteine and acetylation of the NHa-terminal end or lysine
and phosphorylation of serine, threonine. or tyrosine were considered.
Protein identification was repeated at least once with spots from
different gels. Phosphorylated peptides were confirmed by MALDI-
TOF-MS in a postsource decay (PSD) mode of AXIMA-CFR and
AXIMA-CFRplus (Shimadzu). NHs-terminal acetylation was deter-
mined by MALDI-QIT-TOF-MS in an MS/MS mode (AXIMA-QIT,
Shimadzu).

One-dimensional Western blotting. Cells (5 X 10°) were lysed with
100 wl of 1X Laemmli’s sample buffer and boiled. Ten microliters of
this lysate were subjected 10 SDS-PAGE with 15% gels. The electric
transfer onto a polyvinylidene difluoride (PVDF) membrane was
carried out with a semidry blotting apparatus (Bio-Rad Laboratories)
at 50 mA/em? for 45 min at room temperature using buffer containing
2.25% Tris, 10.8% glycine, and 20% methanol. The first antibody
reaction was performed using anti-SRp20 antibody (7B4; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-Rho-guanine nucleotide disso-
ciation inhibitor (Rho-GDI) antibody (A-20; Santa Cruz Biotechnol-
ogy), anti-B-tubulin antibody (H-235: Santa Cruz Biotechnology), a
sheep anti-CLICT antiserum (25), anti-cyclin D3 antibody (C-16;
Santa Cruz Biotechnology), anti-cyclin E antibody (M-20; Santa Cruz
Biotechnology), and anti-cyclin A antibody (BF683:; Upstate Biotech-
nology, Lake Placid, NY). The second antibody reaction and the final
detection procedure were performed using ECL Western blotting
detection reagents (Amersham Biosciences) or SuperSignal West
Dura Extended Duration Substrate (Pierce Biotechnology, Rockford,
IL) according to the manufacturers” guidance. Information of the
chemical luminescence was analogically developed onto Hyperfilm
(Amersham Biosciences). After scanning of the developed film, the
band intensities were calculated by ImageQuant software (Amersham
Biosciences). Stripping of the first antibody was performed by incu-
bating the PVDF membrane with Restore Western Blot Stripping
Buffer (Pierce Biotechnology) at room temperature for 30 min.
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Two-dimensional Western blotting. SYPRO Ruby-stained proteins
on gels were resolubilized and transferred according to our previously
reported method (23). Briefly, the stained gel was incubated in
resolubilization buffer (0.2% wt/vol SDS. 0.3% wt/vol Tris, 0.7%
wt/vol glycine) for 10 min and mounted onto a PVDF membrane in a
semidry blotting apparatus (Bio-Rad Laboratories). Electrotransfer
was carried out at 4 V/cm?® for 1 h at room temperature using buffer
containing 0.3% (wt/vol) Tris. 1.5% (wt/vol) glycine, 0.1% (wt/vol)
SDS. The florescence images of the blotted PVDF membranes were
scanned and recorded by Fluorlmager 595 (Amersham Biosciences).
The PVDF membranes were further subjected to immunoblotting as in
cases of 1-DE Western blotting.

Cell cvele analysis. Cells (5 X 10%) were collected, washed with
PBS. and fixed with 70% ice-cold ethanol for 4 h. After treatment with
RNase A (100 pg/ml, Sigma) for 30 min at 37°C, DNA was stained
with 50 pg/ml propidium iodide (Sigma). Cell cycle analysis was per-
formed by FACScalibur (Becton-Dickinson, Mountain View, CA)
using CELL Quest software according to the manufacturer’s
guidance.

Imnunocytochemistry. Cells were fixed on slide glasses with a
cytospin apparatus (Cytospin2: Shandon, Pittsburgh, PA) with further
fixation with acetone-methanol solution (1:3). The immunostaining
procedure was performed as described elsewhere (16) using anti-
CLIC! antibody (1:1,000 dilution) (24). The cells were observed by
fluorescent microscopy with Normarsky differentiated interference
contrast (Olympus Optical, Tokyo, Japan).

Swatistical analvsis. Student’s t-test was used to determine statisti-
cal significance. A P value of <0.05 was considered significant.

RESULTS

2-DE protein expression profiles of human hematopoietic
cells with or without insulin treatment. To identify novel
downstream effectors in early phases of insulin-dependent
signals in human hematopoietic cells. we performed the 2-DE-
based differential protein expression analysis using human
nyeloblastic HL-60 cells. The cells which had been cultured in
the absence of insulin for 3 days were treated with 5 pg/ml
insulin or water. After 1 h, cell lysates were prepared according
to the standard isoelectric focusing electrophoresis method
described in MATERIALS AND METHODS. In this procedure, highly
hydrophobic, urea-insoluble proteins were eliminated during
he centrifugation step as precipitants, and only the supernatant
fractions were used for 2-DE. In preliminary experiments, we
used the immobilized pH gradient gel strip with a broad pH

ange (pH 3-10 nonlinear) for one-dimensional isoelectric
| focusing. Although more than 1,000 protein spots were visu-
lized after SYPRO Ruby staining, PDQuest software-based
nalysis indicated that the spots having significant expression
changes by insulin treatment were mainly located at pH 4-6 in
| the horizontal axis (data not shown). Thus we performed the

able 1. Protein identification by mass spectrometry analysis

PROTEOMIC ANALYSIS ON INSULIN SIGNALING

Table 2. Ratios of spot intensities (insulin+/insulin—)

Mecans £
Spot Protein SD P Valuc
a CLIC1 1.83x0.37 <0.01
b Rho-GDI-2 2.03%0.43 <0.02
¢ GST-pi 1.93%0.52 <0.05
d SRp20 0.24%0.33 <0.01
e SRp20 0.18%£0.27 <0.005

Summarized results from 3-6 independent experiments are shown. Statis-
tical analysis was performed by Student’s r-test.

following detailed analysis using the immobilized pH gradient
gel strip with a narrower range (pH 4-7 linear) for finer
resolution (Fig. 1). Over 600 protein spots were visualized by
SYPRO Ruby staining. From these spots, we selected the
candidates for the subsequent mass spectrometric analysis
according to the following criteria. The basal expression level
was higher than 5% of that of the largest B-actin spot, and the
increase or decrease in the expression after insulin stimulation
was greater than twofold or less than one-half, respectively.
After statistical analysis of the multiple experiments (n =
3-6), five candidates were determined (Fig. 1). These spots
were picked from the gel and, after trypsin digestions, MALDI-
TOF-MS analysis was performed. Figure 2 shows the PMF of
each spot, with a PMF of B-actin as a positive control. These
data were further analyzed, being sent to the Mascot search
server, and it was suggested that spor a was CLICI, spot b was
Rho-GDI-2, spot ¢ was glutathione S-transferase-pi (GST-pi),
and spots d and e were SRp20 (Fig. 2 and Table 1). The Mascot
score of each search result was 175 (spor a), 80 (spot b), 98
(spot ¢), 100 (spor d), and 64 (spor e¢), indicating that the
protein identifications by PMF were highly reliable (the data
are summarized in Table 1). The results of the statistical
analysis for the expression amounts of these spots are summa-
rized in Table 2. Among these spots, Rho-GDI-2 (spor b) and
GST-pi (spotr ¢) have already been identified as downstream
effectors of insulin. Rho-GDI-2 is reportedly released from the
intracellular membrane fractions to the cytoplasm by insulin
(19), and the expression of GST-pi markedly increases after
insulin stimulation (6). Thus we focused our research on the
evaluation of spot a and spots d and e.

To confirm the Mascot search results, we performed 2-DE
western blotting by transferring SYPRO Ruby-stained 2-DE
protein spots to PVDF membrane. As shown in Fig. 34, most
of the proteins were properly transferred to the membrane with
a SYPRO Ruby pattern similar to that of the original gel. As
shown in Fig. 3B, spot a was indeed recognized by anti-CLIC]

Mr p! Peptides
GenBank Protcin Mascot _———— Scquence
| Spot Ace. No. Name Theo. Da O bs. kDa Theo Obs Score Match Total Coverage. %
a 000299 CLICI 2.7248 29.0 5.09 5.16 175 10 11 47
b P52566 Rho-GDI-2 2,3031 23.6 5.10 5.08 80 6 9 24
¢ P09211 GST-pi 2.3438 229 5.44 5.67 98 6 8 48
d pP23152 SRp20 1.9546 212 11.64 6.13 100 9 11 43
¢ P23152 SRp20 1.9546 20.5 11.64 6.38 100 9 11 43

Values of theoretical isoelectric points (pl) and molecular weights/masses (Mr) were obtained from Mascot search results. Theo, theoretical; Obs, observed:
LIC1. intracellular chloride ion channel: Rho-GDI-2, Rho-guanine nucleotide dissociation inhibitor 2: GST-pi. glutathione-S-transferase-pi: SRp20. a splicing
| factor. Caleulations of experimental isoelectric point (pl) and molecular weight (Mr) were based on migration of the protein spot on 2-D gels using PDQuest.
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Fig. 4. Amino acid sequencing of NHa-terminal peptide frag-
ment of CLICI. Parent ion at m/z 1,.458.74 in Fig. 2B in
nsulin-treated cells was subjected to subsequent analysis us-
ng MS/MS mode of MALDI-TOF-MS (AXIMA-QIT). The
mass data of b-series of the product ions were analyzed by the
PepSeq program in ProteinLynx software. NHz-terminal acety-
ated peptides of N-acetyl-AEE (nv/z 372.14. b fon). N-acetyi-
AEEQ (n/2 500.20. b ion), N-acetyl-AEEQPQ (/7 725.30. b®
on). N-acetyl-AEEQPQV (m/z 824.38. b7 ion). N-acetyl-
AEEQPQVE (n/z 953.42. b% ion), N-acetyl-AEEQPQVEL
/7 1.066.50. b” ion), N-acetyl-AEEQPQVELF (m/z 1.213.57.
b'® {on). and N-acetyl-AEEQPQVELFV (m/z 1.312.64, b"!
on) were detected. Peptide mass fingerprinting (PMFL A) and
MS/MS data of b-series (B) are shown. Similar analysis
soncerning control cells also demonstrated NHz-terminal acet-
ation of CLICI (data not shown).
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Fig. 3. 2-DE Western blotting. A: SYPRO
A Ruby-stained 2-DE gel, in which the lysate
. - of buffer solution-treated cells were applied
as in Fig. 1 lefr. was wrimmed (rop) and
transferred onto a PVDF membrane (bor-
1oy, Transferred proteins were visualized
by fluorescence image scanner. B: PVDF
membrane was cut as indicated and blotted
by anti-CLIC] antiserum (botrom left) or
anti-SRp20 antiserum (botrom right). Spots

e for CLIC1 and SRp20 are indicated with
black arrows. Note that there is an extra spot
on the anti-CLICI-blotted membrane (indi-

e = cated with white arrow).
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antibody and spots d and ¢ were recognized by anti-SRp20
antibody. We also studied the possible modifications on these
two proteins. As shown in Fig. 1A, the observed isoelectric
point (pl) of CLICT was 5.16. which is similar to the Mascot
information (the calculated pI was 5.09). Interestingly. there
was an extra small spot with a higher pI value (Fig. 3B, white
arrow). Indeed, we detected a doublet band in one-dimensional
Western blotting, where the lysate prepared for 2-DE was
mixed with an isovolume of 2X Laemmli's sample buffer and
subjected to SDS-PAGE (data not shown and see Fig. 6B).
Thus CLICI is expressed in at least two forms with different pl
values in human hematopoietic cells, although the molecular
basis for this difference was not elucidated. The MS digest
analysis of spor @ in the 2-DE profiles of both the insulin-
treated and control cells demonstrated that the peptide frag-
ment at mass-to-charge ratio (m/z) 1,458.74 in PMF of spot a
represented the NH: terminus acetylated fragment acetyl-
AEEQPQVELFVK. indicating that the first methionine was
eliminated and the second alanine was N-acetylated. This
finding was indeed confirmed by the amino acid sequencing at
the m/z 1,458.74 fragment by the MS/MS mode of MALDI-
TOF-MS, as shown in Fig. 4.

As for SRp20, the observed pl values of spots d and ¢ were
6.13 and 6.38, respectively (Fig. I and Table 1), in contrast to
the Mascot software information (the calculated pl was 11.64).

ISR

A MALDI-TOF/MSS

751.31

PROTEOMIC ANALYSIS ON INSULIN SIGNALING

This discrepancy may come from the modifications of SRp20.
The MS digest analysis indicated that the SRp20 was phos-
phorylated at two sites, including Ser'™® and Ser'®®, from the
existence of the peptide fragment ions of m/z 751.31 and m/z
945.43 (Fig. 5A). Mass value of m/z 751.31 is speculated
amino acid sequences as RRSPR(; 13117y, RSPRR114-11%)
or SPRRR115_119) (Fig. 5E). As concerns m/z 945.43, MS
digest suggests the amino acid sequence as RRSPPPR106-112),
RSPPPRR(07-113), or SPPPRRRus-114). Phosphorylated pep-
tide was confirmed by MALDI-TOF-MS in a seamless PSD
mode (AXIMA-CFR) that detected the neutral loss of phos-
phate group. As shown in Fig. 5, B and C, phosphorylation-
dependent neutral loss (=80 Da) and dehydration (—18 Da)
were detected in the fragments at n/z 751.31 and m/z 945.43.
Conversely, the MALDI-TOF-MS PSD spectrum of the con-
trol peptide ion gated at m/z 1.043.57 showed no significant
neutral loss (Fig. 5D). Next, the amino acid sequences of m/z
751.31, m/= 945.43, and m/z 1.043.57 were examined by the
same method as described above by using AXIMA-CFRplus.
The amino acid sequences of m/z 751.31 could not be deter-
mined because the fragment ion was low intensity (data not
shown). However, it is presumable that the Ser''” is phosphor-
ylated. From the mass spectra of gated ion at m/z 945.43, the
amino acid sequence was determined as RRSPPPR(jg6-112),
and the position of phosphorylation was Ser!®® (Fig. 6A). As a

1043.57

945.43
N

-98Da
g

!

B MALDI-PSD-TOF/MS

RRSPR(113-117),
RSPRR(114-118)
or SPRRR(115-119)

Fig. 5. Confirmation of SRp20 phosphoryla-
tion at specific serine residues. A: gated ions at
n/z 751.31, 94543, and 1,043.57 in Fig. 2F
were subjected to analysis of neutral loss by
MALDI-TOF-MS (AXIMA-CFR) in post- 100
source decay (PSD) mode. The 98-Da loss of
mass values was detected in gated fon at m/2
751.31(B) and m/z 945.43 (C), but not in gated 50
ion at n/z 1.043.57 (D) as a negative control.

primary sequence of SRp20. *Phosphory- I
lated amino acid. 0-
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egative control, m/z 1,043.57 was subjected to analysis using
PSD mode of AXIMA-CFRplus (Fig. 6B). The amino acid
| sequence was decided as AFGY YGPLR 2937, which was not
hosphorylated. These results indicated that Ser''® and Ser!®®
were phosphorylated in human hematopoietic cells (Fig. 5E).
Thus the two phosphorylations of SRp20 may be responsible
or the acidic shift of SRp20 in 2-DE.

Thus the 2-DE-based differential protein expression analysis
| identified CLIC1 and SRp20 as novel downstream effectors of
nsulin in human myeloblastic HL-60 cells.

1-DE study of CLICI and SRp20 expressions after insulin
timulations. It is known that there are occasionally discrep-
ncies between the results of 2-DE and 1-DE. The difference in
he protein solubilization capacities between the two systems is
hought to be one of the reasons. During cell lysate preparation
n 2-DE, highly hydrophobic proteins are prone to make
recipitations and thus be eliminated from the lysates after

centrifugation. Thus the protein expression changes in 2-DE-
| based proteome analysis not only means that the net protein
| expression changes but also the changes in protein solubiliza-
ion. So we studied the expressions of CLICI and SRp20 after
nsulin stimulation by 1-DE Western blotting.

In contrast to the results of 2-DE, there was no significant
difference in CLICI1 expression between insulin-treated and
nontreated samples in 1-DE (Fig. 74). Moreover, CLICI was
detected as a single band, unlike the 2-DE results, where
CLICI was detected as two spots. Interestingly, CLIC1 was
detected as a doublet band, and the expression amounts of
CLIC1 were indeed upregulated by insulin stimulation when
the 2-DE lysates were treated by an isovolume of 2X Laem-
mli’s buffer and subjected to 1-DE (Fig. 7B, lane 2). These
findings strongly suggest that insulin treatment induced certain
qualitative changes of CLICLI. Compared with 1-DE, the
protein recovery rate in 2-DE was generally low: one-fourth
the recovery as for CLICI (Fig. 7B, compare lanes I and 3) and
one-eighth the recovery as for B-tubulin (Fig. 7B, compare
lanes I and 3). However, the expression amounts of B-tubulin
(Fig. 7B, compare lanes I and 2) and o-tubulin (data not
shown) were not significantly changed by insulin treatment
even in 2-DE lysates. By contrast. around a twofold increment
in CLIC1 was reproducibly observed after insulin stimulation
(Fig. 7, B and C, and data not shown). We then examined the
possibility that the insulin-mediated increments in CLICI in
2-DE lysate were associated with the changes in its subcellular
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Fig. 7. 1-DE Westem blotting of CLIC1. Cells that had been cultured with transferrin-supplemented serum-free medinm for 3 days were stimulated by buffer
solution (lane 2) or insulin (lane 3) and incubated for another 1 h at 37°C. A: cells were direcly lysed with 1 X Laemmli’s sample buffer and subjected to 1-DE.
Western blotting was performed using anti-CLIC1 antiserum. The lysate of the cells that had been cultured in the presence of FCS was also subjected to 1-DE
(lane 1). Numeral under each band indicates intensity of the protein band. After the first antibody was stipped. the PYDF membrane was reblotted with
anti-B-tubulin antibody. B: cell lysates prepared according to 2-DE protocol were mixed with isovolume of 2X Laemmli’s sample buffer (lanes I and 2).
One-cighth of the cells were directly Tysed with 1 X Laemmli“s sample buffer and subjected to 1-DE (lanes 3 and 4). Longer exposure results of lanes 3 and 4
are shown in lanes 5 and 6, respectively. C: results of independently performed experiment from B are shown. D and E: subcellular localization of CLIC1. D:
insulin-treated or nontreated HL-60 cells were stained with anti-CLIC] antibody. DIC, photograph with Normarsky differentiated interference contrast. E:
percentages of cells with nuclear speckled staining pattern (filled bars) and cells with nucleoli-staining pattern (gray bars) are shown.

localization. As shown in Fig. 7. D and E, the nuclear local-
ization pattern of CLIC1 was clearly changed by insulin
treatment: CLIC1 was detected mainly as speckled forms in
uclear matrix in nontreated cells, whereas CLIC1 was located
mainly at nucleoli in insulin-treated cells. Thus the changes in
| subnuclear localization may responsible for the expressional
changes of CLIC] in 2-DE.

Next, we studied the expression of SRp20 in I-DE Western
lotting. The SRp20 expression was actually reduced as in the

case of 2-DE (Fig. 8A), indicating that the total amount of
SRp20 was reduced by insulin treatment. To further investigate
the molecular basis of insulin-mediated reduction in SRp20,
the effects of the proteasome inhibitor MG-132 were exam-
ined. As shown in Fig. 8B, MG-132 inhibited the insulin-
mediated reduction of SRp20 in a dose-dependent manner.
MG-132 also blocked the degradation of cyclin D3 and en-
hanced the accumulation of cyclin D3 after insulin stimulation
(Fig. 8B, lane 5). Interestingly, the recovery of SRp20 expres-

formed using anti-SRp20 antiserum. PVDF membrane
| was reblotted with anti-B-tubulin antibody and further
wvith cyclin D3 antibody.
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ig. 8. 1-DE Western blotting of SRp20. Cells were A 1 2 3 4 B 1 2 3 4 5
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sion was observed 4 h after stimulation (Fig. 84, lane 4).
Because serum stimulation activates SRp20 transcription and
increases the protein expression of SRp20 as the cells enter into
S-phase (9), the recovery in SRp2 expression would be asso-
ciated with the cell cycling progression. As shown in Fig. 9, the
insulin treatment significantly increased the S-phased popula-
tion. Thus the recovery in SRp20 in later phases is associated
with an enhanced S-entry.

Thus insulin treatment causes qualitative changes of CLICI
that are associated with its subnuclear Jocalization and the
proteasome-dependent degradations of SRp20 as early as | h.

DISCUSSION

We identified CLIC! and SRp20 as novel downstream
effectors of insulin-dependent signals in human hematopoietic
cells by using a 2-DE-based proteome analytic system.

A 2-DE-based proteome analysis has merit in managing a
wide spectrum of protein expressions atone time. Moreover, it
can illustrate the change in modifications and subcellular lo-
calization of the proteins besides the change in net amounts. As
in the case of CLICI, glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) expressions in 2-DE were upregulated by insulin
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ig. 9. Cell cycle analysis and expressions of cyclins. A: cells cultured with transferrin-supplemented serum-free medium for 3 days were stimulated with buffer
solution (bortom left) or insulin (bortom right). After another 10-h incubation at 37°C. cells were fixed with 70% cthanol and subjected to DNA content assessment
by fluorescence-activated cell sorting. Cells cultured in the presence of serum were also subjected to flow cytometric analysis (top left). B: cells cultured with
ansferrin-supplemented serum-free medium for 3 days were stimulated with buffer solution (lane 2) or insulin (Jane 3). Cell lysates were prepared after another
4-h incubation. Western blotting was performed using anti-cyclin D3. followed by anti-cyclin E and anti-cyclin A reblotting.

stimulation, although no significant changes were detected in
1-DE (K. Saeki, unpublished observation). Because serum stim-
ulation, which often induces similar protein expression changes as
insulin stimulation, reportedly induces cytoplasmic transport of
GAPDH (18), the upregulated expression of GAPDH in 2-DE
may be associated with similar subcellular translocation.

Although CLICI functions as a chloride ion channel when
localized to membranes (26), it is known that CLIC1 localizes
principally to the cell nucleus in human hematopoietic cells
(24). CLICI is structurally homologous to the GST superfam-
ily of proteins with a redox-active site at the NH: terminus (5).
It is suggested that CLICL1 activity is under the control of
redox-active signaling molecules in vivo (5). In this sense, it is
interesting that GST-pi is also a downstream effector of insulin
as we showed (Fig. 1A, spot ¢) and reported elsewhere (6). It
is known that hyperglycemia and, to a lesser extent, insulin
resistance cause oxidative stress (15, 13). Insulin signaling
might possibly contribute to the reduction of oxidative stresses
by changing the expression patterns of CLICL1 and GST-pi.
Further investigations are required to understand the molecular
basis and biological relevance of insulin-induced changes in
CLICI in the 2-DE system.
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As for spots d and ¢ of SRp20. we could not find any
differences in PMFs. One interpretation is that distinct phos-
phorylations took place at their COOH-terminal SR domains.
Because the SR domain is extremely rich in arginine residues,
this domain should be degraded into pieces after trypsin diges-
tion, and, as a result. the peptide fragment ions might be hardly
detectable. In any case, the expressions of spots d and ¢ were
both decreased by insulin stimulation, and thus the precise
determination of structural differences between the two spots
would be a less important subject for an understanding of
biological effects of insulin. As we showed, the insulin-in-
duced reduction in SRp20 was inhibited by pretreatment of the
cells by MG-132, a reversible proteasome inhibitor (Fig. 8B).
Quite unexpectedly, lactacystin, an irreversible proteasome
inhibitor, could not inhibit the reduction of SRp20, although it
effectively enhanced an insulin-dependent accumulation of
cyclin D3 (K. Saeki, unpublished observation), suggesting that
there might be at least two different proteasome-dependent
protein degradation systems with distinct lactacystin suscepti-
bilities.

What is the impact of SRp20 reduction by insulin? SRp20 is
a splicing factor involved in the regulation of alternative
splicing of certain precursor RNA, including SRp20 itself, Its
roles for embryogenesis have been shown: an inactivation of
SRp20 gene in mice resulted in a failure to form blastocysts.
and embryos died at morula stage (11). Although complete loss
of SRp20 functions is toxic, its mild reduction may play roles
in particular situations. It is reported that overexpression of
ASF/SF2, an alternative splicing regulator that antagonizes the
function of SRp20 (10), was detected in malignant ovarian
tissues (4). A transient reduction of SRp20 by insulin might
upregulate the activity of ASF/SF2 and thus trigger signals for
cell proliferation. Further investigations are required to deter-
mine the in vivo significance of a transient reduction of SRp20
after insulin stimulation.
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