Leukemia & Lymphoma, 2012; Early Online: 1-6

© 2012 Informa UK, Ltd. informa

1SSN: 1042-8194 print/ 1029-2403 online
DOI: 10.3109/10428194.2012.725850 healthcare

ORIGINAL ARTICLE: CLINICAL

Clinical outcome of non-surgical treatment for primary small intestinal
lymphoma diagnosed with double-balloon endoscopy
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Abstract
Primary small intestinal lymphoma (PSIL) is often treated with
surgical resection, and therefore response to non-surgical
treatment is rarely known. We retrospectively analyzed the 4
clinicopathological features of 19 patients with PSIL, who had &

been diagnosed by double-balloon endoscopy (DBE) and had %ig@;f
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rece1v1ng chemotherapy with and without surgical resec-
tion. Therefore, the optimal therapeutic strategy for PSIL has
not yet been established.

Double-balloon endoscopy (DBE) is a novel system of
electronic enteroscopy via which many endoscopic proce-
3 | > dures such as biopsy, hemostasis, balloon dilatation, stent
mon extranodal non-Hodgkin lymphom (NHLs), and  placement, polypectomy and endoscopic mucosal resection
recently its incidence has been increasing [1]. The mostcom-  have become possible for small-intestinal tumors. Success
mon primary site is the stomach (50-70%), followed by the rates for total inspection of the small intestine using DBE
small intestine (20-30%). Primary small intestinal lymphoma  have been reported to be 40-80% [22]. It now plays an impor-
(PSIL) represents 20% of all malignant tumors in the small  tant role in the diagnosis and treatment of small-intestinal
intestine and 4-12% of NHLs [2-5]. diseases [23,24]. Furthermore, pretreatment diagnosis as

Compared to primary gastric lymphoma, the clinico-  well as evaluation of tumor distribution in the total intestine
pathological features of PSIL are less well documented [6-9].  has become possible. DBE, thus, allows diagnosis of PSIL
Surgical resection is often performed to confirm a diagnosis ~ without surgical resection.
of PSIL or to deal with tumor-associated complications such We retrospectively analyzed the clinicopathological
as bleeding, perforation and stenosis [10,11]. Thus, surgical ~ features of PSIL in patients diagnosed by DBE in order to
procedures are mainly selected and performed as initial ~ develop a standard therapeutic model.
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Patients and methods

Patients

In our institution, DBE was performed under conscious .

sedation for 550 cases from June 2002 to May 2007. The proce-
dure of DBE has been described previously [21]. The median
duration of the procedures was 70 min. Among patients,
19 diagnosed as having PSIL have been analyzed in this
study. In all cases, a tumor biopsy was performed, and PSIL
was diagnosed based on histological features of the biopsy
specimen. Cases with only duodenal or ileocecal lesions
were excluded, because these types of lymphoma can be
diagnosed with traditional upper gastrointestinal endoscopy
or colonoscopy, and are well documented in previous lit-
erature [4,25-28). We observed no patients diagnosed with
PSIL who had surgical resection in the same time period,
probably due to our institution’s policy of conducting
DBE in preference to surgery for diagnosis in patients who
are suspected of PSIL unless they suffer from emergent
intestinal bleeding or stenosis.

Diagnostic and staging procedures

Each formalin-fixed specimen was reviewed by two patholo-
gists at our institution and categorized by the latest World
Health Organization (WHO) “classification of tumours of
haematopoietic and lymphoid tissues” [29]. Each biopsy was
investigated by immunohistochemical staining for CD20,
CD10, CD5, BCL-2 and CD3. Polymerase chain reaction
amplifications of genes for the immunoglobulin heavy chain
or T-cell receptor gamma chain were added to show mono-
clonal disease when necessary.

Patients were staged according to criteria of the recent
International Workshop (Lugano classification) [13]. Lesions
were classified as multifocal when more than one lesion was
observed. An International Prognostic Index (IPI) score was
calculated for each patient.

Follow-up and statistical analysis

Response to treatment was assessed using clinical and
histopathologic findings. A CR was considered to be a full
clinical response and histopathologic remission. A partial
response (PR) was considered to be a clinical response
and improvement of histopathologic findings to those of
a preceding stage. Survival curves were calculated accord-
ing to the Kaplan-Meier method. Survival analysis was
performed using the log-rank test. Differences were con-
sidered significant if the p-value was <0.05. Correlations
between groups were evaluated by Pearson’s correlation
coefficient (r).

Results

Clinicopathological features

Clinical, pathological and computed tomography (CT)
imaging features of 19 patients are summarized in Table I.
The ages of the 19 patients ranged from 37 to 81 years
(median 64 years), including nine males and 10 females. Of
the 19 patients, five had lymphoma lesions located within
the jejunum, and nine within the ileum. Two patients
had lesions in multiple sites within the duodenum and
jejunum, and three within the jejunum and ileum. These
lymphoma lesions showed various macroscopic features
including tumor mass, polyposis, diffuse infiltration and
ulceration. In 16 patients CT scanning showed abnormal
findings, including swellings of the small intestinal wall and
abdominal lymph nodes. In three patients, however, no
abnormal findings were observed [Figure 1(A)], whereas
DBE clearly demonstrated lymphoma lesions macroscopi-
cally [Figure 1(B)] and pathologically {Figures 1(C)-1(E)].
Eighteen patients had disease-related symptoms such as
abdominal pain, anorexia, anemia, tarry stool, diarrhea,
weight loss and ileus. There was no relationship between

Table I. Clinical, pathological and CT imaging features of 19 patients with primary small intestinal lymphoma.

Abdominal
lymph Mucosal Response
Primary  Stage nodelesion masslesion  Initial to initial

No. Sex Age Histology site (Lugano) IPI Symptoms at onset on CT on CT therapy therapy

1 F 69 Bcell 1/7 1 HI Anemia, tarry stool N P Not done —

2 M 75 DLBCL }J/D I LI  Anemia, tarry stool N P R-CHOP NR

3 F 55 MALT I 1 L  Abdominal pain NA NA R-CHOP CR

4 M 67 MALT J I L  Anemia, tarry stool Mesenterium N R-CHOP CR

5 F 65 DLBCL 1/ I L  Abdominal pain, anorexia Mesenterium P R-CHOP PR

6 F 61 ND 1 IE LI  Diarrhea, abdominal pain Mesenterium, N CHOP PD

paraaorta

7 F 64 MALT 1/ I L  Nausea, abdominal pain N N R-CHOP CR

8 M 50 DLBCL I I LI  Diarrhea, abdominal pain N P R-CHOP CR

9 M 52 FL J/D II L  Epigastralgia Mesenterium N R-CHOP PR
10 M 50 FL ] II L  Epigastralgia Mesenterium N R-CHOP CR
11 F 72 DLBCL I IIE LI  Anemia, fever abdominal pain Mesenterium N R-CHOP CR
12 M 56 DLBCL I I L Ileus Mesenterium N R-CHOP CR
13 M 67 FL I I LI  Nosymptoms N N EMR CR
14 F 67 FL ] I LI Abdominal pain N N R-CHOP CR
15 F 52 FL ] 1I L  Epigastralgia Mesenterium P R-CHOP CR
16 M 81 DLBCL I I HI Anorexia, weight loss Mesenterium, P R-CHOP PR

paraaorta

17 F 56 DLBCL J v LI  Anemia, bloody stool Paraaorta N R-CHOP CR
18 F 72 DLBCL I II LI  Abdominal pain, weight loss Mesenterium P R-CHOP NR
19 M 37 DLBCL 1 1 L  Abdominal pain, anorexia N P R-CHOP CR

CT, computed tomography; F, female; M, male; DLBCL, diffuse large B-cell lymphoma; MALT, extranodal marginal zone lymphoma of mucosa-associated lymphoid
tissue; ND, not defined; FL, follicular lymphoma; I, ileum; J, jejunum; D, duodenum; L, low risk; L1, low-intermediate risk; HI, high-intermediate risk; NA, notapplicable;
EMR, endoscopic mucosal resection; N, negative; P, positive; CR, complete response; PR, partial response; NR, no response; PD, progressive disease.
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Primary small intestinal lymphoma 3

Figure 1. Radiographic, endoscopic and photomicrographic images of 67-year-old female patient admitted to our institution complaining of
persistent abdominal pain. (A) Abdominal CT found no lymphadenopathy or mucosal mass lesion. (B) Double-balloon endoscopic view of jejunum
revealed multiple ovoid, sessile and papular tumors with whitish granules. (C) Histopathological analysis of the biopsy specimen demonstrated
that tumor cells formed a neoplastic follicle in the submucosal region of the jejunum (hematoxylin and eosin, X100). (D) Immunohistochemical
staining of lymphoid lesion was positive for CD20 (100). (E) Immunchistochemical staining of lymphoid lesion was positive for BCL-2 (X 100).

tumor location and these clinical symptoms. Most cases had
localized disease (eight stage I, eight stage II, two stage IIE,
one stage IV), and 17 patients had low or low-intermediate
IPI scores.

Of the 19 cases of PSIL, nine (47.4%) were classified as
DLBCL, five (26.3%) as follicular lymphoma (FL) and three
(15.8%) as MALT. The remaining two patients could not be
defined as having any certain histopathological subtype.
One of these two cases was regarded as a B-cell lymphoma,
because the tumor cells were positive for CD20 and negative
for CD3 on immunostaining. The other case was negative

for both CD20 and CD3, but was still regarded as lymphoma

because amplifications of immunoglobulin heavy chain were
detected on polymerase chain reaction.

Therapéutic response and prognosis
Among the 19 patients, 17 (89.5%) received chemother-
apy, and one who was diagnosed with localized follicular

lymphoma had curative endoscopic mucosal resection as
initial treatment. One patient with B-cell lymphoma, in
whom a definite histopathological subtype had not been
obtained, died before treatment.

Of the patients treated with chemotherapy, one patient
who did not have a definite histopathological diagnosis
received cyclophosphamide, doxorubicin, vincristine
and prednisolone (CHOP) chemotherapy. The other 16
patients received R-CHOP (rituximab plus CHOP) che-
motherapy. Responses to the initial chemotherapy in
each histopathological subtype are summarized in Table
II. The overall response rate (CR + PR) to the initial che-
motherapy was 82.4% (14 of 17 patients) (95% confidence
interval [CI] 56.6-96.2%). During chemotherapy, we
experienced no case who needed emergent surgery for
perforation or bleeding of mucosal lesions, and there were
no patients who received salvage surgery after failure of
initial chemotherapy.
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Table II. Response to initial treatment (7= 18). Discussion
Initial . i
treatment n Histology Response n We report here a retrospective study conducted in a single
R-CHOP 9 DLBCL CR 5 institution involving 19 patients with PSIL who were
PR 2 diagnosed using DBE. The histopathological analyses in
4 FL EDR § our study showed that most patients had B-cell lymphoma,
PR 1 which is consistent with previous findings that B-cell lym-
3 MALT CR 3 phoma such as DLBCL, MALT and follicular lymphoma is
CHOP 1 Not defined PD 1 s .
EMR 1 FL R 1 dominant, whereas T/natural killer (NK) type lymphoma
is less often found in PSIL [4,11,28,30,31]. Importantly,
R-CHOP, rituximab, cyclophosphamide, doxorubicin, vincristine and

prednisolone; EMR, endoscopic mucosal resection; DLBCL, diffuse large
B-cell lymphoma; FL, follicular lymphoma; MALT, extranodal marginal zone
lymphoma of mucosa-associated lymphoid tissue; CR, complete response; PR,
partial response; SD, stable disease; PD, progressive disease.

Survival analysis was performed for all patients, with a
median follow-up time of 41.3 months. The Kaplan-Meier
curve for overall survival demonstrated that the estimated
5-year survival rate was 72.2% (95% CI 49.5-81.2%) [Figure
2(A)]. We next performed univariate analysis for survival
rate. The analysis revealed that responses to the initial ther-
apy (CR+ PR vs. stable disease [SD] + progressive disease
[PD]), hemoglobin (Hb) level (=11.5 g/dL vs. <11.5 g/dL)
and albumin (Alb) level (=3.5 g/dL vs. <3.5 g/dL) were
significantly correlated with overall survival by log-rank
test [Figures 2(B)-2(D)]. Other clinical factors, such as age,
sex, location of the primary site, clinical stage, IPI score and
immunohistological phenotype, had no significant relation-
ship to the survival rate.

diagnosis of PSIL was made for three patients for whom
CT scanning demonstrated no abnormal findings. One of
these patients had no symptoms, but he showed repeated
positivity in fecal occult blood tests. This suggests that
PSIL cannotberuled out in patients with continuous abdom-
inal symptoms or with fecal occult blood, even if there is
no particular finding in CT scanning. Thus, DBE is a useful
tool to obtain an accurate diagnosis less invasively in such
cases. Moreover, it plays a role in assessment of response
to chemotherapy. Indeed, DBE provided an appropriate
evaluation of therapeutic effect for all patients, including
those in whom pretreatment CT showed no lymphadeno-
pathy and no mucosal mass lesion (cases 3, 7, 13, 14).
Previous reports have demonstrated a variety of mac-
roscopic features observed in primary intestinal malig-
nant lymphoma. These include tumor mass, polyposis,
diffuse infiltration and ulceration [32]. Indeed, patients
who were analyzed in this study showed a variety of these
macroscopic features of lymphoma lesions. However, it
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Figure 2. Kaplan-Meier curve analyses of overall survival (median follow-up time: 41.3 months). (A) OS of all 19 patients. Estimated 5-year OS was
72.2%. (B) OS according to response to initial therapy (CR + PR vs. NR + PD). (C) OS according to Hb level (Hb =11.5 g/dL vs. Hb <11.5 g/dL).
(D) 0OS according to Alb level (Alb =3.5 g/dL vs. Alb <3.5 g/dL). OS, overall survival; CR, complete response; PR, partial response; NR, non-
response; PD, progressive disease; Alb, albumin; Hb, hemoglobin.
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has been shown that macroscopic features are not corre-
lated with histopathological subtype [33], and our results
showed that neither the macroscopic appearance nor the
number of lesions was related to the clinical outcome.
These results thus suggest that macroscopic features are
not prognostic factors for patients with PSIL treated with
chemotherapy.

The patients with PSIL in this study showed a favorable
outcome, with high response rates to initial chemotherapy.
Importantly, the clinical outcome is not inferior to that of a
previous study, in which most cases had a surgical resection
followed by chemotherapy [1,34]. Our results are consistent
with the fact that surgery-based treatment does not have an
advantage over chemotherapy alone in primary gastric lym-
phoma [35,36]. However, there are also some reports showing
that the combination of surgical resection and postoperative
chemotherapy achieved a favorable outcome for primary
intestinal DLBCL [20,37]. The reasons for this discrepancy are
unknown; however, it might be because of the different loca-
tions and histopathological types of diseases between patients
in our study and those in previous studies. Indeed, more than
half of the patients analyzed in previous studies had ileocecal-
origin lymphoma, which was excluded in our study.

Our study also revealed that the levels of Hb and Alb at
the time of diagnosis were strongly correlated with overall
survival. Interestingly, there was a tendency toward nega-
tive correlation in levels between those factors and C-reac-
tive protein (CRP) (r= —0.583, p=10.009 and r= —0.670,
p=10.002, respectively). This result suggests that the level of
inflammation is involved in the clinical outcome of patients
with PSIL.

In our study, we showed that PSIL could be diagnosed by
DBE and effectively treated with chemotherapy alone. How-
ever, surgical resection still has clinical value in the treatment
of PSIL. Indeed, there were two patients in whom a definite
histopathological subtype could not be determined, proba-
bly due to insufficient specimens of mucosal biopsy. In these
cases, we performed chemotherapy because a diagnosis of
malignant lymphoma was made. However, if a sufficient
biopsy sample to diagnose malignant lymphoma could not
be obtained by DBE, surgical resection might be required.
Furthermore, Kim et al. reported that a few cases of patients
with PSIL who received chemotherapy as initial treatment
underwent later surgery because of chemotherapy-related
complications or disease control [20].

Capsule endoscopy is another tool for observing PSIL
lesions without physical burden. However, biopsy speci-
mens for histopathological analysis cannot be obtained by
this method. Capsule endoscopy is contraindicated in cases
where there is a stricture of the small intestine {38], whereas
DBE can explore and traverse such a region. In this regard,
DBE might have an advantage over capsule endoscopy in
diagnosis and treatment of PSIL.

In conclusion, DBE sheds new light on the diagnosis
of PSIL. By using this technology, PSIL can be diagnosed
less invasively compared with conventional surgical resec-
tion. In most cases, DBE can confirm the final diagnosis of
PSIL with immunohistopathological studies of a mucosal
biopsy. Furthermore, DBE makes it easy to evaluate tumor

Primary small intestinal lymphoma 35

distribution in the total intestine and response to chemo-
therapy. The results of our study also suggest that PSIL can
achieve a good prognosis with chemotherapy alone. Fur-
ther prospective investigation with larger sample numbers
is warranted to establish the optimal therapeutic approach
for PSIL.

Acknowledgements

We wish to thank Ms. E. Yamakawa for preparation of the
manuscript and Mr. Gary Baley for academic editing.

Potential conflict of interest: Disclosure forms provided
by the authors are available with the full text of this article at
www.informahealthcare.com/lal.

References

[1] Nakamura S, Matsumoto T, Iida M, et al. Primary gastrointestinal
lymphoma in Japan: a clinicopathologic analysis of 455 patients with
special reference to its time trends. Cancer 2003;97:2462-2473.

[2] Otter R, Bieger R, Kluin PM, et al. Primary gastrointestinal non-
Hodgkin’s lymphoma in a population-based registry. Br J Cancer
1989;60:745-750.

[3] Salem P, Anaissie E, Allam C, et al. Non-Hodgkin’s lymphomas
in the Middle East. A study of 417 patients with emphasis on special
features. Cancer 1986;58:1162-1166. .

[4] Koch P, del Valle F, Berdel WE, et al. Primary gastrointestinal
non-Hodgkin’s lymphoma: anatomic and histologic distribution,
clinical features, and survival data of 371 patients registered in
the German Multicentric Study GIT NHL 01/92. J Clin Oncol 2001;
19:386-3873.

[5] Amer MH, El-Akkad S. Gastrointestinal lymphoma in adults:
clinical features and management of 300 cases. Gastroenterology
1994;106:846-858.

[6] Al-AkwaaAM, SiddiquiN, Al-MoflehIA. Primarygastriclymphoma.
World J Gastroenterol 2004;10:5-11.

[7] YoonSS, Coit DG, Portlock CS, et al. The diminishing role of surgery -
in the treatment of gastric lymphoma. Ann Surg 2004;240:28-37.

[8] Hyatt BJ, Paull PE, Wassef W. Gastric oncology: an update. Curr
Opin Gastroenterol 2009;25:570-578.

[9] NCCN clinical practice guidelines in oncology. Non-Hodgkin’s
lymphomas. Version 1. Fort Washington, PA: National Comprehensive
Cancer Network Inc.; 2012,

[10] Varghese C, Jose C, Subhashini J, et al. Primary small intestinal
lymphoma. Oncology 1992;49:340-342.

[11] Nakamura$, MatsumotoT, TakeshitaM, etal. Aclinicopathologic
study of primary small intestine lymphoma. Cancer 2000;88:
286-294,

[12] Morton JE, Leyland M]J, Vaughan Hudson G, et al. Primary
gastrointestinal non-Hodgkin's lymphoma: a review of 175 British
National Lymphoma Investigation cases. Br ] Cancer 1993;67:776-782.
[13] Rohatiner A, d’Amore F, Coiffier B, et al. Report on a workshop
convened to discuss the pathological and staging classifications of
gastrointestinal tract lymphoma. Ann Oncol 1994;5:397-400.

[14] Salles G, Herbrecht R, Tilly H, et al. Aggressive primary
gastrointestinal lymphomas: review of 91 patients treated with the
LNH-84 regimen. A study of the Group d’Etude des Lymphomes
Agressifs. Am j Med 1991;90:77-84.

[15] Ferrucci PE, Zucca E. Primary gastric lymphoma pathogenesis
and treatment: what has changed over the past 10 years? Br ] Haematol
2007;136:521-538.

[16] Coiffier B, Salles G. Does surgery belong to medical history for
gastric lymphomas? Ann Oncol 1997;8:419-421.

[17] LiuHT, HsuC, Chen CL, et al. Chemotherapy alone versus surgery
followed by chemotherapy for stage I/IIE large-cell lymphoma of the
stomach. Am ] Hematol 2000;64:175-179.

[18] Schmidt WP, Schmitz N, Sonnen R. Conservative management
of gastric lymphoma: the treatment option of choice. Leuk Lymphoma
2004;45:1847-1852.

RIGHTE LI1MK

[T

— 263 —



6 H.Kobayashietal.

[19] Tanaka T, Shimada K, Yamamoto K, et al. Retrospective analysis
of primary gastric diffuse large B cell lymphoma in the rituximab
era: a multicenter study of 95 patients in Japan. Ann Hematol
2012;91:383-390.

[20] Kim SJ, Kang HJ, Kim JS, et al. Comparison of treatment strategies
for patients with intestinal diffuse large B-cell lymphoma: surgical
resection followed by chemotherapy versus chemotherapy alone.
Blood 2011;117:1958-1965.

[21] Yamamoto H, Sekine Y, Sato Y, et al. Total enteroscopy with a
nonsurgical steerable double-balloon method. Gastrointest Endosc
2001;53:216-220.

[22] Yamamoto H, Yano T. Current state of double balloon endoscopy:
the latest approach to small intestinal diseases. ] Gastroenterol Hepatol
2009;24:185-192.

[23] YamamotoH, KitaH, SunadaKk, etal. Clinical outcomes of double-
balloon endoscopy for the diagnosis and treatment of small-intestinal
diseases. Clin Gastroenterol Hepatol 2004;2:1010-1016.

[24] Yamamoto H, Yano T, Kita H, et al, New system of double balloon
enteroscopy for diagnosis and treatment of small intestinal disorder.
Gastroenterology 2003;125:1556.

[25] Yamamoto S, Nakase H, Yamashita K, et al. Gastrointestinal
follicular lymphoma: review of the literature. J Gastroenterol
2010;45:370-388.

[26] Takata K, Okada H, Ohmiya N, et al. Primary gastrointestinal
follicular lymphoma involving the duodenal second portion is a
distinct entity: a multicenter, retrospective analysis in Japan. Cancer
Sci2011;102:1532-1536.

[27] Kim SJ, Choi CW, Mun YC, et al. Multicenter retrospective analysis
of 581 patients with primary intestinal rion-Hodgkin lymphoma from
the Consortium for Improving Survival of Lymphoma (CISL). BM
Cancer 2011;11:321-333. :

[28] Kohno S, Oshima K, Yoneda S, et al. Clinicopathological analysis
of 143 primary malignant lymphomas in the small and large intestines
based on the new WHO classification. Histopathology 2003;43:135-143.
[29] Swerdlow SH, Campo E, Harris NL, et al. WHO classification of
tumours of haematopoietic and lymphoid tissues, 4th ed. Lyon: IARC;
2008.

[30] Chim CS, Loong F, Leung AY, et al. Primary follicular lymphoma
of the small intestine. Leuk Lymphoma 2004;45:1463-1466.

[31] Yin L, Chen CQ, Peng CH, et al. Primary small-bowel non-
Hodgkin’s lymphoma: a study of clinical features, pathology,
management and prognosis. J Int Med Res 2007;35:406-415.

[32] Wood DA. Tumors of the intestines. In: Atlas of tumor pathology,
Sect. VI, Fasc. 22. Washington, DC: AFIP; 1967. pp. 96-100.

[33] Mendelson RM, Fermoyle S. Primary gastrointestinal lymphomas:
a radiological-pathological review. Part 2: Small intestine. Australas
Radiol 2006;50:102-113.

[34] Wang GB, Xu GL, Luo GY, et al. Primary intestinal non-Hodgkin's
lymphoma: a clinicopathologic analysis of 81 patients. World J
Gastroenterol 2011;17:4625-4631.

[35] Binn M, Ruskone-Fourmestraux A, Lepage E, et al. Surgical
resection plus chemotherapy versus chemotherapy alone: comparison
of two strategies to treat diffuse large B-cell gastric lymphoma. Ann
Oncol 2003;14:1751-1757.

[36] Koch P, Probst A, Berdel WE, et al. Treatment results in localized
primary gastric lymphoma: data of patients registered within the German
multicenter study (GIT NHL 02/96). J Clin Oncol 2005;23:7050-7059.

[37] Lee], Kim WS, Kim K, et al. Prospective clinical study of surgical
resection followed by CHOP in localized intestinal diffuse large B cell
lymphoma. Leuk Res 2007;31:359-364.

[38] Mufioz-Navas M. Capsule endoscopy. World J Gastroentercl
2009;15:1584-1586.

RIGHTE Lin

B N T S

— 264 —




Letter to the Editor

J Clin Exp Hematopathol
Vol. 52, No. 1, May 2012

Autologous Hematopoietic Recovery with Aberrant Antigen
Expression after Allogeneic Bone Marrow Transplantation

Hiroyuki Kobayashi,” Tomohiro Matsuyama,” Satoko Oka,” Shin-ichiro Fujiwara,” Iekuni Oh,”
Takahiro Suzuki,” Katsutoshi Ozaki,” Masaki Mori,” Tadashi Nagai,” Keiya Ozawa,”

and Kazuo Muroi?

Keywords: bone marrow transplantation, rejection, antigen expression, myelodysplastic syndrome

TO THE EDITOR

A 50-year-old woman was admitted in December 2006
with progressive petechiae. Bone marrow (BM) aspiration
showed massive proliferation of leukemic myeloblasts with
myeloperoxidase staining. Three-color flow cytometry
(FCM) with a CD45 gate for the BM cells was performed in
our laboratory! ; the blasts were positive for CD7, CD1lc,
CD13, CD15, CD33, myeloperoxidase and HLA-DR and neg-
ative for CD34 and CD117. Karyotypes of the BM cells were
normal. A diagnosis of acute myeloblastic leukemia (AML)-
M2 was made on the basis of French-American-British classi-
fication. The patient needed standard induction chemother-
apy twice to achieve complete remission. Refractoriness to
platelet transfusions due to anti-HLA antibody developed.
She received an allogeneic BM transplant from an ABO-
matched and HLA-DR-mismatched unrelated female donor in
September 2007. The conditioning regimen consisted of total
body irradiation (2 Gy twice daily for 3 days) followed by
cyclophosphamide (60 mg/kg/day for 2 days). On day 0,
4.0 x 108 BM cells per recipient body weight were infused.
Tacrolimus and short-course methotrexate were used as pro-
phylaxis for graft-versus-host disease. After BM transplanta-
tion, severe pancytopenia persisted. BM aspiration on day 22
revealed marked hypocellularity, suggesting graft rejection.
Peripheral blood neutrophils gradually increased from day 50.
BM aspiration smears on day 75 showed recovery of the BM
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cells, especially myeloid cells, without significant morpho-
logic abnormalities and proliferation of myeloblasts, indicat-
ing that complete remission was maintained. Chromosomal
analysis of the BM cells showed various cytogenetic abnor-
malities (Table 1). A chimerism-based analysis of the BM
cells using short tandem repeat-polymerase chain reaction
showed that 100% of the cells originated from the recipient.
A diagnosis of autologous (recipient) hematopoietic recovery
after graft rejection was made. Multiparametric FCM based
on a four-color method (ReproCELL, Yokohama, Japan),
which had been approved by the Jichi Medical University
Institutional Review Board (no. 06-70), did not show the
abnormal expression of antigens in the blasts in the BM on
days 75 and 183. However, it showed small populations of
CD34*CD7* cells and CD34*CD15" cells in the blasts on day
253 (Fig. 1). The latter cells were characterized by a high
intensity of CD34, which indicates abnormal expression of
the antigen. BM aspiration was performed every three to six
months ; various chromosomal abnormalities of BM cells
were found in each sample (Table 1). After day 253, routine
three-color FCM instead of the multiparametric FCM was
conducted to analyze phenotypes of the blasts in the BM.
This FCM can detect CD34*CD7* cells but not CD34*CD15*
cells because of antibody combinations. The proportions of
CD34*CD7* cells among the blasts of the BM were as fol-
lows : on day 323, 37.2% ; on day 421, 30.9% ; on day 603,
35.5%; on day 785, 21.5%; on day 975, 49.2%; on day
1,149, 36.0% ; and on day 1,232, 24.5%. Although chromo-
somal abnormalities were detected on and after day 75, ob-
vious dysplastic features associated with myelodysplastic syn-
drome (MDS) were not found. The patient is clinically well
with normal peripheral blood cell counts.

There are several reports on autologous (recipient) hema-
topoietic recovery after allogeneic hematopoietic stem cell
transplantation.”® All patients received total body irradiation
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Fig. 1. Flow cytometric analysis of bone marrow cells on day 253 after bone marrow
transplantation. 1, blasts ; 2, lymphocytes ; 3, monocytes ; 4, granulocytes. Antigen
levels in the blasts are plotted in /B (right upper), 1C (left lower) and 1D (right lower),
while those in granulocytes are plotted in /D. The cycle indicates the blasts expressing

abnormal antigens.

with a total of 12 Gy or more as conditioning. In these
patients, various chromosomal abnormalities in the BM cells
were found to be associated with autologous hematopoietic
recovery. Because chromosomal abnormalities in these pa-
tients were random and not related to the patients’ underlying
diseases, such aberrations indicate that normal hematopoietic
progenitors may have been injured by the irradiation used for
conditioning. In our case, various chromosomal abnormal-
ities were found concomitantly with small populations of
CD34*CD7* cells and CD34*CD15* cells in the BM, which
have been used as markers for aberrant antigen expression in
AML.1% Taking these findings together, the CD34*CD7*
cells and CD34*CD15" cells in the blasts of our patient were
derived from injured normal hematopoietic progenitors that
have self-renewal activity. Although the reason why neither

CD34*CD7* cells nor CD34*CD15* cells were detected on

day 75 or 183 is not known, it may be due to clonal changes
to the injured hematopoietic stem cells. To the best of our
knowledge, there is no report on progression to MDS or AML
in patients who showed autologous hematopoietic recovery.>®
It is necessary to follow up the patient carefully for the long
term to clarify whether the disappearance of CD34"CD7" cells
in the BM leads to the normalization of BM karyotypes or an
increase in these cells causes hematopoietic diseases includ-
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ing MDS and AML.
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Abstract
In the rituximab era, several large studies have suggesff d

that full-dose rituximab plus cyclophosphamide, doxorublcm, :

vincristine and prednisone (R-CHOP) might be the bestt’%atme
for patients with diffuse Iarge B-cell lymphomaf(DLBCL) ag

age group. Three-year PFS
70 years and older was not significantly worse tgan that with
full-dose R-CHOP for younger patlené suggg ng that R-70%
CHOP might be a reasonable choice batients with DLBCL
aged 70 years and older, especially for those with comorbidities.

Keywords: DLBCL, dose reduction, elderly, R-70%CHOP

Introduction

Diffuse large B-cell lymphoma (DLBCL) is the most
common aggressive lymphoma worldwide [1]. Applying
gene expression profiling to DLBCL enables subclassifica-
tion of the disease into three groups, activated B-cell type,
germinal center B-cell type and primary mediastinal B-cell

Chtzuru Yamamo’co2 Tomoh|ro f\/la’csuyama1 I\/'uasaleoshlma3 Masuzu Ueda4 Ken Ohmir

pa t e IPI,gage is an established prognostic factor for

atler%s with aggresswe lymphoma, especially for those

the py has been a frequent approach for the treatment
0 'DLBCL in clinical practice, particularly in patients aged
0 years and older [10], two recent large studies have rec-

" ommended full-dose rituximab plus cyclophosphamide,
~ doxorubicin, vincristine and prednisone (R-CHOP) for

elderly patients with DLBCL [11-13].

The present study aimed to investigate whether dose
reduction still has a role in the treatment of DLBCL for
the specific subgroup of patients aged 70 years and older.
The “elderly” age category in previous studies has been
defined as 60 years and older. However, recent excellent
outcomes with full-dose R-CHOP [11,12] have suggested
that an age of 60 years might be too young to benefit from a
dose reduction. Thus, in the present study, full-dose R-CHOP
was chosen for younger patients up to 69 years old, and
R-70%CHOP (70% cyclophosphamide, doxorubicin, vincris-
tine and prednisone) was chosen for patients 70 years and
older. It is still unclear whether dose-reduced R-CHOP is
able to achieve as good a response as full-dose R-CHOP,
and how much of a dose reduction is appropriate in
order to achieve the best efficacy and safety. The present

Correspondence: Dr. K. Ozaki, Division of Hematology, Department of Medicine, Jichi Medical University, Yakushiji 3311-1, Shimotsuke-shi, Tochigi 329-0498,

Japan. Tel: 81-285-58-7353. Fax: 81-285-44-5258. E-mail: ozakikat@jichi.ac.jp
Received 14 November 2010; accepted 16 June 2011

43

RIGHTSE

— 268 —




For personal use only.

LEUK Lympnoma LOWIHUEUCU LIV B ULIAHTAILIVAI UabULLL V) JAVAL ATAVUIMUS W vassws Adiases ] was wom o wr o

44 A.Meguroetal.

study retrospectively assessed efficacy and safety of R-70%
CHOP for patients with DLBCL aged 70 years and older.

Materials and methods

Patients

This study was a retrospective analysis of patients with
DLBCL treated in a single center, Jichi Medical School
(Tochigi, Japan). A patient database has been collected by
the Division of Hematology from 1997, and it includes all
inpatients in the Division with any hematological disease.
All ambulatory emergent patients are included in this
database. Study inclusion criteria were as follows: patients
diagnosed as DLBCL according to the World Health Orga-
nization (WHO) 2001 classification [14], treated for the
first time between December 2003 and June 2010, aged
70 years and older, and treated with R-70%CHOP at least
once. For comparison, younger patients with DLBCL
aged 50-69 years treated with full-dose R-CHOP were also
included in the study. We classified the two groups only
according to age. Patients with DLBCL younger than
50 years old were excluded from the study. As we perform
the first cycle of R-CHOP on an inpatient basis, this study
theoretically includes all patients with DLBCL who have
been treated in our hospital. Unfortunately, we could
not determine how many patients were not treated
without admission due to poor performance status or
any other reason. Patients referred after first-line treat-
ment, transformed from indolent lymphoma, diagnosed
as having Burkitt lymphoma, Burkitt-like lymphoma or
post-transplant lymphoproliferative disease, treated with
radiation therapy alone and treated without doxorubicin
(R-CVP, etc.) were excluded from this study. Routine
examination included chest and abdominal X-ray, elec-
trocardiogram, complete blood count, laboratory tests for
nutrition and renal and hepatic function, bone marrow
aspiration/biopsy, and chest and abdominal computed
tomography (CT) scans. Echocardiograms were performed
in most of the patients. Fluorodeoxyglucose positron
emission tomography (FDG-PET) scans were routinely
performed after 2004 for initial staging and evaluation of
response.

Treatment

A dose of standard R-CHOP (rituximab 375 mg/m? at
any time point, cyclophosphamide 750 mg/m? on day 1,
doxorubicin 50 mg/m? on day 1, vincristine 1.4 mg/m? on
day 1, prednisone 50 mg/m? on days 1-5) was reduced to
70%, except for the rituximab. Dose reduction was applied
to only elderly patients, aged 70 years and older, and all
other patients were primarily treated with standard R-CHOP
without dose reduction. Further dose reduction might have
been selected by a responsible physician in a small propor-
tion of patients likely due to bulky mass or poor performance
status. Patients with the disease at a limited stage were free
to select either combined modality treatment or 6-8 cycles
of chemotherapy alone. A subcutaneous injection of gran-
ulocyte-colony stimulating factor (G-CSF) was primarily
performed when the neutrophil count was below 1 X 10%/L.

Endpoints and assessment of response

Event-free survival (EFS) was calculated from the date
of diagnosis to events; events were defined as progressive
disease (PD) during treatment, new alternative treatment,
PD after stable disease (SD), PD after partial remission
(PR), relapse, death during treatment and death after treat-
ment. Progression-free survival (PFS) was calculated from the
date of diagnosis to disease progression or death from lym-
phoma. Death in complete remission (CR) due to disease
not related to lymphoma was censored, as described previ-
ously [11,12]. This censoring enabled comparison of the

Table I. Characteristics of patients.

R-70%CHOP R-CHOP
(n=61) (n=69)
Characteristic n % n % p-Value
Age, years
70-79 46 75.4
80- 15 24.6
50-59 © 31 449
60-69 38 55.1
Sex 0.89
Male 37 60.7 41 59.4
Female 24 39.3 28 40.6
Performance status* 0.87
0-1 43 70.5 47 68.1
=2 18 29.5 21 30.5
Unknown 1 14
Stage <0.05
1 9 14.8 24 34.8
o 25 40.9 12 17.4
jits 7 115 7 10.1
v 20 32.8 26 37.7
B symptoms’ 16 26.2 18 26.1
No. of extranodal sites 0.99
0 23 377 12 17.4
1 26 42.6 34 49.3
=2 12 19.7 22 31.9
Unknown 1 1.4
Bulky tumor 7 11.5 11 15.9 0.46
Bone marrow 3 4.9 9 13 0.11
involvement
Elevated LDH 40 65.6 44 63.8 0.83
Age-adjusted IPIscore 0.57
0 16 26.2 15 21.7
1 20 32.8 25 36.3
2 17 279 14 20.3
3 8 13.1 14 20.3
Unknown 0 1 1.4
Standard IPI score <0.01
0-1 14 22.95 32 46.4
2 17 27.9 13 18.9
3 14 22.95 5 7.2
4-5 16 26.2 18 26.1
Unknown 0 1 14
Revised IPI score <0.01
Very good 0 5 7.2
Good 31 50.8 40 58
Poor 30 49.2 23 33.4
Unknown 0 1 1.4
Auto-PBSCT 0 5 7.25
Radiation® 10 16.4 15 21.7 0.44
Combined modality$ 6 9.8 9 13 0.57

R-CHOP, rituximab plus cyclophospharnide, doxorubicin, vincristine and pred-
nisone; LDH, lactate dehydrogenase; IPI, International Prognostic Index; PBSCT,
peripheral blood stem cell transplant.

*Performance status was defined according to criteria of the Eastern Clinical
Oncology Group.

B symptoms were defined as weight loss, fever and night sweats.

*Any type of radiation including combined modality.

SR-CHOP X 3-4 + involved field radiation therapy.

REGHTS Lif ki
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Table II. Comorbidity.

Dose reduction of R-CHOP and elderly 45

Table HI. Number of R-CHOP courses and G-CSF injections.

R-70%CHOP R-CHOP

R-70%CHOP (n= 61) R-CHOP (1= 69)

n % n % p-Value Range Average Median Range Average Median

Hypertension 25 41 14 203 <0.05 Rituximab 1-8 2 1 1-8 1.38 1
Hyperlipidemia 8 13.1 6 8.7 0.42 (inpatient)
Diabetes mellitus 9 14.8 5 7.2 0.17 Rituximab 0-7 3.44 4 0-7 4.81 5
Cerebral vascular disease 3 4.9 4 58 0.82 (outpatient)
Cardiac disease 8 13.1 5 72 0.27 CHOP (inpatient)  1-8 2 1 1-8 14 1
Viral hepatic disease 3 4.9 6 87 0.4 CHOP (outpatient) 0-7 3.44 4 0-7 4.76 5
Pulmonary disease 3 49 0 0 0.06 Total number of 0-73 10.2 7 0-56 11.27 8
Renal disease 3 49 0 0 0.06 G-CSF injections
Tuberculosis 1 1.6 2 29 0.63 Cycles using 64 75
Collagen disease 0 0 2 29 0.18 G-CSF/total
Malignancy 10 16.4 4 58 0.05 cycles (%)
Others 2 3.3 2 2.9 0.09 Dose intensity (%)* 85 97

Less than 90% 26 13
R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and dose’

prednisone.

PES of elderly patients with that of younger patients.
Overall survival (OS) was calculated from the date of diag-
nosis until death from any cause or the last date confirmed
alive. Response was judged by each physician according
to the International Workshop Criteria [15] or revised Inter-
national Workshop Criteria [16].

Statistics

0S, PFS and EFS curves were obtained by the Kaplan-
Meier method and compared with the log-rank test. For
variables, Fisher’s test or the 2 test was used for p-value
analysis. Cox regression models were prepared for hazard
ratios associated with treatment dose in the presence of
covariates such as age and IP1. We did not include stage in
the regression model because it is already included in the
IPI. All statistical calculations were performed with the
software Statmate, version 6.0 (Tokyo, Japan).

Results

Patient characteristics

A total of 61 patients who met the inclusion criteria and
were aged 70 years and older (elderly group) were treated
with R-70%CHOP. A total of 69 patients who met the inclu-
sion criteria and were aged 50-69 years (younger group)
were treated with full-dose R-CHOP. The median follow-up
for the elderly group was 36 months and for the younger
group was 41 months. Median ages at diagnosis in the
elderly and younger groups were 76 and 61 years, respec-
tively. Stage, age-adjusted IPI (aalPI), standard and revised
IP], autotransplant and combined modality with radiation
were assessed between the two groups (Table I). Gender,
performance status, number of extranodal sites, bulky
tumor, bone marrow involvement, elevated lactate dehy-
drogenase (LDH) and aalPI in elderly and younger patients
were comparable (p = 0.89, 0.87, 0.99, 0.46, 0.11, 0.83 and
0.57, respectively). The frequency of additional radiother-
apy in elderly and younger patients was also comparable
(16 vs. 22%, p = 0.44, Table I). The elderly group contained
fewer patients with stage I and more patients with stage II
disease than the younger group; however, the propor-
tions of patients with extended stage (III-IV) and limited
stage (I-1I) were comparable (p = 0.68). The distribution of

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and
prednisone; G-CSE, granulocyte-colony stimulating factor.

*Actual dose/full dose or 70% dose according to patient age X 100 (%).

TMore than 10% reduction from planned dose.

standard IPI was significantly different between the two
age groups (p<0.01); the elderly group contained fewer
IPI-low patients than the younger group (23 vs. 46%),
and the elderly group contained more high-intermediate
patients than the younger group (23 vs. 7%). Distribution
of the revised IPI was also significantly different (p < 0.01).
This difference was most likely because no patients in
the elderly group could be classified as “very good,” simply
due to age. The number of patients who received combined
modality is indicated in Table I (six patients in the elderly
group and nine patients in the younger group). Auto-
transplant was performed only in the younger group, at
a frequency of 7.2%, and could have increased the OS in
the younger group. Taken together, there were no differ-
ences between the two age groups in prognostic factors
when the aalPI was applied.

The most frequent pre-existing comorbidity in elderly
patients was hypertension (p < 0.05), but pulmonary disease,
renal disease and other malignancies tended to be more
frequent in elderly patients (p = 0.05-0.06, Table II).

Table IV. Hematological toxicities®.

R-70%CHOP R-CHOP
n %t n %' p-Value

Leukocytopenia

Grade 3 18 29.5 13 18.8 0.15

Grade 4 37 60.7 53 76.8  <0.05
Thrombocytopenia

Grade 3 2 3.3 3 4.3 0.75

Grade 4 5 8.2 3 4.3 0.36
Anemia

Grade 3 7 11.5 11 15.9 0.46

Grade 4 3 4.9 4 5.8 0.82
Red blood cell transfusions 6 9.8 5 7.2 0.62
Platelet transfusions 3 4.9 2 2.9 0.55

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and
prednisone.

*Grade was determined according to National Cancer Institute Common Toxicity
Criteria.

‘*Number of patients/total number of patients in treatment group X 100 (%).
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Table V. Non-hematological toxicities*.

Any grade, 1 (%)

Grade 3 or 4, n (%1)

Event R-70%CHOP R-CHOP p-Value R-70%CHOP R-CHOP p-Value
Fever 18(29.5) 17 (24.6) 0.53 16(26.2) 16(23.2) 0.69
Infection 10(16.4) 5(7.2) 0.1 5(8.2) 3(4.3) 0.36
Mucositis 1(1.6) 0 0.29 1(1.6) 0 0.29
Liver toxicity 0 1(1.4) 0.35 0 0

Cardiac toxicity 1(1.6) 0 0.29 1(1.6) 0 0.29
Neurologic toxicity 10(16.4) 10(14.5) 0.76 3(4.9) 0 0.06
Renal toxicity 6(9.8) 0 <0.01 5(8.2) 0 <0.05
Lung toxicity 1(1.6) 0 0.29 0 0

Nausea or vomiting 11(18) 4(5.8) <0.05 2(3.3) 0 0.13
Constipation 31(50.8) 34(49.3) 0.86 8(13.1) 2(2.9) <0.05
Other toxicities 6(9.8) 2(2.9) 0.1 4(6.6) 2(2.9) 0.32

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and prednisone.

*Grade was determined according to National Cancer Institute Common Toxicity Criteria.

tNumber of patients/total number of patients in treatment group X 100 (%).

Treatment

The average number of cycles of R-70%CHOP for elderly
patients versus full-dose R-CHOP for younger patients
was 5.4 vs. 6.2 courses, respectively (Table III). This differ-
ence in number of courses suggests that physicians might
have halted treatment sooner in elderly patients. The num-
bers and frequency of G-CSF injections were comparable
between the two groups (Table III). The proportion of the
actual dose delivered to patients per planned dose was
calculated in each group and was 85% vs. 97%, respectively
(Table III). Concerning relative dose intensity, less than 90%
of the planned dose was administered in 26% and 13% of
elderly and younger patients, respectively. The number of
patients treated with only one cycle of R-CHOP was seven
in the elderly group. These included a patient whose dis-
ease was complicated with cerebral infarction, a patient
subjected to salvage chemotherapy due to poor response, a
patient complicated by severe paralytic ileus, a patient who
was judged intolerant by a responsible physician and three
other patients, who discontinued by self-judgement.

Complications

Hematological toxicities are listed in Table IV. Grade 4
leukocytopenia was more frequent in the younger group
compared to the elderly group (61 vs. 77%, respectively,
p<0.05), suggesting that the dose reduction in the elderly
group reduced the frequency of grade 4 leukocytopenia.
In contrast, the incidence of grade 3-4 thrombocytopenia
and anemia was comparable between the two groups.

Table VI. Response to treatment.
R-70%CHOP (n= 61)

R-CHOP (= 69)

Response n % n %
Complete response 46 75.4 54 783
Unconfirmed complete 2 3.3 0 0
response
Partial response 5 8.2 4 5.8
Stable disease 2 3.3 0 0
Progressive disease 3 49 8 11.6
Could not be assesed” 3 4.9 3 4.3

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and
prednisone.

*Treatment was discontinued due to side effect, patient’s self-judgement,
decision or responsible physician’s decision, before evaluation.

Non-hematological toxicities are shown in Table V.
The frequency of fever and infection was comparable in
both groups despite the dose reduction. Renal insufficiency
and grade 3-4 constipation, including paralytic ileus most
likely due to vincristine, were more frequent in elderly
patients (Table V). These results suggest that severe compli-
cations tended to be more frequent in the elderly patients
despite the dose reduction.

Outcome
Complete remission rates including complete remission
unconfirmed (CRu) in elderly and younger patients were
79 vs. 78%, respectively (p=0.7, Table VI). In the elderly
and younger patients, overall response rates were 87 vs.
84% (p=0.65) and PD rates were 5 vs. 12% (p=0.17),
respectively. These results suggest that the dose reduction in
elderly patients did not exacerbate the short-term response.

Long-term response was the endpoint of the present
study. According to the Japanese median life span (79 years
for males, 86 years for females), for example a 75-year-old
male can theoretically expect to live only 4 additional years
on average. Reflecting this population-based average, none
of the younger patients in CR died during the observation
period, but eight of the elderly patients in CR died due to
reasons other than lymphoma (Table VII). Therefore, the
deaths in CR were censored from PFS analysis, because
the frequency of death in CR was quite different between
the elderly and younger groups (13 vs. 0%, respectively,
p<0.01). In fact, this was the most striking difference in
events (Table VIII).

According to Kaplan-Meier analysis, in the elderly and
younger groups, 3-year OS was 58 vs. 78% (p<0.05), EFS

Table VII. Causes of death in complete remission.

Patient Age Survival (months) Cause of death
8 73 12 Cerebral infarction
19 77 9 Rupture of an abdominal aortic
aneurysm
28 80 24 Colon cancer
47 78 7 Failure of multiple organs
48 80 27 Renal failure
53 71 28 Acute myelocytic leukemia
68 83 28 Uterine cervical cancer
69 85 30 Pulmonary tuberculosis
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Table VIII. Events*.

Dose reduction of R-CHOP and elderly 47

was 45 vs. 70% (p < 0.05) and PFS was 64 vs. 72% (p = 0.43),

R-70%CHOP  R-CHOP respectively (Figure 1). The difference in PFS did not reach
Event n % n % p-Value statistical significance at 3 years. In contrast, both OS
PD during treatment 3 49 8 116 0.17 and EFS in the elderly group were inferior to those in the
gg»; fz:let:g;)auve treatment 411 (li.g é 14 g;g younger group, most likely due to the eight deaths in CR.
PD after PR 3 49 4 58 0.82 Seven patients were refractory to R-70%CHOP and
Relapse 10 164 8 116 0.43 subjected to salvage chemotherapy in the middle or soon
Death without progression after R-70%CHOP. All of them were IPI-high. Except for
During treatment 3 49 1 1.4 0.25 R-70%CHO . I gh P
After treatment 7 14 0 <0.01 one case, all cases died because of the lymphoma.
Could not be assessed 0 1 14 Finally, we performed multivariate analysis using a
All events 31 508 23 333 <0.05 Cox regression model for PFS (Table IX). Parameters
No event 30 49.2 46  66.7 included ch th IPI and but not st IPI
Total patients P 69 included chemotherapy, and age but not stage, as

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and
prednisone; PD, progressive disease; SD, stable disease; PR, partial response.
*All events during observation period are listed.

per se contains stage. Both the hazard ratio and p-value of
chemotherapy for PFS were very close to 1.0, suggesting
that R-70%CHOP in the elderly age group was not inferior

100 ey
- R-CHOP (n=69)
80 """W-'”Jn-kwuamb_n.-.-‘
| TN T
s;gh 60 -1 ¥ 28 % “ £ £3 . .
pre R-70%CHOP (n=61) P<0.05
O 404
20
0 . . , , : , . ,
0 10 20 30 40 50 60 70 &0 20
100 -
80 R-CHOP (n=69)
— ity S o vl e o b Py
2 60 e }N-S.
w g
lﬁl: 40 | R-70%CHOP (n=61)
20
a T ¥ ¥ T T T T T
O 10 20 30 40 S50 60 70 80 90
100 -
80 - — R-CHOP (n=69
. """‘"“““‘tmum...&_ “ ( )
:.,; 60 - Jl.dh-a.-.p-l.n.g.—h;
bt t st P<0.05
o 40- R-70%CHOP (n=61)
20 4
0 v - g v v v y 5
06 1 20 30 4 S0 66 70 8 90

Months

Figure 1. Overall survival (OS), progression-free survival (PFS) and event-free survival (EFS) at 3 years. OS and EFS include all patients, but in PFS,
eight deaths in continuous complete remission (CR) due to reasons other than lymphoma were censored.
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Table IX. Multivariate analysis for progression.

Hazard
Parameter ratio®  95% CI p-Value
Chemotherapy: R-CHOP vs. R-70%CHOP  1.05 0.43-2.55 0.92
1PI
2-3vs. 1 0.86 0.53-1.40 0.53
4vs. 1 098 0.49-1.98 0.95
Age (years) 1.02 0.97-1.06 0.48

R-CHOP, rituximab plus cyclophosphamide, doxorubicin, vincristine and
prednisone; IP], International Prognostic Index; CI, confidence interval.
*Hazard ratios are adjusted for all other variables in the table.

to R-CHOP in the younger age group, even if the sample
size was expanded and even though there were differences
inIPIand age.

Discussion

We have historically reduced doses of CHOP at random to
70%, 75% and 80%. The 70% dose was chosen for elderly
patients in this study, because 70% would mean that patients
could come to hospital less frequently for G-CSF injections in
most cases. In fact, the average number of G-CSF injections
in the elderly group was comparable to that in the younger
group (Table III).

In the present study, the 3-year PFS of R-70%CHOP for
elderly patients with DLBCL was not significantly worse
than that of R-CHOP for younger patients. This is the first
report to present evidence that the 70% dose may be feasible
for older patients, and it was accompanied by a reasonably
fair outcome, although our study has several limitations:
age-mismatch comparison, retrospective study and limited
number of patients.

The 2-year outcomes in the present study, an OS of
68% and EFS of 57% for patients aged 70 years and older,
were comparable to those of the previously published
Groupe d’Etude des Lymphomes de I'Adulte (GELA)
LNH-98.5study [11], in which full-dose R-CHOP was applied
for patients aged 60-80 years. Their 2-year outcomes were
an OS of 70% and EFS of 57%. However, direct comparison
is difficult, because only half of the patients in that study
were aged 70-80 years. The authors of that report published
follow-up data [12] that included 5-year outcomes of an OS
of 58% and EFS of 47%. Compared to these results, the pres-
ent results appear to be slightly inferior, as the outcomes at
3 years in the present study are already close to their 5-year
outcomes. One of the reasons for the inferior results at
3 years but not 2 years could be that four patients (7%) in
the present study died in CR due to reasons other than lym-
phoma between 25 and 36 months (Table VII). As expected,
the younger group (50-69 years old) in the present study
showed better results at 3 years, with an OS of 78% and EFS
of 70%. This suggests that 70 years might be an appropriate
cut-off age for reduced-dose therapy. Biweekly R-CHOP14
for patients with DLBCL aged 61-80 years (RICOVER-60)
showed better results compared to the present study [13].
However, patient characteristics were quite different: that
study included 5% of patients with follicular lymphoma,
only 80% of patients were diagnosed as having DLBCL

and only 36% of patients were aged 70-80 years. Moreover,
other studies following this regimen did not show any
benefits of biweekly R-CHOP14 over standard R-CHOP21
[17]. To conclude that R-70%CHOP is not inferior to full-
dose R-CHOP for patients aged 70 years and older, arandom-
ized, prospective, multicenter study might be required.

In clinical practice, we have historically chosen a dose
reduction of CHOP for patients aged 70 years and older,
before and after the introduction of rituximab. As the present
study suggests, patients aged 70 years and older sometimes
have severe complications despite receiving dose-reduced
therapy (Table V). However, there are no established data
to support dose reduction in the rituximab era, and the
appropriate dose and efficacy aré unknown. Recent publi-
cations have suggested using full-dose R-CHOP for patients
aged 60-80 years, but this regimen might not be optimal
for all patients, especially those aged 70 years and older. The
more severe complications in the elderly group in the pres-
ent study suggested that the reduced dose was still near the
maximum dose for the patients, and most likely was due to
slower pharmacokinetics in older patients [18]. Additional
dose modification or patient selection according to comor-
bidities may be needed. Moreover, as there is a 7-year differ-
ence in average life span between men and women in Japan,
gender-dependent modification may be also needed.

In summary, the present study provides new evidence
for physicians and hemato-oncologists considering dose-
reduction for elderly patients with DLBCL, especially those
with comorbidities.
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The recent advent of whole exon (exome)-capture technology,
coupled with second-generation sequencers, has made it possible
to readily detect genomic alterations that affect encoded proteins
in cancer cells. Such target resequencing of the cancer genome,
however, fails to detect most clinically-relevant gene fusions,
given that such oncogenic fusion genes are often generated
through intron-to-intron ligation. To develop a resequencing plat-
form that simultaneously captures point mutations, insertions-
deletions (indels), and gene fusions in the cancer genome, we
chose cDNA as the input for target capture and extensive rese-
quencing, and we describe the versatility of such a cDNA-capture
system. As a test case, we constructed a custom target-capture sys-
tem for 913 cancer-related genes, and we purified cDNA fragments
for the target gene set from five cell lines of CML. Our target gene
set included Abelson murine leukemia viral oncogene homolog 1
(ABL1), but it did not include breakpoint cluster region (BCR); how-
ever, the sequence output faithfully detected reads spanning the
fusion points of these two genes in all cell lines, confirming the
ability of cDNA capture to detect gene fusions. Furthermore, com-
putational analysis of the sequence dataset successfully identified
non-synonymous mutations and indels, including those of tumor
protein p53 (TP53). Our data might thus support the feasibility of a
cDNA-capture system coupled with massively parallel sequencing
as a simple platform for the detection of a variety of anomalies
in protein-coding genes among hundreds of cancer specimens.
(Cancer Sc¢i 2012; 103: 131-135)

C ancer is thought to result from various alterations of the
genome, including point mutations, insertions—deletions
(indels), and genomic rearrangements.(l) Whereas compre-
hensive sequencing of the cancer genome, or ‘‘cancer genome
resequencing’’, is a promising approach to the identification of
such anomalies, and to provide a basis for the development of
effective treatment strategies for cancer, determination of the
nucleotide sequence of the entire human genome with conven-
tional Sanger sequencers remains a highly demanding task.
However, the recent advent of massively parallel sequencing
systems, or second-generation sequencers, has rendered such
projects manageable in private laboratories® and triggered the
formation of large-scale consortia, such as The Cancer Genome
Atlas and International Cancer Genome Consortium,” to under-
take cancer genome resequencing for hundreds of specimens.
Cancer genome resequencing with massively parallel sequencers
has already provided a wealth of information on genome-wide
mutation status for melanoma,” acute myeloid leukemia,™
hepatocellular carcinoma,™” and other cancers.

Even with the current massively parallel sequencers, however,
the determination and compilation of the full genome sequence
for a given sample might still take almost 1 month. Comparison
of the cancer genome among many specimens thus remains
time-consuming and labor intensive. Anomalies in protein-cod-
ing genes likely play a major role in carcinogenesis. Given that

doi: 10.1111/1.1349-7006.2011.02105.x
® 2011 Japanese Cancer Association

exonic regions occupy only ~1.3% of the human genome,
sequencing such targeted regions would be expected to mark-
edly facilitate the discovery of proteins that are activated or
inactivated specifically in cancer cells. Indeed, target-capture
strategies, coupled with massively parallel sequencers, have
revealed important %enetic changes in cancer,” as well as in
hereditary disorders,®

One important drawback of such target-capture approaches,
however, is their inability to detect gene fusions. Most cancer-
associated gene fusion events occur within introns (resulting in
exon-to-exon ligation in the corresponding mRNA), and exon
capture does not reveal breakage and ligation of intronic
regions. Recurrent gene fusions were once thought to be rare in
epithelial tumors compared with hematologic malignancies and
sarcomas;" ~ however, our recent discovery of the echinoderm
microtubule associated protein like-4 (EMLA)-anaplastic lym-
phoma kinase (ALK) fusion gene in lung cancer and the dis-
covery by others of rearrangements in loci for the v-ets avian
erythroblastosis virus E26 oncogene homolog (ETS) family of
transcription factors in prostate cancer have led to a revision of
this notion."'? It would thus be desirable to develop a rese-
quencing platform that is able to capture, within a reasonable
timeframe, all gene fusions, point mutations, and indels in the
cancer genome. In pursuit of this goal, we have now examined
the efficacy of high-throughput sequencing of captured cDNA
for the identification of such cancer genome anomalies.

Materials and Methods

Cell lines. Cell lines established from the blast crisis stage of
CML, including MEG-01s, KCL-22-SR, K562, NCO2, and
KU812,%3 were obtained from the Japanese Collection of
Research Bioresources (Osaka, Japan) and were maintained in
RPMI-1640 medium (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% FBS (Invitrogen). Total RNA was isolated
from each cell line with the use of an RNeasy mini kit (Qiagen,
Valencia, CA, USA) and was subjected to cDNA synthesis with
an oligo(dT) primer.

Gene expression profiling. The ¢cDNA prepared from total
poly(A)-RNA of KCL-22-SR cells was subjected to hybridiza-
tion with the HGU95Av2 microarra()‘l (Affymetrix, Santa Clara,
CA, USA), as described previously.?> The expression intensity
of each test gene on the array was normalized by the 50th per-
centile value.

cDNA-capture methods. RNA probes of 120 bases were
designed to cover (with a 60-base overlap) cDNA of 913 human
protein-coding genes (Table S1), and were synthesized by
Agilent Technologies (Santa Clara, CA, USA). During the
design of the probes, the Repeat Masker dataset (http://www,
repeatmasker.org) was used to remove probes corresponding to

4To whom correspondence should be addressed. E-mail: hmano@jichi.ac.jp
SThese authors contributed equally to this work.
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repetitive sequences in the human genome. Hybridization of
DNA fragments to the RNA probes was performed according
to the protocols recommended for the SureSelect Target
Enrichment system (Agilent). We also used the SureSelect
Human X Chromosome Demo kit (Agilent) to examine purifica-
tion efficiency. Purified DNA fragments were then subjected to
sequencing with a Genome Analyzer IIx (GAIIx; Illumina, San
Diego, CA, USA) for 76 bases from both ends by the paired-end
sequencing system.

Computational pipeline. Raw read data were quality filtered
on the basis of the presence of the Illumina adaptor sequences
and a Q-value of 220. The resulting read sequences were then
subjected to an in-house computational pipeline to identify vari-
ous mutations (Fig. S1). In brief, read sequences were matched
with the Bowtie algorithm'® to the cDNA sequences of the 913
genes used to construct our custom-made SureSelect system.
The matched reads were then examined for the presence of non-
synonymous mutations and single nucleotide polymorphisms
(SNP) deposited in dbSNP (build 132, http://www.ncbi.nlm.nih.
gov/projects/SNP/index.html). The remaining reads were further
matched to the cDNA sequences with Burrows-Wheeler Aligner
(BWA) and Basic Local Alignment Search Tool (BLASTZ
algorithms to search for indels and multiple mutations.”"!®
Candidates for non-synonymous mutations were identified only
when >20% of reads correspond to the mutations at positions
with 250 coverage.

For the selection of reads corresponding to possible fusion
c¢DNA, nucleotide sequences of 20 bp were obtained from both
ends of each read and were separately matched to RefSe(}
mRNA  (http://www.ncbi.nlm.nih.gov), KnownGeneMrna,
and the human genome sequence (GRCh37, http://www.ncbi.nlm.
nih.gov/projects/genome/assembly/grc/human/data/?build=37).
Reads were considered to be derived from fusion genes if the
ends of a given read matched to different genes within the
913-gene group, or one end matched to a single gene within
the 913-gene group and the other end matched to a sequence in
RefSeq, KnownGeneMrna, or the human genome sequence that
did not correspond to the 913 genes. Candidates for fusion genes
were identified only when four or more reads were mapped to
possible fusion points.

RT-PCR. To confirm the presence of an alternatively-spliced
mixed-lineage leukemia (MLL) mRNA, we subjected oligo(dT)-
primed cDNA of KU812 cells to PCR with the combination of
the F-1 primer (5-ACCTCGTGGGAGACCTAGAAGTGG-3")
and the R primer (5-AGTCATTGGAAGCTTGTCTGCCTG-3"),
or with the combination of the F-2 primer (5'-CCTGTGGGTA-
GGGTTTCCAAAGAG-3") and the R primer.

Results

Efficiency of ¢DNA-capture sequencing. Paired-end sequenc-
ing of target~captured cDNA was briefly described in a previous
study;®® however, how the efficiency of target punﬁcatlon with
c¢DNA compares with that with genomic DNA remains unclear.
We therefore attempted to optimize the conditions for cDNA
purification with the SureSelect system. Oligo(dT)-primed
¢DNA of KCL-22-SR cells were fragmented to a mean size of
500 or 200 bp and then subjected to purification with the use of
the SureSelect Human X Chromosome Demo kit, which is
designed to capture genomic sequences derived from the human
X chromosome. Genomic DNA of KCL-22-SR cells was simi-
larly processed and hybridized with the X Chromosome Demo
kit. The purified fragments at either 4 or 8 pM were then
sequenced by the GAIIX system.

The X chromosome-mapped cDNA reads occupied 62.1%,

81.6%, 62.4%, and 82.2% of quality filter-passed reads for the
experiments with 4 pM of 500-bp fragments, 4 pM of 200-bp
fragments, 8 pM of 500-bp fragments, and 8 pM of 200-bp frag-

132

Fig. 1.

ments, respectively (Fig. 1). Thus, these results suggested that
the shorter cDNA fragments were captured more efficiently than
the longer ones. Furthermore, the purification efficiency for
genomic DNA fragments was not higher than that for cDNA,
irrespective of DNA concentration and fragmentation size
(Fig. 1), supporting the feasibility of cDNA-capture approaches.

The ability to detect breakpoint cluster region (BCR)-Abelson
murine leukemia viral oncogene homolog 1 (ABLI) fusion reads
was reduced for the cDNA sheared to ~200 bp compared with
that for those of ~500 bp (see below). The former cDNA
detected 83.7% or 76% of the fusion reads detected by the latter
cDNA at input concentrations of 4 and 8 pM, respectively. This
result is in line with our computational bootstrap trial
(n = 10 000) showing that the number of randomly-fragmented,
200-bp reads encompassing the BCR-ABLI fusion point is ~2.5
times higher than that of 500-bp reads (data not shown). How-
ever, given that the total number of high-quality reads was much
higher in the data for the 200-bp cDNA than in those for the
500-bp cDNA (Fig. 1), we chose to use 8 pM of cDNA with a
mean size of 200 bp for further experiments.

Custom cDNA-capture system. We also tested whether exten-
sive sequencing of cDNA generated from total poly(A)-RNA
(unselected cDNA) might serve to identify gene fusions, point
mutations, and indels. For this purpose, unselected cDNA were
prepared from KCL22-SR cells, and subjected to GAIIx sequenc-
ing, yielding 34.1 million reads, which mapped to 36 128 RefSeq
entries (data not shown). The distribution of read number per
transcript in the data is shown in Figure 2a. Among the 36 128
entries, only 200 (0.55%) accounted for ~20% of total reads, and
4.55% accounted for ~50% of reads. Thus, as expected, rese-
quencing data for unselected cDNA consist mostly of reads cor-
responding to a limited number of highly-abundant transcripts.

Read number (105
16 % chromosome/

Q=20

cDNA-500 § 62.1%
cDNA-200 81.6%
cDNA-500" 62.4%
cDNA-200* 82.2%
Genome-500 56.1%
Genoma-500~ 55.8%
Genome-200 75.2%

. i
B Rawrmads B Q=20
@ X chromosome magped

Comparison of capture efficiency between ¢cDNA and genomic
DNA. Genomic DNA or ¢cDNA of KCL-22-SR cells was fragmented to a
mean size of 200 or 500 bp, and then subjected to purification with
the SureSelect Human X Chromosome Demo kit, followed by GAlix
sequencing at a concentration of 4 or 8 pM (the latter indicated by an
asterisk). Numbers of raw reads, reads with a Q-value of 220 (Q > 20),
and reads mapped to the human X chromosome are shown for each
experiment. Percentage of X chromosome-mapped reads among the
reads with a Q-value of 220 is shown on the right.
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Fig. 2. Capture of a selected set of cDNA. (a) Read
number for each gene was calculated from the
sequencing data for the unselected ¢cDNA of KCL-
22-SR cells. Genes were sorted according to their
read number. A small number of genes accounted
for most of the sequence reads. (b) Functional
annotation for the encoded proteins of our target
¢DNA (n = 913). (c) Read number per nucleotide for
each captured ¢DNA in KCL-22-SR cells is compared
with the expression intensity (arbitrary units) of
the same ¢DNA examined with an HGU95Av2
microarray. Pearson’s correlation coefficient (r) for
the comparison is also demonstrated.

We therefore attempted to construct a custom SureSelect sys-
tem to capture cDNA for cancer-related genes. For this purpose,
we selected 913 genes that yielded 56 892 hybridization probes
corresponding to ~3.77 Mbp of total capture capacity. The tar-
get genes encoded human protein kinases (all members in the
human genome), transcription regulators, phosphatases, and
other proteins (Fig. 2b; Table S1).

To compare the information provided by the sequence data

from unselected and captured cDNA, we purified target cDNA -

‘from KCL-22-SR cells with the use of our custom SureSelect
system, and determined their nucleotide sequences with GAIIx.
A comparable amount of filter-passed reads (39.2 million) to
that of unselected cDNA were thus obtained. We found that
88% of the captured cDNA were mapped to the target genes in
our SureSelect system, while only 6.6% of the unselected cDNA
were mapped to the 913 targets (data not shown). The read num-
ber obtained for each gene in the captured cDNA dataset is
shown in Figure S2, with the distribution being markedly differ-
ent from that obtained by sequencing of the unselected cDNA
(Fig. 2a). As expected, the read number per nucleotide in each
cDNA for the captured dataset was highly correlated to the
expression intensity of the same gene quantified with the
HGU95Av2 GeneChip expression array (Pearson’s correlation
coefficient = 0.770, P < 2.2 x 107'®) (Fig. 2c).

We further isolated target cDNA from other CML cell lines,
including K562, KU812, MEG-01s, and NCO2, and the purified
cDNA fragments were subjected to GAIIx sequencing. As in the
case for KCL-22-SR, 86-88% of the obtained reads were suc-
cessfully mapped to the target cDNA in each cell line (Table S2).

Screening of fusion ¢DNA. Our target set of 913 genes did not
include BCR, but it did contain ABLI. Thus, if we were able to
isolate sequence reads encompassing the fusion point of BCR—
ABLI, cDNA-capture approaches for a given gene set would
likely be able to detect gene fusions to unknown partners. In
fact, we detected 45 sequence reads for KCL-22-SR cells that
covered the BCR-ABLI fusion point (Fig. 3a). Likewise, the
sequence datasets for K562, KU812, MEG-01s, and NCO2 cells

Ueno et al.
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contained 53, 8, 11, and 10 such fusion reads, respectively (data
not shown). Furthermore, our sequence data faithfully recapitu-
lated two variants of BCR-ABLI cDNA in these cell lines; a
fusion variant between exon 13 of BCR and exon 2 of ABLI
was detected in KCL-22-SR, MEG-0ls, and NCO2 cells,
whereas a fusion variant between exon 14 of BCR and exon 2 of
ABLI was detected in K562 and KU812 cells."®

In addition to BCR-ABLI, we identified 72 independent can-
didates for fusion cDNA (including fusions to non-coding RNA)
from the CML cell lines. Surprisingly, however, the screening
of fusion genes among the unselected cDNA of KCL-22-SR
with our rather non-stringent threshold (24 reads mapped to a
candidate fusion point) failed to isolate BCR-ABLI cDNA. We
could not even detect any fusion candidates (involving one of
our target genes in either or both ends of fusion events) from this
dataset, while a total of nine candidates (including BCR-ABLI)
were isolated from the captured cDNA of the same cell line.

Our Bowtie mapping of both ends of each read to human
mRNA or genome databases (Fig. S1) resulted in the detection
of not only BCR-ABLI fusions, but also a large number of alter-
natively-spliced messages. From the captured cDNA of KCL-
22-SR, for instance, we could detect 79 alternatively-spliced
transcripts for 72 independent genes (data not shown). In con-
trast, from the unselected cDNA of the same cell line, only three
independent, alternatively-spliced transcripts were identified
among three genes within the 913 targets.

One such example of alternatively-spliced message was MLL
(ensemble accession no.: ENST00000389506) in KU812, MEG-
01s, and K562 cells. In addition to a set of reads that completely
matched exon 3 of MLL, we obtained reads that lacked an inter-
nal 2193-bp sequence in exon 3 (Fig. 3b). Such in-frame trunca-
tion would be expected to generate an MLL protein lacking
amino acids 276-1006 of the wild-type protein. To confirm the
presence of such transcripts, we performed RT-PCR analysis
with total RNA from KU812 cells, and PCR primers designed as
in Figure 3b. The combination of the F-1 and R primers would
be expected to yield both the wild-type (2536 bp) and truncated
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(343 bp) products, whereas that of the F-2 and R primers would
yield only the wild-type product of 339 bp. Gel electrophoresis
of the RT-PCR products confirmed the presence of the truncated
mRNA (Fig. 3c). Given that the donor and acceptor sites for this
alternative splicing harbor the consensus sequences for mRNA
splicing (Fig. 3b), some CML cells likely make use of such
cryptic splicing sites after MLL transcription.

Other variants. From the captured cDNA for KCL-22-SR,
NCO2, MEG-01s, K562, and KU812 cells, we detected 156, 18,
28, 23, and 21 non-synonymous mutations among the 913 target
genes, respectively. An analysis of the unselected cDNA from
KCL-22-SR, however, identified only 19 mutations within the
target genes, 16 of which were discovered in the captured cDNA
as well. Comparison of the read sequences from the unselected
KCL-22-SR cDNA to all RefSeq exonic sequences discovered a
total of 597 non-synonymous mutations.

Furthermore, 19, eight, four, 11, and two indels were detected
with the captured cDNA of KCL-22-SR, NCO2, MEG-01s,
K562, and KU812, respectively. Most of the detected indels
were only 1 bp in length, whereas the others were either 2 or
3 bp (Fig. S3). Detailed analysis of these nucleotide changes
will be described elsewhere (Toshihide Ueno and Yoshihiro
Yamashita, personal communication).

One of the most frequent genetic changes in the blast crisis of
CML is point mutation or loss (or both) of TP53.?D Indeed, our
sequence data for this gene revealed non-synonymous point
mutations in NCO2 and KU812 cells, a 1-bp insertion in K562
cells, a 1-bp deletion in KCL-22-SR cells, and a 3-bp deletion in
MEG-01s cells (Fig. 4; Fig. S4; Table S3), all of which were
confirmed by Sanger sequencing (data not shown). In NCO2
cells, for instance, 100% of TP53 reads harbored a G-to-C sub-
stitution at nucleotide position 993 of TP53 mRNA (GenBank
accession no.: NM_000546), resulting in a glycine-to-arginine
amino acid change (Fig. 4a). The data were also indicative of
loss of heterozygosity for TP53 in NCO2 cells. Similarly, 75%
or 78% of TP53 reads contained a C insertion or a CAC deletion
in K562 (Fig. 4b) or MEG-01s (Fig. S4) cells, respectively.

Discussion

We have shown that a cDNA-capture system, coupled with mas-
sively parallel sequencing, is a feasible and relatively simple
approach to the simultaneous detection of point mutations,
indels, and gene fusions in target cDNA. There are, however,
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Fig. 3. Detection of gene fusions and alternative
mRNA splicing in CML cells. (a) Our computational
pipeline vyielded 45 reads for KCL-22-SR cells
that encompassed the fusion point of breakpoint
cluster region (BCR)-Abelson murine leukemia viral
oncogene homolog 1 (ABLT) cDNA, some of which
are shown aligned. Reads in the sense or antisense
strand are designated in black and blue letters,
respectively, and the BCR and ABLT portions of
the sequences are shaded differentially. (b) Some of
the reads that mapped to exon 3 of mixed-lineage
leukemia (MLL) skipped a 2193-bp region within
this exon. Nucleotide sequences of the cryptic
splicing sites are shown, as are the positions of PCR
primers used to confirm the alternative splicing.
(c) Gel electrophoresis of the RT-PCR products
obtained with total RNA isolated from KU812 cells
and with either the F-1 and R primer pair or the F-2
and R primer pair. A 1-kb ladder of DNA size
markers was also included.

@ ' L L GRNS F
TP53 Gc'rlwrcnmqekcccmcmcwr. .
..mrmmwmcccacssmmm .
+ JGGTAATCTACTGEGACGS
+ «GGTAATCTACTGCGACGGAAC
« {GGTAATCTACTGLG
+ +GGTAATCTACTGEGA
(b) 7757 chncRAATETTTTO0C AR TR AAGACCTOCOCTGTCCAGCTCTORGTIGATE
CARCARGATGITTITGOCS CIGCCOTCTGCAGC TG TREGTTS
CRACANGH Wmmcmm&mmﬂ
> AAGALCYCOCCTO TS CAGCTRTGORT TGN
CTCCCCIGTCCAGCTOTGE
CMES?«WGCWW CTGOCCTEIGEN

ARG TR T T T GUOEAACTEGCCAACACCTOUCCTCTELALCTST
ATGTTTTCCOCAACTGRCCARGACCTGOCCTGTGCA!
GEFITGLCCARCTEACCARGACC TECOOTGTGCAGCTDGT

Fig. 4. Anomalies in TP53 in CML cell lines. (a) Read sequences for
NCO2 cells are shown aligned with the reference nucleotide and
predicted amino acid sequences (red letters) for TP53, revealing a G-
to-C substitution in all the reads. Sense or antisense strands are
denoted in black and blue letters, respectively. (b) Alignment of the
read sequences for K562 cells with the cDNA sequence of 7P53 as in
(a), revealing a C insertion.

both advantages and disadvantages of this technique compared
with the conventional exon-capture system for genomic DNA.

The ability to detect gene fusions, in addition to other muta-
tions with a single sequencing reaction, is one of the most
important benefits of the cDNA-capture approach. Furthermore,
the efficiency of exon capture with genomic DNA is dependent
on the sequence context of each exon. The mean exon size for
the human genome is only <200 bp, and the efficiency of exon
purification is markedly affected by GC content and sequence
complexity.? In contrast, even exons with a high GC content
might be well isolated by the cDNA-capture system if adjacent
exons have a normal GC content and are efficiently targeted by
hybridization ?robes.

Levin et al.®? conducted deep sequencing of captured cDNA
for K562 cells, and identified five candidates for fusion genes in
addition to BCR-ABLI. However, we could not detect any of
the five candidates through our analysis with K562, probably
because our 913 target genes did not contain those involved in
the gene fusions in their report, other than nascent polypeptide-
associated complex alpha subunit (NACA). While Levin e al.
discovered primase, DNA, polypeptide 1 (PRIM1)-NACA fusion
transcripts, the low expression level of PRIM]—NACA m K562
(only 2.5% of that of BCR-ABLI in their dataset)®® might
account for the failure in our analysis.
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