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Figure 1. Detection of Epstein-Barr virus (EBV}-encoded small RNA {EBER) by flow.cytometric. in'situ hybridization assay. EBV* or EBV™ cells were
fixed, permeabifized, and hybridized with- either the EBER peptide nucleic acid (PNA).probe (shaded histograms) or the negative control PNA probe
{open histograms). After enhancement of fluorescent signals: with Alexa Fluor 488-labeled antibodies, cells were analyzed by flow cytometry. Cell
fines included the EBV” B cell lines, Raji, Daudi, lymphoblastoid cell fine (LCL).1, and LCL-Z; EBV* natural killer (NK] cell lines; SNK-1, SNK-6, SNK-
10, and KAI3; EBV* T cell lines, SNT-13 and SNT-16; EBV™ B cell line, BJAB; EBV™ NK cell line, KHYG-1; EBV— T cell lines; MOLT-4 and Jurkat. FITC,

fluorescein isothiocyanate.

ever, biopsies-are invasive and cannot always'be performed,
owing to-the lack of nodal sites. or difficulty of access. Because
EBV-infected lymphocytes migrate in the peripheral blood 'in
most-EBV-associated lymphomas or lymphoproliferative. dis-
eases, peripheral blood lymphocytes can be examined instead
of tissue specimens [7]. For this reason, applying EBER ISH
to peripheral blood would allow EBV-infected cells to be iden:
tified and quantified using a more convenient and less invasive
procedure.

Peptide nucleic acid (PNA):is'a DNA/RNA analog capable
of binding to DNA and RNA in a sequence-specific manner
[10]. In PNA, nucleobases" are attached to a backbone that
consists of repetitive units of N-(2-aminoethyl)glycine; in ¢on-
trast to the sugar-phosphate backbone of DNA/RNA. Because
of the high binding affinity of PNA to DNA/RNA and its sta-
bility [11,.12], PNA probes have been used for fluorescent ISH
to determine telomere lengths at chromosome ends [13-15].

In: this study, we established a novel ISH method to"detect
EBER? suspension cells with flow cytometry using a commer-
cially available EBER PNA probe [16]. By enhancing fluores-
cence and photostability and modifying the fixation and hy-

bridization steps, we successfully stained both EBER and surface
antigens. With this novel flow cytometric ISH (FISH) method,
we showed that' EBV' v6-T cells were present in the peripher-
al blood of patients with hydroa  vacciniforme=like lympho-
proliferative disease [17}, which was defined as an EBV* cutane-
ous T cell lymphoproliferative disease that occurs in children
[6; 18]

METHODS

Cell lines. . The EBV* B cell lines included Raji and Daudi,
both of which were derived from Burkitt’s lymphoma tissue,
and 2 lymphoblastoid cell lines transformed with B95-8 EBV.
BJAB, an EBV™ B cell line; was used as a negative control. The
EBV'.T cell lines included SNT-13 and SNT-16 [19]; and the
EBV* NK cell lines included SNK-1, -6, and =10:[19], and KAI3
[20].-These T and NK cell lines were derived either from pa-
tients with chronic active EBV infection or from T or NK cell
lymphomas. MOLT-4 and Jurkat were used as EBV™ T cell lines
[21], and KHYG-1 was used as an EBV. NK cell line [22].
Patients and samples. . Three patients with hydroa vaccini-
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Figure 2. Dual staining for surface antigens and Epstein-Barr virus (EBV}=encoded small RNA (EBER] by flow cytometric in situ hybridization assay.
Cells were stained for surface antigens with phycoerythrin (PEF- or PE=cyanin 5 (PC5}-labeled” monoclonal antibodies and then fixed, permeabilized,
and hybridized with the EBER peptide nucleic acid probe. After enhancement of fluorescent signals, cells were analyzed by flow cytometry. The EBV*
B cell line was Raji; the EBV: natural killer (NK) cell line, SNK-6; the EBV' T cell line, SNT=13; and the EBV. B cell line, BJAB:

forme-like lymphoproliferative disease and 1 patient with post-
transplantation lymphoproliferative disease were enrolled in the
study. As negative controls, 5 healthy volunteers who were sero-
positive for EBV were also enrolled. Heparinized blood samples
were obtained, and peripheral blood mononuclear cells (PBMCs)
were separated by density gradients. PBMCs were cryopreserved
at —80°C until analysis.

Informed consent was obtained from all patients or guard-
ians and healthy carrier donors. The institutional review board
of Nagoya University Hospital approved the use of all speci-
mens examined in this study.

Surface marker staining. - Cells were stained with phyco- -

erythrin (PE)-labeled anti-CD3 (clone UCHTI; eBioscience),
anti-CD8 (clone B9.11; Immunotech), anti-CD 19 (clone HD37;
Dako, and anti-CD56 (clone N901; Immunotech) monoclonal
antibodies and PE-cyanin 5 (PC5)-labeled anti-CD2 (clone
39C1.5; Immunotech); anti-:CD4 (clone 13B8.2; Immunotech),
anti-CD16 (clone 3G8; Immunotech), anti-CD56 (clone N901;
Immunotech); anti-HLA-DR (clone IMMU357; Immunotech),
anti-af. T cell receptor. (TCR): (clone IP26; eBioscience), and
anti-TCRyd (clone IMMU510; Immunotech) monoclonal an-
tibodies for:1 h at 4°C: Isotype-matched monoclonal mouse

immunoglobulin (Ig) G antibodies were used in each experi-
ment as controls.

PNA probes. The EBER PNA probe, Y5200, was purchased
from Dako. The Y5200 probe is a mixture of 4 different fluo-
rescein-labeled PNA probes complementary to EBER [16]. The
negative control PNA probe (Dako), which consists of fluo-
rescein-conjugated random PNA probes, was used as a negative
control. The positive control PNA probe (Dako) directed
against glyceralaldehyde 3-phosphate dehydrogenase was used
as a positive control. Each. PNA probe was: labeled with fluo-
rescein isothiocyanate (FITC).

FISH technique.
formed in 1.5-mL microcentrifuge tubes (Corning). For sur-
face marker staining; cells were stained with the appropriate
antibodies before fixation and hybridization. Cultured: cells
(2 X 10%) or PBMCs (53X 10°) were fixed with 1% (vol/vol)
acetic acid in 4% paraformaldehyde/phosphate buffered saline
(PBS) for 40 min at 4°C. After being washed once with PBS,
cells were: permeabilized in 50 pL of 0.5% Tween 20/PBS at
room temperature.. Formamide, buffer, and water were added
to the cells in permeabilization: buffer so that the final for-
mamide and buffer concentrations were the same as the hy-

The following experiments: were per-
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Figure 3. Detection of dual staining for surface antigens and Epstein-Barr virus {EBV}-encoded small. RNA (EBER) by confocal microscopy. Cells
were stained for surface antigens with phycoerythrin (PE}= or PE=cyanin 5 (PC5}-labeled monoclonal antibodies and then fixed, permeabilized. and
hybridized with the EBER peptide nucleic acid probe. After enhancement of fluorescent signals, cells were mounted on glass slides and analyzed by
confocal immunofiuorescence microscopy. The EBV' B cell line was Raji; the EBV: B cell line, BJAB; and the EBV* T cell line; SNT-13. Bars, 10 um.

256 -




Raji 100% Raji 100% _ Raji 10%
4 - A #7 (2] S P R3
197 w0
3 £ 8.9%
E ;f 1654 3
(B i
13t
x o
8 i e FL'!jg:Camﬁ o ﬁi 8 i e Fc‘.?ffi?m e w * " FL?-{I?CQM ’ f
Control-AlexaFluord 88 EBER-AlexaFluor488
. Raji 0.1% . Raji 0.01%
] A2 %ﬁa R | A3
i
1 § 6
g g § 0.074% 3 0.013%
: (Q/
3 "
L
0
& g w 10¢ 1 1ot e P 00 o 1o
<y FLIH Canyr FL2 Comp
[
EBER-AlexaFluord88
N Rail 0.001% N Raji 0%
Rz a3 A2 1R%
W 10° %
5 g, i
0.0025% 8 | 0.0025%
,_:?of 7 i
o N 3
(A%}
o
(o3} 30 ¢ T e ek ¥ t
By 0N e 0 0 [l 10¢ 3 bh s i #r
% Pt Comp - FLH Gomy
© »
EBER-AlexaFluord88

Figure 4. Minimum detection level of cells positive for Epstein-Barr virus' (EBV) by flow cytometric in situ hybridization assay. EBV*Raji cells-and
EBV-BJAB cells were mixed at various ratios; stained with phycoerythrin {PE}-labeled anti-CD19 antibody, and then fixed, permeabilized, and hybridized
with: the EBV-encoded small RNA (EBER) peptide nucleic acid (PNA) probe. After enhancement of fluorescent signals, the cells were analyzed by flow
cytometry. The ratio of Raji to BJAB cells is shown above each quadrant. Numbers in quadrarits indicate percentages of CD19'EBER! cells.

bridization solution (6% [wt/vol] dextran sulfate, 10 mmol/L
sodium: chloride; 17.5% [vol/vol] formamide; 0.061% [wt/vol]
sodium: pyrophosphate, 0.12% [wt/vol] polyvinylpyrrolidone,
0.12% [wt/vol]. Ficoll, 5 mmol/L disodium ethylenediamine-
tetraacetic acid, 50 mmol/L tris(hydroxymethyl) aminomethane
[pH:7:5]). The cells were resuspended in 45 pL of hybridization
solution containing 12 nmol/L of the EBER PNA probe; neg-
ative control. PNA: probe, or positive. control PNA probe, all
FITC labeled. Hybridization was carried out for 1 h-at 56°C.

Then cells were washed twice (for 10 'and 30 'min) 'with 0.5%
Tween 20/PBS at 56°C.: To enhance fluorescence and photo-
stability, the Alexa Fluor 488 Signal Amplification Kit (Molec-
ular Probes) was used. The kit protocol had 2 steps, using Alexa
Fluor 488 rabbit anti-FITC to bind FITC-labeled probes and
Alexa Fluor 488 goat anti-rabbit IgG for further enhancement.

Stained cells were analyzed using a FACSCalibur flow cy-
tometer and: CellQuest software, version 5.2.1. (Becton Dick-
inson). For cell lines, live gating was determined by forward
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Figure 5. Correlation between the percentage of cells positive for Ep-
stein-Barr virus (EBV}-encoded small RNA {EBER) and input EBV* cells.
EBV* and EBV™ cells were mixed at various ratios and analyzed by flow
cytometric in situ hybridization assay. Each experiment {exp.) was done
in triplicate. A, B cell lines included Raji {EBV*) and BJAB (EBV-). B, T
cell lines included SNT13 {EBV*) and Jurkat {EBV~).

and side scatter profiles. For: PBMCGs, lymphocytes were gated
by standard forward and side scatter profiles {23]. Up to 50,000
events were acquired for each analysis.

Confocal microscopy. Cells were resuspended in 20 uL of
PermaFluor mounting medium (Thermo) and mounted on-
to glass slides with coverslips. Samples were examined under
an LSM 510 confocal immunofluorescence microscope (Carl
Zeiss) [24].

Analyses of EBV DNA. Viral load was examined in the
PBMC:s of all patients. DNA was extracted from 1 X 10° PBMCs
using a QIAamp Blood Kit (Qiagen). Real-time quantitative
polymerase chain reaction (PCR) with a fluorogenic probe was
performed as' described elsewhere [25]. The amount of EBV
DNA was calculated as the number of virus copies per micro-
gram of PBMC DNA or per milliliter of whole blood.

To determine which cells harbored EBV, PBMCs were frac-
tionated into CD37, CD19%, CD56, TCRaB"; and TCRv8" cells
using an immunobead method (IMag Cell Separation Systemi;
Becton Dickinson) with 97%~99% purity. The fractionated cells
were analyzed by real-time quantitative. PCR and compared
with PBMCs [26]. The clonality of EBV was determined using
Southern blotting with a terminal repeat probe; as: described
elsewhere [27].

Rearrangement of the TCR gene.
was determined by multiplex PCR assays using the T Cell Gene
Rearrangement/Clonality - assay: (InVivoScribe Technologies),
which was developed and: standardized: in a European BIO-
MED-2 collaborative study [28, 29].

TCR gene rearrangement

RESULTS

FISH assay to detect EBER.  EBV' or EBV  cell lines were
fixed, permeabilized, and hybridized with the EBER PNA probe

or negative control PNA probe. After enhancement of fluo-
rescent signals, cells were analyzed by flow cytometry. On the
basis of flow cytometry, Raji cells had a significant increase in
fluorescence intensity of the EBER PNA probe compared with
the negative control PNA probe (Figure 1). Other EBV* B cell
lines (Daudi, lymphoblastoid cell line [LCL] 1, and LCL-2)
were consistently positive for EBER. In addition to B cell lines,
NK cell lines (SNK-1, SNK-6, SNK-10, and KAI3) and EBV*
T cell lines (SNT-13 and SNT-16) were also positive for EBER,
whereas EBV™ B cell (BJAB), NK cell (KHYG-1), and T cell
(MOLT-4 and Jurkat) lines were negative for EBER.

Dual staining for surface antigens and EBER. To identify
and characterize EBV-infected cells, surface lymphocyte anti-
gens and nuclear EBER must be detected simultaneously. To
this end, we first stained surface antigens with PE- or PC5-
labeled monoclonal antibodies and then fixed and hybridized
the cells with the EBER PNA probe. After enhancement of
fluorescence intensity with Alexa Fluor 488 antibodies, both
Alexa Fluor 488-labeled EBER and PE- or PC5-labeled surface
antigens were detected by flow cytometry. As shown in Figure
2, the EBV" B cell line, Raji, was positive for Alexa Fluor 488—
labeled EBER, PE-labeled CD19, and PC5-labeled HLA-DR, but
negative for CD2, CD3, CD16, and CD56, In contrast, the EBV*
NK cell line, SNK-6, was positive for EBER; CD2, CD56, and
HLA-DR, but negative for CD3 and CD19. The EBV' T cell
line, SNT-13, was positive for EBER, CD2, and CD3, but neg-
ative for CD16, CD19, CD56, and HLA-DR. The EBV™~ cell
line BJAB was negative for EBER, but surface CD19 and HLA-
DR antigens were detected (Figure 2).

The dual staining for surface antigens and EBER was further
confirmed by confocal microscopy (Figure 3). PE-labeled CD19
and PC5-labeled HLA-DR were present on the surface of both
Raji and BJAB cells, whereas Alexa Fluor 488-labeled EBER
was: specifically detected in the nucleus of Raji cells but not
BJAB cells. In contrast,; CD3 and CD2 were not present on the
surface of Raji cells but were detected on- the surface of the
EBV' T cell line, SNT-13.

Sensitivity of the FISH assay in identifying EBV* cells. ' To
determine the lower detection limit of the FISH assay for EBV*
cells, we mixed EBV' Raji and EBV™ BJAB cells in various
ratios and analyzed them using the FISH assay (Figure 4). When
10% of Raji cells were mixed with 90% of BJAB cells, 8.9% of
CD19'EBER" cells could be separated from CD19*EBER™ cells
using the FISH assay. Consistently; as the Raji/BJAB ratio de-
creased, the percentage of CD19'EBER® cells also decreased.
EBER' cells could be quantified down to a ratio of 1:10,000
(Raji; 0.01%, CD197EBER" cells; 0.013%); although the pop-
ulation of CD19'EBER® cells was not so clear at this ratio.
When 0.001% of Raji cells were mixed with BJAB ‘cells; the
percentage of CD19'EBER" cells was almost equal to 100% of
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Figure 6. Quantification and identification of Epstein-Barr virus (EBV}-infected: lymphocytes in patients with EBV-related lymphoproliferative diseases
by flow cytometric in situ’ hybridization assay. Peripheral biood mononuclear cells were stained with phycoerythrin (PE)-labeled or PE-cyanin 5 {PC5}-
Jabeled monoclonal antibodies and then fixed; permeabilized, and hybridized with the EBV-encoded small RNA.(EBER} peptide nucleic acid (PNA} probe.
After enhancement of fluorescent signals, the cells were analyzed by flow cytometry. Numbers in histograms represent percentages of EBER® lymphocytes
in the total lymphocyte population. EBER' lymphocytes (red) and EBER™ lymphocytes. (gray) were gated and plotted on quadrants as PE-fabeled and
PC5-labeled surface antigens. Numbers in quadrants indicate percentages of EBER® cells for-each surface immunophenotype: A healthy EBV-seropositive
donor served as the control; ‘patients 1-3 had hydroa vacciniforme=like EBV-associated T lymphoproliferative disease, and patient 4 had posttrans-
plantation B cell lymphoproliferative disease. FITC; fluorescein: isothiocyanate; TCR, T cell receptor.

BJAB cells (0.003% vs 0.003%), suggesting that.the FISH assay
was not quantitative at these ratios.

To confirm the accuracy ‘and reproducibility: of the FISH
assay, we petformed the mixing experiments {Raji, EBV" B cell
line; BJAB, EBV= B cell line) 2 more times: and additional
mixing experiments (SNT13, EBV?® T cell line; Jurkat, EBV- T
cell line) in triplicate. The resulting correlations between the
percentage of EBER" cells observed by FISH and the percentage
of actual input EBV" cells are shown in Figure 5. These data
show a clear correlation at 0:1%—10%, indicating that the assay
was able to detect: =0;1% of the EBV* cells accurately and
reproducibly.

‘Application of the FISH assay. to human PBMCs.  PBMCs
were obtained from 5 healthy volunteer donors and analyzed

using the FISH assay. All donors were seropositive for EBV, but
EBV DNA was not detected in their PBMCs by real-time PCR.
Using the FISH assay, EBER" cells were not detected in any of
the donors, whereas the positive control PNA probe directed
against glyceralaldehyde 3-phosphate dehydrogenase was pos-
itive for all PBMCs (data not shown). Dual staining with an-
tibodies to surface antigens and PNA probes showed that most
lymphocyte ‘markers were successfully detected and that ‘dis-
tinct: lymphocyte subsets could be separated, although some
surface antigen intensities were not sufficient to separate cer-
tain populations (eg, CD56 and TCRx). A representative re-
sult is shown. in Figure 6 (control).

Next, we applied the FISH: assay to 3 patients with hydroa
vacciniforme-like  lymphoproliferative “disease. These : patients
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Table 1. Clinical and Virologic Characteristics of Patients with Epstein-Barr Virus (EBV)-Associated Lymphoproliferative Diseases
Age at . EBV DNA,
V DNA, DNA .

Age, onset, EBV TCR gene E8 copies/ug DN copies/mb
Patient Sex years vyears Diagnosis clonality rearrangement  PBMCs  CD3* TCRaf® TCRyé™ CD19* CD3CDS6* whole blood
1 M 16 5 Hydroa vacciniforme - Monoclonal - VyH V4 10/Jy.V8/J6 - 6100+ 16,380 8310 101,210 - ND 860 11,850
2 M i 5 Hydroa vacciniforme Monoclonal Vylf V410/Jy,V8/J8 10,040 13,230 210 87,420 ND 240 ND
3 M 6 3 Hydroa vacciniforme:: Monoclonal. V8/Jé 41,760 46,730 6400 . 190,100 9090 6400 ND
4 M 8 6 PTLD ND ND 22,020 920 ND ND 91,990 7290 47,660

NOTE. ND, not done; PBMCs, peripheral blood mononuclear cells; PTLD, posttransplantation lymphoproliferative disease; TCR, T cell receptor.

had no symptoms aside from photosensitivity and papulovesi-
cular eruptions on their faces or arms. Skin biopsies were per-
formed in patients 1 and 3. Small lymphoid cells without marked
atypia infiltrated both the dermis and epidermis and were positive
for EBER. These findings were compatible with hydroa vaccin-
iforme-like lymphoproliferative disease, according to the World
Health Organization classification [6]. The infiltrating cells were
CD3* but CD567, indicating that they were T cells; further im-
munophenotyping for TCRa and TCRyd was not performed.
Extremely high amounts of EBV DNA with monoclonality were
detected in the 3 patients” peripheral blood (Table'1). The clon-
ality of the T cells was confirmed based on TCR gene rearrange-
ment. Using the FISH assay, EBER" lymphocytes were detected
in their PBMCs, with a frequency of 1.7% in patient 1, 4.8% in
patient 2, and 25.9% in patient 3 (Figure 6). We repeated the
FISH assay for patients 2 and 3 and obtained similar percentages
of EBV™ cells (patient 2, 5.0%; patient 3, 20.7%). EBER" lym-
phocytes were gated and plotted by PE-labeled surface antigens
and PC5-labeled surface antigens. Most EBER* lymphocytes were
CD3'CD4 CD8 TCRyd" T cells in the 3 patients examined.
HLA-DR was expressed in: EBER" lymphocytes from: patients
2 and 3. To confirm these results; we applied an immunobead
method to sort PBMCs into CD3%, TCRaB!, TCRy$', CD19%,
and CD37CD56! fractions and used quantitative real-time PCR
to quantify EBV. DNA in each fraction. The quantity of EBV
DNA was high in the CD3" and TCRy#é" fractions but not'in
the CD19*, CD3-CD56%, or TCRaB* fractions (Table 1), For
comparison, PBMCs from a patient with posttransplantation
B:cell lymphoproliferative disease were analyzed by both the
FISH assay (Figure 6) and immunobead sorting, followed by
EBV DNA quantification (Table 1). Both assays indicated that
B cells in the peripheral blood of the patient were EBVY, con-
firming the reliability of the FISH assay.

DISCUSSION

In this study, we established a novel FISH ‘assay to directly
quantify and simultaneously. characterize EBV-infected lym:-
phocytes using a commercially available EBER PNA probe. The
probe is currently used to detect EBV-infected cells in formalin-
fixed; paraffin-embedded tissue specimens. just et al [16] also
used this probe in a: FISH assay. Crouch et al [30] used’oli-

gonucleotide probes directed against EBER in a FISH assay and
succeeded in simultaneously detecting both EBER and surface
antigens. However, both of these studies used FISH assays only
with cell lines, and subsequent application to human PBMCs
has not been reported. We preliminarily tested the EBER PNA
probe with clinical specimens, but the fluorescence intensity of
the probe was not sufficient to separate EBV* peripheral blood
cells from EBV™ cells (data not shown). By enhancing fluo-
rescence and photostability and modifying the fixation and
hybridization steps, we successfully stained both EBER and
surface antigens, not only in cell lines: but also in human
PBMCs. The order of immunophenotyping and ISH is im-
portant. We tried the reverse method (ISH preceded by surface
immunophenotyping), but no surface antigens were detected
by the monoclonal antibodies after ISH.: (data not shown).

This is a direct method to quantify EBV-infected cells and
simultaneously characterize the infected cell phenotype, which
helps not only to diagnose EBV-associated diseases but also to
select monoclonal antibody-based therapy, such as anti-CD20
(rituximab). or anti-CD52 (Campath-1). We stainéd only sur-
face lymphocyte markers in this'study, but additional surface
or intracellular molecules, suchas cell adhesion: markers; ¢y-
totoxic granules, or cytokines, will enable us to characterize
and examine the function of EBV-infected lymphocytes. Fur-
thermore, this-method can be applied not only to peripheral
blood but also to bone marrow and other body fluids; such as
ascites, pleural effusions, and cerebrospinal fluid.: In addition,
FISH can be used for flow cytometric sorting of EBER? cells,
which will further expand the ability to isolate and extensively
study EBV-infected lymphocytes.

As a noninvasive method to ‘diagnose ‘and: monitor EBV-
associated lymphoproliferative diseases, measuring viral load in
the peripheral blood is a necessary clinical tool. Quantitative
PCR assays, such as real-time PCR, are the easiest and most
reliable way to measure EBV: load and are widely used for
diagnosing and managing EBV-associated lymphoproliferative
diseases, such as posttransplantation lymphoproliferative dis-
ease [7, 31-33]. The FISH assay has some disadvantages com-
pared with quantitative PCR. First, the FISH assay has a lower
sensitivity, although it can detect =0.1% of EBV-infected cells.
Second, this assay cannot be applied to EBV-associated diseases
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in which EBV-infected cells do not migrate into the peripheral
blood, such as nasopharyngeal carcinoma or Hodgkin lym-
phoma [7, 34, 35]. Another unresolved problem with this assay
is that after hybridization, the fluorescent signals of some sur-
face antigens and antibodies were weak and cell separation was
incomplete (eg, CD56 and TCRaf in Figure 6). We have not
clarified this phenomenon completely, but we believe that an-
tigen-antibody complexes were degraded or detached under the
harsh hybridization conditions. The extent of this decrease in
fluorescent signals differed among antibodies. We screened sev-
eral monoclonal antibodies with different fluorochromes from
different manufacturers for each surface antigen and then se-
lected the best antibodies, as listed in Methods. Thus, selecting
the appropriate antibody is important when performing the
FISH assay. This problem may be overcome by using better
antibodies, cross-linking antibodies or biotin-avidin enhance-
ment, or modifying the fixation or hybridization steps, but the
combination of antibodies and the hybridization conditions
used in this study are sufficient to separate B, T, and NK cells
from other populations.

Hydroa vacciniforme-like lymphoproliferative disease is an
EBV* cutaneous malignancy associated with photosensitivity
[6]. Although this condition is rare, it affects children and
adolescents from Asia and Latin America [36-39]. It is char-
acterized by a papulovesicular eruption that generally proceeds
to ulceration ‘and scarring. In some cases, systemic symptoms
may be present, including fever, wasting, lymphadenopathy, and
hepatosplenomegaly. In hydroa vacciniforme-like eruption, T
cells with' cytotoxic molecules-often infiltrate the superficial
dermis and subcutaneous tissues [39]. Most persons with this
condition have clonal rearrangement of the TCR genes. EBV
in these patients is also mionoclonal, as shown terminal repeat
analysis. These results indicate that clonal expansion of EBV-
infected T cells causes the disease. However, the reported phe-
notypes of these T cells are variable, and both CD4' and CD8"
T cell subsets have been teported [37, 40} Most studies lack
direct confirmation of these cell populations by double-staining
with EBER and surface antigens.

In 3 patients with hydroa vacciniforme-like: lymphoproli-
ferative disease, we demonstrated that 1.7%=25.9% of periph-
eral lymphocytes were EBER* and that these lymiphocytes were
primarily CD3*CD4-CD8 TCRy6" T -cells. This: is the first
study to determine the precise phenotype of EBV-infected lym-
phocytes in hydroa vacciniforme-like lymphoproliferative dis-
ease. yd T cells are the major T cell population in the epithelium
of the skin and mucosa. They secrete various cytokines and
have cytolytic properties [41]. It is possible that EBV-infected
46 T cells play a central role in the formation of hydroa vac-
ciniforme=like eruptions. The 3 patients examined in this study
had nio symptoms other than eruptions for several years (3-11
years); although they had a high' percentage of clonal, EBV-

infected lymphocytes in their peripheral blood. The prognosis
of hydroa vacciniforme-like lymphoproliferative disease has
been reported to be variable, and some cases do not progress
for up to 10-15 years or seem to spontaneously enter remission
[39, 42]. The 3 patients in our study may be exceptional and
may not be representative of this patient population. Further
investigation with a larger number of patients is needed to
conclude that ¥8 T cells are the primary EBV-infected cells in
hydroa vacciniforme-like lymphoproliferative disease.

Hydroa vacciniforme-like eruption is also seen in severe
chronic active EBV infection, which is caused by the clonal
expansion of EBV-infected T or NK cells and seen mainly in
East Asia [42-45]. These 2 conditions overlap, but their defi-
nitions are unclear [6, 46]. Because the 3 patients in the present
study had only skin-restricted symptoms, they did not fulfil the
classic criteria for chronic active EBV infection [47]. However,
both severe chronic active EBV infection and hydroa vaccini-
forme-like lymphoproliferative disease develop in children and
young adults from East Asia and may be caused by the clonal
expansion: of EBV-infected T or NK cells. To define and differ-
entiate these diseases, additional data on EBV-associated lym-
phoproliferative diseases are needed. The FISH assay described
in this: study is a noninvasive, direct, and relatively convenient
method to identify and characterize EBV-infected lymphocytes.
With this novel method, we hope to further clarify the patho-
genesis' of EBV-associated lymphoproliferative diseases, includ-
ing chronic active EBV infection, and to classify each disease
more accurately.
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Aplastic anemia (AA) is characterized by a reduced number of hematopoietic stem cells and
fatty replacement in the bone marrow. Transcriptional factor GATA-2 plays several important
roles in both hematopoiesis and adipogenesis. Decreased levels of GATA-2 compromise the
proliferation and survival of hematopoietic stem cells, GATA-2 suppresses adipocyte differen-
tiation through direct inhibition of adipogenic factors, including peroxisome proliferator-acti-
vated receptor—y (PPARv). Previous: studies have shown' that expression of GATA-2 is
decreased in marrow CD34-positive cells in AA. To elucidate the mechanisms of fatty marrow
replacement, we evaluated the mRNA expression for GATA-2 and PPARy in mesenchymal
stem cells (MSCs) from patients with AA by quantitative real-time polymerase chain reaction.
GATA-2 expression: by MSCs from AA patients was: significantly lower than in nermal
subjects.. Conversely, expression of PPARY was significantly higher in AA patients. Western
blot analysis demonstrated that protein levels of GATA-2 were lower in' AA patients than those
in normal subjects. Moreover, incubation with interferon-y induced downregulation of GATA-
2 levels in MSCs from normal subjects. These findings indicate that fatty marrow replacement
in 'AA patients can be explained by downregulation of GATA-2 and overexpression of PPARy
in. MSCs. Decreased expression of GATA-2 might be responsible for the pathogenesis and
development of the clinical features of the disease. = © 2009 ISEH - Society for Hematology
and Stem Cells. . Published by Elsevier Inc.

Aplastic anemia (AA) is characterized by a reduced number
of hematopoietic stem cells (HSCs) and fatty replacement
in bone marrow (BM), resulting in pancytopenia. To date,
most efforts by investigators: have concentrated on the
elucidation -of immune-mediated: mechanisms of hemato-
poietic cell - destruction [1-3]. Although replacement. of
hematopoietically active marrow with fat cells is another
characteristic feature of AA; the fat cells themselves have
received little attention; -and the mechanisms’ of fatty
marrow replacement remain unclear:

The transcription factor GATA-2 is expressed in HSCs
and early progenitors and plays a critical role in hematopoi-
esis [4]. Decreased levels of GATA-2 compromise prolifer-

Offprint requests to: Seiji- Kojima, M.D., Ph.D.; Department of Pediat-
rics; Nagoya University: Graduate School of Medicine, 65 Tsurumai-cho,
Showa-ku;, Nagoya 466-8550, Japan; E-mail: kKojimas @nied nagoya-u.ac.jp

ation and survival of HSCs [5,6]. Considering the critical
role of GATA-2 in hematopoiesis, Fujimaki et al. quantified
the levels. of mRNA of GATA-2, which were markedly
lower in AA patients when compared with normal subjects
[7].. GeneChip analysis: also confirmed. that GATA-2 gene
expression: was: downregulated in CD34-positive marrow
cells from AA patients [8]. These findings: suggest that
aberrant expression of GATA-2 is responsible for the path-
ogenesis of AA.

Adipocytes are differentiated from preadipocytes, which
are thought fo emerge from multipotent mesenchymal stem
cells (MSCs) [9]. GATA-2 is specifically expressed:in not
only: hematopoietic tissues, but also: preadipocytes, and. is
known to be an important adipogenic regulator. Preadipo-
cytes are the main components of. the BM microenviron-
ment and GATA-2 suppresses adipocyte differentiation,
keeping the cells at. the preadipocyte stage. Suppression
of adipocyte differentiation by GATA-2 is mediated through

0301-472X/09 $-see front matter. Copyright © 2009 ISEH - Society for Hematology and Stem Cells. Published by Elsevier Inc.
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direct inhibition of adipogenic transcriptional factors,
including peroxisome proliferator-activated receptor—y
(PPARv) [10]. PPARY has been shown to be expressed in
both preadipocytes and MSCs [11]. These observations
prompted us to investigate GATA-2 and PPARYy mRNA
expression in MSCs derived from AA patients. We show
here that GATA-2 expression by MSCs from AA patients
was reduced significantly, while expression of PPARy
was significantly elevated in AA patients when compared
with normal subjects. Our findings may help to clarify the
mechanisms of fatty marrow replacement in AA patients.

Materials and methods

Patients

Thirty-four AA patients and 15 normal subjects were included in
the study. Clinical characteristics of these patients are summarized
in Table 1. Diagnosis of AA was established by peripheral blood
counts and BM findings, and disease severity was classified using
international criteria [12]. Patients were screened for Fanconi
anemia and paroxysmal nocturnal hemoglobinuria (PNH) by chro-
mosome breakage analysis and flow cytometry using anti-CD55
and anti-CDS59 antibodies. Cytogenetic: studies were performed
to exclude myelodysplastic syndrome. Aplasia was secondary to
acute hepatitis in 4 patients and the cause was unknown in 30
patients. Median age’ at diagnosis was 10 years, ranging from 2
to 21 years. Of the 19 immunosuppressive therapy (IST)—treated
patients, 11 responded and were transfusion-independent at the
time of study, while the remaining patients were nonresponders.

Generation of MSCs

BM was collected either at the time of diagnosis or after IST with
antithymocytoglobulin and cyclosporine. Response criteria“ were
as described previously [13].- Normal BM samples were obtained
from 15 allogenic BM transplantation donors ranging in age from

Table 1. Clinical characteristics of patients with aplastic anemia

Clinical characteristics

No. of patients 34
Median age (y) at diagnosis (range) 10:(2 =21)
Gender: male/female 16/18
Etiology
Idiopathic 30
Hepatitis 4
Disease severity at diagnosis
Very: severe 7
Severe 19
Nonsevere 8
Treatment at the time of study
None i5
After IST
Responder 11
Nonresponder 8

Duration: (mos) from diagnosis to the
time of study, median (range)

28 (0.—308)

IST = immunosuppressive therapy.

4 to 45 years. The Institutional Review Board of the Nagoya
University Graduate School of Medicine approved the study and
written informed consent was obtained from patients or their
guardians.

Mononuclear cells were isolated from BM samples by Ficoll-
Hypaque density gradient centrifugation. A total of 1 x 10” BM
mononuclear cells were cultured in MesenCult Basal Medium
(Stem Cell Technologies, Vancouver, Canada) supplemented
with human mesenchymal stem cell supplements (Stem Cell Tech-
nologies) in a T25 tissue culture flask (Falcon, Franklin Lakes,
CA, USA), followed by incubation at 37°C and 5% CO, in an
incubator for 48 hours. Whole medium and nonadherent cells
were then removed and replaced with fresh medium until conflu-
ence. At the end of the culture period, residual nonadherent cells
and medium were removed by washing with phosphate-buffered
saline (PBS) before trypsinization. Adherent cells were trypsi-
nized, washed, and expanded to the second generation. Third-
generation MSCs were used in all experiments.

Charac\terization of MSC

MSC immunophenotype was determined using a FACSCaliber
flow cytometer (Becton Dickinson Biosciences, San Diego, CA,
USA). " Anti-human CD13-fluorescein isothiocyanate (FITC),
anti-human CD14-FITC, anti-human CD44-PE, and anti-human
CD45-FITC. 'were  purchased - from  Immunotech (Marseille,
France); anti-human CD29-PE; anti-human CD73-PE, anti-human
CD90-PE, anti-human: CD106-PE, anti-human CD166-PE, and
anti-human human  leukocyte ~antigen—D-related FITC were
purchased from Becton Dickinson - Biosciences. Anti-human
CD34-FITC -and anti-human CD105-PE  were purchased from
DAKO (Glostrup,: Denmark) and Beckman Coulter (Marseille,
France), respectively. After trypsinization, MSCs (1 x 10%) were
stained: with 5 [ig each monoclonal antibody for 30 minutes at
4°C. Cells were washed with 1% fetal calf serum containing
PBS and resuspended in 300 puL. PBS before analysis.

MSCs demonstrated adipocytogenic and osteocytogenic differ-
entiation as: follows. For - differentiation. into- adipocytes, MSCs
were seeded at 2 x 10°/T25 flask in MesenCult Basal Medium
supplemented  with. human adipocytogenic - supplements  (Stem
Cell Technologies). Culture medium was refreshed every 3 days.
After 3 weeks, morphological changes: were examined under: an
inverted microscope. - Typical adipocytes had lipid droplets and
were stained with Oil Red O. For differentiation into osteoblasts;
osteogenic supplement (Stem Cell Technologies) was used instead
of ‘adipogenic ‘supplement. Cell layers were: stained with silver
nitrate to detect calcium deposition.

Quantitative real-time polymerase chain reaction (QRT-PCR)
Total: RNA was extracted from third-passage MSCs using an
RNeasy Mini kit (Qiagen, Valencia, CA, USA) and concentrations
of extracted RNA were measured by spectrophotometry. Synthesis
of complementary DNA (cDNA) was performed using a Thermo-
script RT-PCR system (Invitrogen, San Diego; CA, USA) accord-
ing to manufacturer’s instructions.

QRT-PCR was performed using an ABI Prism 7000 Sequence
Detection System (Applied Biosystems, Branchburg, NJ, USA).
Ready-made primers and TaqMan probes for glyceraldehyde phos-
phate dehydrogenase- (GAPDH) (HS99999905_ml),  PPARYy
(Hs00234592: m1), and GATA-2 [7] were purchased from Applied
Biosystems.
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Figure 1. Representative phenotype of mesenchymal stem cells (MSCs) from a normal subject (A) and a patient with aplastic anemia (B). MSCs express
adhesion markers CD29, CD44, CD90, CD73; €D105, and €D166, but not hematological markers CD34, CD45; and CD14. There were no significant differ-
ences in the expression of MSC markers between aplastic anemia patients and normal subjects.

PCR was performed. in a total volume of 15 pl., containing 100 ng). of standard cDNA: Standard RNA was extracted from
each fluorogenic probe at 100 nM, each primer at 0.2 pM; the K562 cell line: for GATA-2: and. MOLM-13 cell line for
I x TagMan . Universal 'PCR' ‘Mastermix - (Applied Biosystems) PPARYy. Each test and standard cDNA was amplified in triplicate.
and 10 ng sample cDNA or various amounts (0.01; 0.1, 1, 10, or PCR conditions were as follows: 2 minutes at 50°C; 10 minutes at
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95°C; and 40 cycles consisting of 15 seconds at 95°C and
| minute at 60°C. Data analysis was performed using ABI Prism
sequence detection software (Applied Biosystems). Separate stan-
dard curves were generated for the test and reference GAPDH
genes. Threshold cycle number (Ct) was determined; and the start-
ing gene copy number relative to the reference was determined for
each well using a standard curve. Normalized gene expression
levels are given as the ratio between the mean value for the target
gene and that for the GAPDH gene in each sample.

Western blotting
For Western blotting, 5 x 10> MSCs were collected and washed it
PBS, and lysed in 100 pL cell lysis buffer for 30 minutes on ice.
Cell lysis buffer consisted ‘of 20 mM. Tris-HCl. (pH :7.5),
150 mM NaCl, 1 mM ethylenediamine tetraacetic acid, 1% Triton
X-100, 2.5 mM sodium pyrophosphate, I mM " B-glycerophos-
phate, and | mM NazVOjy containing a 1:50 dilution of protease
inhibitor cocktail. ' Samples: were centrifuged at 14,000¢: for
10 minutes at 4°C, and the supernatants were removed,. snap-
frozen, and stored: at —30°C. ‘After determination of the cell
protein concentration: using the: Bio-Rad protein assay (Bio-Rad,
Richmond, CA, USA), 20 g cell protein samples was resolved
by sodium dodecyl: sulfate’ polyacrylamide gel electrophoresis
for 60 minutes at 150V, followed by electrophoretic transfer to
nitroceliulose membranes at 0.5 mA/cm? for 120 minutes,
Membranes were  then  blocked  overnight at-4°C in Tris-
buffered saline containing 0.1% Tween 20 (pH 7.6, TBST) with
5% bovine serum albumin, and were then incubated with the
respective primary : antibodies at room: temperature for 1 hour.
Expression of GATA-2 was analyzed using a rabbit polyclonal
anti — GATA-2 aatibody (1:200; sc-9008, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA). For control purposes, expression
of actin was analyzed using a goat polyclonal anti-actin antibody

Hematology 2009,37:1393-1399

(1:1,000; sc-1615, Vector Laboratories, Burlingame, CA, USA).
After washing in TBST, secondary antibodies (anti-rabbit immu-
noglobulin G or anti-goat immunoglobulin G, 1:2,000; Vector
Laboratories). were used to detect specific primary antibodies.
Streptavidin-horseradish - peroxidase conjugate (1:1,000; Life
Technologies, GIBCO BRL, Gaithersburg, MD, USA) was used
for detection of secondary antibodies.

Interferon-y (IFN -y) in MSC culture

MSCs (8 x 10%well) derived from normal subjects (n = 5) were
suspended in  six-well culture plates and cultured at 37°C in
a 5% CO, incubator: At confluence, IFN-y was added at a dose
of 0,:10, 100, or. 1,000 IU/mL. After 24 hours, stimulated MSCs
were washed, trypsinized, and collected to extract RNA for detec-
tion of GATA-2 expression by real-time PCR.

Statistical analysis

Statview version 5.0 (Abacus Concepts Inc., Berkeley, CA, USA)
was ‘used for all statistical analyses. To compare each group of
gene expression, Fisher’s protected least significant difference
was used, and f-test was used to compare GATA-2 expression after
IFN-y_ stimulation. P values <0.05 were defined as indicating
significance.

Results
MSCs are typically identified by a combination of cell
surface markers and their potential for multilineage differ-
entiation. As shown in Figure 1, cultured MSCs expressed
CD29, CD44, CDY90, €CD73, CD1035, and CD166 surface
markers, but did not express hematopoietic markers such
as €CD45, CD34, and CD14. Expression of surface markers
did not differ between AA patients and normal subjects.

Figure 2. Cultured cells from normal subjects and patients with aplastic anemia were tested for their ability to differentiate. Derived cells from normal
subjects (A — D) and patients (E — H) were each shown to differentiate into adipogenic (Adipo) and osteogenic (Osteo) lineages. (A) and (E) show original
MSCs; adipogenesis was seen under inverted microscope (B,F) and Oil Red staining (C,G). Osteogenesis was indicated by an increase in calcium deposition
(D.H).
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Figure 3. Expression of GATA-2 in mesenchymal stem cells (MSCs) from
aplastic anemia (AA) patients and normal subjects. Expression level was
standardized with glyceraldehydes phosphate dehydrogenase (GAPDH)
and was shown as a relative ratio. MSCs derived from nontreated patients
and immunosuppressive therapy (IST) nonresponders expressed signifi-
cantly lower amounts of GATA-2 than normal subjects (p < 0.05). On
the other hand, IST responder-derived MSCs:expressed similar amounts
of GATA-2 when compared with normal subjects.

Cultured MSCs retained their capacity to differentiate into
adipogenic and- osteogenic lineages (Fig. 2).

GATA-2 expression was" measured: in third-passage
MSCs: from: AA patients and normal subjects by real-time
PCR. GATA-2 expression: levels were found: to-be signifi-
cantly different between AA patients and normal- subjects
(Fig. 3). GATA-2 levels in. MSCs from-AA patients before
treatment were significantly lower: than those in normal
subjects  (0.95+023x 107 vs 2.00%047 x 107>
p < 0.05). Notably, GATA-2 levels were not significantly
different between . normal  subjects and  IST responders
(200047 x107 vs 1.12£022x107% p=0.07),
while - nonresponders - had ' significantly: lower  GATA-2
expression levels when compared to mnormal subjects
(0.95 021 x 1073 vs 2.00+047 x 107 p <0.05).
We also demonstrated ‘that the protein: levels:of GATA-2

2

in MSCs derived from AA patients were lower than those
from normal subjects by Western blot analysis (Fig. 4). In
nontreated AA paltients, both responders and nonresponders
to IST, protein levels were lower than those in normal
subjects.

Conversely, pretreatment levels of PPARy in MSCs from
AA patients were significantly higher than in those from
normal subjects (2.86 = 0.84 x 1072 vs 0.95 £ 0.23 x 107%
p < 0.05). Although expression levels of PPAR~y decreased
in response to IST (1.71 +0.57 x 107% p = 0.38), they
remained high in nonresponders (3.2 % 0.68 x 10’2;
p < 0.05) (Fig. 5).

In order to investigate the mechanism of downregulation
in GATA-2 expression, we cultured MSCs derived from
normal subjects in the presence of IFN-y. After IFN-y
stimulation with IFN-y, GATA-2 expression was downregu-
lated based on the concentration of IFN-y (Fig. 6). GATA-2
expression was 12.37 = 0.66 x 1077 in the absence of IFN-
v, and was significantly lower in the presence of 10 IU/mL
IFN-y (8.96 = 0.33 x 1073; p < 0.05), 100 IU/mL IFN-y
(6.53 044 x 1073 p < 0.01) and 1,000 IU/mL IFN-y
(6.03+052%x 1073 p < 0.01) when compared with control
levels.

Discussion

MSCs isolated from human BM are capable of differenti-
ating info- several cell lineages. When' cultured in adipo-
genic: medium, MSCs differentiate into - adipocytes and
accumulate - lipid:: vesicles " in the cytoplasm. - Because
GATA-2 is a transcriptional factor expressed in HSCs
and ~various - other “stem  cells, - we “hypothesized - that
GATA-2 'is ‘also expressed in MSCs isolated from BM.
Todate, there have been no reports regarding GATA-2
expression in human MSCs. GATA-2 serves as a gatekeeper
at the onset of adipocyte differentiation and is expressed in
preadipocytes, but is: downregulated when cells differen-
tiate into’ mature adipocytes [14]. Preadipocytes are the
main- components . of stromal - cells, which form : the

3 4

5

Figure 4. Western blot analysis of GATA-2 protein in treated or nontreated patients and normal subjects. Whole-cell protein extracts were analyzed using
a specific polyclonal anti — GATA-2 antibody. Upper lanes show GATA-2 expression; lower lanes show actin expression. Mesenchymal stem cells (MSCs)
derived from normal subjects (lanes 1'and 2), nontreated patients (lanes 3; 4, and 5), immunosuppressive therapy (IST) nonresponders (lanes 6 and 7) and IST
responders (lanes 8; 9, and 10) were used in Western blotting.
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Figure 5. Expression of peroxisome proliferator-activated receptor—y (PPARY) in mesenchymal stem cells (MSCs) from patients with aplastic anemia (AA)
and normal controls. Expression levels were standardized against glyceraldehydes phosphate dehydrogenase (GAPDH) and are shown as relative ratios,
PPARry expression of nonireated patients and immunosuppressive therapy (IST) nonresponders was significantly higher when compared with normal subjects
(p < 0.05). However, in IST responders, PPARy expression did not significantly differ from that in normal subjects.

microenvironment for hematopoiesis in the BM. In this
study, we demonstrated that GATA-2 is expressed in
MSCs and that its expression in MSCs is significantly
lower.: in. AA . patients  when . compared. with normal
subjects.  GATA-2 - expression  in - purified CD34=positive
cells was also markedly lower in AA patients [7]; thus sug-
gesting the presence of a common regulatory. mechanism
in both HSCs and MSCs.

IFN-vy plays a crucial role in immune-mediated suppres-
sion of HSCs in' AA: In long=term culture of human BM, in
which = stromal ‘cells. were - engineered - to. constitutively
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Figure 6.. GATA-2 expression after stimulation with interferon-y (IFN-y).
Mesenchymal stem cells (MSCs) were stimulated with IFN-y. at various
concentrations (0,710,100, 1000 IU/mL). In this: figure, the relationship
between IEN-¥: concentration ‘and  GATA-2: expression  is:shown. When
MSCs:were: stimulated with ‘different concentrations of IFN-y, GATA-2
expression was downregulated in a dose-dependent’ manner.

express-1IFN-v, the output of long-term culture-initiating
cells was markedly diminished, despite low concentrations
of IFN-y in the medium [15}. This implies a pathophysio-
logical role for IFN-vy in the BM microenvironment of AA
patients. Okitsu et al. [16] recently discussed the regulation
of adipocyte differentiation in BM stromal cells by GATA-2
using a mouse preadipocyte stromal cell line. The addition
of IFN-v to culture ‘medium: significantly suppressed
expression of GATA-2 in the cell line: In addition; they
demonstrated  that “ regulatory - elements - of - the  GATA-2
gene in the stromal cell line are the same as those in hema-
topoietic cells [16]. These findings suggest that'a common
signal simultaneously suppresses expression of GATA-2 in
both HSCs and MSCs. We also found that - when IFN-y
was added- to culture medium, GATA-2 expression of
normal MSCs is downregulated:

A single cell-derived colony of undifferentiated human
MSCs simultaneously ' expressed: genes: characteristic of
various. committed mesenchymal cell lineages. One expla-
nation for these findings is that MSCs individually entered
into distinct differentiation programs, leading to generation
of a molecularly heterogeneous population [17]. The adipo-
genic transcriptional factor PPARY is detectable in human
MSCs without external stimuli [11]. We demonstrated the
expression. of PPARy:in MSCs; and its expression was
significantly elevated in AA patients when compared to
normal subjects. Notably, expression of GATA-2 increased,
while expression of PPARy decreased when patients re-
sponded to IST and became transfusion-independent. On
the other “hand, nonresponders continued to have lower
GATA-2 and higher PPARYy expression. This reciprocal
expression of GATA-2 and PPARy is consistent with the
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observation that GATA-2 binds and suppresses the activity
of the PPARy promoter.

Taken together with previous reports, these results indi-
cate that the pathological immune response increases levels
of IFN-y in the BM microenvironment, which decreases
expression of GATA-2 in both HSCs and MSCs in AA
patients. Decreased GATA-2 expression in HSCs may
compromise hematopoietic function and increased PPARy
expression in MSCs may accelerate maturation of preadipo-
cytes, leading to formation of fatty BM.
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Mutations of E3 Ubiquitin Ligase Cbl Family Members
Constitute a Novel Common Pathogenic Lesion in
Myeloid Malignancies
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Hideki Muramatsu, Christine O’Keefe, Eric Hsi, Ronald L. Paquette, Seiji Kojima, Alan F. List,
Mikkael A. Sekeres, Michael A. McDevitt, and Jaroslaw P. Maciejewski

A B S T R A CT
Purpose
Acquired somatic uniparental disomy (UPD) is commonly observed in myelodysplastic syndromes
{MDS), myelodysplastic/myeloproliferative neoplasms (MDS/MPN), or secondary acute myeloge-
nous leukemia (SAML) and may point toward genes harboring mutations. Recurrent UPD11q led
to identification of homozygous mutations in ¢-Cbl, an E3 ubiquitin ligase involved in attenuation

of proliferative signals transduced by activated receptor tyrosine kinases. We examined the role
and frequency of Cbl gene family mutations in MPN and related conditions.

Methods

We applied high-density SNP-A karyotyping to identify loss of heterozygosity of 11q in 442 patients
with MDS, MDS/MPN, MPN, sAML evolved. from these conditions, and primary AML. We
sequenced ¢-Cbl, Cbl-b, and Cbl-c in patients with or without corresponding UPD or deletions and
correlated mutational status with clinical features and outcomes.

Results
We identified c-Cbl'mutations in 5% and 9% of patients with chironic myelomonocytic leukemia

{CMML) and sAML, and also in CML blast crisis and juvenile: myelomonocytic: leukemia (JMML).
Most mutations were homozygous and affected ¢-Cbl: mutations in Cbl-b were ‘also found in
patients with similar clinical features. Patients with Cbl family mutations showed poor prognosis,
with a median survival of 5 months. Pathomorphologic features included monocytosis, monocy-
toid" blasts, "aberrant’ expression of phosphoSTATS, and c-kit “overexpression. Serial studies
showed acquisition of ¢c-Cbl mutations during malignant evolution.

Conclusion

Mutations in' the. Cbl family. 'RING finger domain. or . linker sequence constitute important
pathogenic lesions associated with not only preleukemic CMML, JMML, and other MPN, but also
progression to: AML; suggesting that impairment of degradation of activated tyrosine kinases
constitutes an important cancer mechanism:

J Clin Oncol 27:6109-6116. © 2009 by American Society of Clinical Onicology

particular importance. LOH can arise either via
hemizygous deletion, where a DNA segment is lost

Mutations and genomic aberrations constitute key
pathogenic lesions in myeloid malignancies. Ini pri-
mary ‘acute myelogenous: leukemia (pAML) and
chronic myelogenous leukemia (CML), reciprocal
translocations have enhanced our understanding of
molecular pathogenesis,  improved diagnosis ‘and
provided rational therapeutic targets. In myelodys-
plastic syndromes (MDS), myelodysplastic/myelo-
proliferative neoplasms: (MDS/MPN), and "AML
evolved from MDS or MDS/MPN (secondary AML
[SAMLY]), unbalanced chromosomal lesions pre-
dominate and loss of heterozygosity (LOH) is of

from one homolog while the other remains at one
copy per cell, ‘or by uniparental disomy (UPD),
wherein the retained homolog is duplicated to pre-
serve two total copies: per cell at the locus. Thus,
analysis of recurrent regions of LOH may point to-
ward the presence of important mutations. Muta-
tions seen in MDS and AML affect specific classes of
genes and indicate general pathways of leukemia
evolution.' For example, mutations have been
found in a variety of receptor tyrosine kinases, in-
cluding ¢-Kit, c-Mpl, and Fit-3>"* Mutations also
affect signal transduction genes such as Jak2 and

© 2009:by American Society of Clinical Oncology . 6109
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NPM-1. tP53 constitutes an example of a proapoptotic tumor sup-
pressor gene mutated in aggressive leukemias.””

Until recently, metaphase cytogenetics was applied for detection
of chromosomal defects including deletions resulting in LOH. Using
this technique, a number of invariant chromosomal abnormalities
have been described and minimal affected regions delineated, point-
ing towards potentially pathogenic genes. Single nucleotide polymor-
phism array (SNP-A) —based cytogenetic analysis allows for better
resolution of chromosomal defects, with identification of previously
cryptic unbalanced lesions.® In particular, SNP-A is able to identify
UPD. We and others have recently shown that somatic UPD affecting
various chromosomes can be found frequently in MDS, MDS/MPN,
and sAML and have identified a number of recurrent areas.”"" Ini-
tially, UPD9p was showri to lead to homozygosity of the Jak2 V617F
mutation in MPN.,'>"* Using SNP-A, we have demonstrated that
other areas of UPD can also be associated with homozygous muta-
tions, including UPD13p (Flt-31TD) and UPD1p (c-Mpl).">'® Based
on this paradigm, we recently identified a novel recurrent area of UPD
at 11q, frequently. present in chronic myelomonocytic leukemia
(CMML) and AML evolved from atypical MDS/MPN, and through
delineation of a commonly deleted region have identified mutations
in ¢-CbL'® ¢-Cbl is an E3 ubiquitin ligase involved in degradation of
activated receptor tyrosine kinases and other tyrosine kinases, includ-
ing Src kinases. Consequently, mutations affecting the RING finger
domain (RFD) may have a wide range of effects on proliferation
regulation; crucial to both MPN and AML. In animal studies, c-Cbl
knockout led to hyper-responsiveness to ligand stimulation and ex-
pansion of them in cell pools; overall resulting in a mild proliferative
phenotype.!” However, RED mutation knock-in in a ¢-Cbl—/—
mouse model resulted in a myeloproliferative phenotype and leu-
kemic evolution (W.Y. Langdon, personal communication, De-
cember 2008). In a transgeniic MDS NUP98/HOX 13 mouse model,
progression to SAML with acquisition of RAS and ¢-Chl mutations
occurs frequently.'®

We hypothesized that mutations inactivating oncogene deg-
radation pathways may constitute a new class of molecular lesions
in myeloid malignancies modifying current paradigms of leukemo-
genesis. We therefore investigated the presence of mutations in the Cbl
family of E3 ubiqutin ligases in selected subtypes of malignant myeloid
disorders and determined the phenotypic and functional features as
well as clinical outcomes. Based on the study of these features we set
out to discern the pathophysiologic principles of molecular dysfunc-
tion created by E3 ubiquitin ligase lesions.

Patients

Bone marrow aspirates were collected from 442 patients with-MDS
(n = 115), MDS/MPN (n = 98), MPN (n.= 22), sSAML (n = 110) evolved
from these conditions, and pAML (n = 97) seen at Cleveland Clinic and Johns
Hopkins Hospital between 2003 and 2008 (Appendix Table Al, online only).
Informed consent for sample collection was obtained according to protocols
approved by institutional review boards. Diagnosis was confirmed at each
primary institution and assigned according to WHO dlassification criteria.'”®

Single Nuclotide Polymorphism:Array Analysis

High-density Affymetrix SNP-A (250K and 6.0 arrays; Affymetrix, Santa
Clara, CA) were applied as a karyotyping platform to identify LOH on chro-
mosome 11q; Lesions identified by SNP-A were compared to the Database of

6110 © 2009 by American Society of Clinical:Oncology

Genomic Variants™® (http://projects.tcag.ca/variation/) and an internal con-
trol series (n = 1,003) to exclude known copy number variations. To confirm
all regions of LOH detected by 250K SNP-A, we repeated samples when
possible on 6.0 arrays and analyzed using Genotyping Console version 2.0
(Affymetrix). Signal intensity was analyzed and SNP calls determined using
Gene Chip Genotyping Analysis Software version 4.0 (GTYPE, Affymetrix).
Copy number and areas of UPD were investigated using a Hidden Markov
Model and CN Analyzer for Affymetrix GeneChip Mapping 250K arrays
(CNAG version 3.0) as previously described.”?

E, Ubiquitin Ligase Mutational Screening

To screen patients for mutations in ¢-Cbl, Cbl-b, Cbl-¢, and Hakai, direct
genomic sequencing of all exons was performed (details of primers and con-
ditions are available on request). For sequencing, 250 ng of polymerase chain
reaction (PCR) product, 3 umol/L original forward or reverse primer, 2 L Big
Dye version 3.1 (Applied Biosystems, Foster City, CA), and 14.5 uL deionized
H,O were amplified under the following conditions: 95°C (2 minutes) fol-
lowed by 25 cycles of 95°C (10 seconds), 50°C (5 seconds), and 60°C (4
minutes). Sequencing was performed as previously described.'® If a mutation
was intronic, RNA was extracted by TRIzol (Invitrogen, Carlsbad, CA) and
reverse transcription polymerase chain reaction performed for confirmation
of splice variants.

Immunohistochemical Detection of pSTAT;

Staining was performed on a Benchmark XT platform (Ventana Medical
Systems, Tucson, AZ), according to the manufacturer’s instructions, using
mouse monoclonal antiphospho-STAT5a/b (Y694/99; Advantex BioReagents
LLP, Conroe, TX) at 1:500 dilution. All stains were scored without knowledge
of the dlinical diagnosis or mutational status. Phospho-STAT5-positive stain-
ing ("\MEG pSTATS5) was defined as previously reported.”>** Images were
obtained via digital microscopy using an Olympus BX51 microscope (Olym-
pus America, Melville, NY) equipped with either a UPlanFl 40X/0.75 numeric
aperture (NA) or'a UPlanFl 100 X/1:30:NA objective. Images were captured
using a Dage-MTI Model DC330E charge-coupled device camera (Dage-MTI,
Michigan City, IN) attached to the microscope with a U-TVI1X-2 video
adapter (Olympus America) and a 045X camera coupler (Diagnostic Instru-
ments, Sterling Heights, MI).

Statistical Analysis

Overall survival was defined as the time a patient was diagnosed with a
myeloid malignancy at Cleveland Clinic or Johns Hopkins to death or last
known contact, and analyzed using Kaplan-Meier statistics and Cox’s propor-
tional hazards model; For comparison of the frequency of clinical features
between Cbl family mutation and wild-type (WT), categoric variables were
analyzed using Fisher’s exact test.

Detection of UPD11q Using SNP-A and Detection of
c-Cbl Mutation

Previously, we identified homozygous ¢-Chl mutations in pa-
tients' with CMML and UPD11q.'> Using SNP-A karyotyping, we
studied a large cohort of patients (n = 442) with MDS and related
disorders; including JMML and CML blast crisis (CML-BC), to assess
the frequency of this lesion within clinical subtypes, Three hundred
oneand 187 cases were examined by 250K and 6.0 arrays, respectively.
Forty-six cases were analyzed using both arrays, yielding identical
results. Based on the analysis of 1,003 controls, we determined the
average size and location of nonclonal regions of autozygosity. All of
these nonclonal regions were interstitial. For the purpose of this study,
we have excluded all regions of autozygosity based on the size criteria
(27 Mb). derived from controls. The remaining regions were con-
firmed by analysis of germ-line samples (nonclonal CD3+ lympho-
cytes) in 45 patients (Fig 1A). Regions of homozygosity found in both
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Fig.1. Detecting acquired. segmental uniparental: disomy (UPD) using single nucleotide polymorphism array (SNP-A} technology. (A) SNP-A karyograms of both whole
bone.marrow (BM] cells and CD3+ lymphocytes of a patient show the somiatic nature of acquired UPD'in chromiosome 11 The biue line represents average copy
number {CN) signal intensity of SNPs on the array chip. In this instance, there are no CN variations, and thus, the blue line does not deviate from normat diploid: CN.
The green:marks below the idiogram represent heterozygosity at particular. DNA loci. In the region.of UPD seen in whole BM cells, drastic reduction of heterozygous
loci-denotes the region of UPD (pink bar). The remaining.green:marks in.the region of UPD delineate the presence of nonclonal cells in the sample. An abnormal
chromosome 11 was not detected when: metaphase cytogenetic analysis was performed on bone marrow. In.CD3+ sorted lymphocytes; a normal chromosome 11
is seen. (B) Comparison of Affymetrix 250K and 6.0 arrays in the detection of UPD11q. CNAG version 3.0:analysis (top) shows clear UPD of chromosome 11 by loss
of heterozygous foci. Repeated testing on the 6.0 array and analysis using Genotyping Console v2.0 software (bottom) confirms the 250K SNP-A findings: Note that
the Genotyping Console output includes allele difference, loss of heterozygosity {LOH}, and CN variation plots: The allele. difference graph represents:the genotypes
for each individual SNP. Dots with a value of 1 represent SNPs with an AA genotype, whereas those with a value of ~ 1 represent SNPs with a BB genotype. Dots
at O represent heterozygous SNPs (AB). Complete loss of all AB: SNPs indicates copy-neutral LOH. This is further shown by both the LOH and CN graphs; which show
no loss.in CN: but clear LOH. (C} Topographic. maps show regions of {red) UPD or {green} deletion in individual patients on chromosome 11q. Bars corresponding to
the ideogram represent the regions affected for each patient. The c-Cb/ locus was included in the common deleted region (11923.3} among UPDs and deletions. Red
and pink bars represent UPD lesions with'and without ¢-Cb/ mutations, while dark and light green bars show deletions:with and without mutations. Top is 6.0 array
karyogram with: UPD11q and: bottom is one with microdeletion 11q by 250K airay analysis. ¢-Chf mutations. were identified in both cases:
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bone marrow and CD3+ fractions were excluded from further anal-
yses. We confirmed UPD11q detected on 250K arrays by repeated
analyses using ultra-high density Affymetrix 6.0 arrays and Genotyp-
ing Console version 2.0 software (Fig 1B). Among a total of 133
regions of somatic UPD on multiple chromosomes including 1, 4, 17,
and 21, UPD11q was most common (n = 17). LOH can also result
from deletions, and deletions involving 11g23.3 were found in 29
patients (Fig 1C). Sequencing ¢-Cbl revealed mutations in 13 cases
(76%) of UPD11q. However, among patients with deletionllq, a
¢-Chbl mutation was found in only one case (CMML). We also ana-
lyzed patients without LOH11q to assess the frequency of heterozy-
gous mutations and identified five cases (1.2%).

¢-Cbl Mutations and Clinical Features

We sequenced all exons of c-Cbl; all mutations, except for 1 frame
shift mutation in the tyrosine kinase-binding domain, were associ-
ated with the RFD or linker sequence, which are highly conserved
among species. More importantly, 12 mutations in the RFD were
located at or next to a cysteine residue (63%; Fig 2). The presence of
each somatic mutation was confirmed by bidirectional DNA sequenc-
ing of multiple isolates and comparison against CD3+ sorted lym-
phocytes when possible.

In one case of a patierit with MDS (refractory anemia subtype)
and ‘monosomy 7 who transformed to' AML, SNP-A karyotyping
revealed the UPD11q; yet after transformation to AML sequencing
identified a ¢=Cbl mutation creating a novel splice site resulting in a
longer transcript (Appendix Fig A1, online only). We also found a
hemizygous mutation in the linker sequence in'a CMML patient with
amicrodeletion of 11q23.3 previously undetected by metaphase cyto-
genetics (Appendix Fig A2, online only). Eleven mutations were found
in CMML and sitnilar forms of MDS/MPN unclassifiable either at or
before the time of testing; 6 of these patients progressed to SAML
(55%). In total, two (5%) of 38 patients with CMML, 10'(9%) of 110
with SAML, and one (1%) of 115 patients with MDS carried mutant
¢-Chl (Appendix Table A2, online only). In addition, c-Cbl mutations

were found in four (19%) of 21 patients with JMML and one (10%) of
10 with CML-BC.

Other Mutations and Nonsynonimous SNPs in
Related E; Ubiquitin Ligases

The Cbl family contains several other E3 ligases, including Cbl-b
(3q) and Chl-c (19q) as well as a novel member with high homology
called Hakai (7q). Based on structural and functional similarities we
hypothesized that these genes can also harbor mutations associated
with similar clinical phenotypes. When we sequenced 12 patients with
corresponding UPDs, no mutations were found. However, when we
sequenced all patients in our cohort without ¢-Chl mutations, we
identified three with a heterozygous and one with a hemizygous Cbl-b
mutation (Appendix Fig A3, online only) and three patients (one cell
line) with a Cbhl-c frame shift polymorphism with a single base inser-
tion, all affecting the RFD (Fig2). In addition, we identified 12 (7%) of
167 patients with myeloid malignancies harboring another rare non-
synonymous SNP in Cbl-c, also affecting the RFD (H405Y). The
frequency of this SNP in the general population is less than 1% (data
not shown).

Clinical Characteristics in Patients With Cbl
Family Mutation

In order to identify the pathologic subtypes in which Cbl family
member mutations may play a role, we systematically investigated a
wide range of myeloid’ malignancies. They were most commonly
associated with MDS/MPN subentities; including CMML and atypi-
cal MDS/MPN, and some cases of typical MDS. In addition; Cb!
family mutations appear to be present in SAML with an antecedent
history of MDS/MPN. Based on this distribution of ¢-Cbl muta-
tions, we analyzed other related disease entities within MDS/MPN
and MPN; we ‘also identified ¢-Cbl mutations in JMML and in
CML-BC (Appendix Table A2). This pattern suggests that ¢-Cbl mu-
tations ‘can be a characteristic feature of atypical MDS/MPN' syn-
dromes or serve as a second genetic hit facilitating malignant
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X Chromosome 19g13.31
49,972,988-49,985,731

¥ Frame shift

Chromosome 11q23.3
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Fig 2. Identification of variations in ¢-Cbl Cbl-b and Cbl-¢ RING finger {RF}. domain: Schematic representation shows:the major domains of ¢-Cbl; Cbl-b, and Cbl-c,
primarily the tyrosine kinase binding. (TKB) domain; linker sequencs (L), RF domain, proline-rich-region (PPP), and leucine zipper (LZ)/ubiquitin-associated domain (UBA).
Tyrosine and:serine residues, represented by red circles; are phosphorylated by. tyrosine kinases. Genomic DNA sequencing of all exons:in-¢c-Cbl;: Cbl-b, and Cbl-c
revealed the presence of (black arrow) missense and (blue arrow) frame shift mutations or frame shift polymorphisms in L or RF domnain; except for a case with a
mutation in the TKB domain. In ¢-Chl: some basepair changés occured in a homozygous state because of UPD and resulted in the substitution of cysteine or arginine
residues at positions 384 shared in two patients (C384Y), 404 in three patients (CA04S/Y), and 420 in three patients (R4200/P). (*) Frame shift polymorphism:

6112 © 2009 by American. Society. of Clinical Oncology:

JOURNAL oF CLINICAL ONCOLOGY.

Information downloaded from jco.ascopubs.org aq% proYlig?ds Ey NAGOYA UNIVERSITY on March 29, 2010 from
3.6.167.54.
Copyright ©:2009 by the American Society of Clinical Oncology. All rights reserved.

-73-



