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要旨	
 

乳癌はサブタイプにより癌細胞の性質が異なる。その中で HER2 陽性乳癌は予後不良群でしたが、HER2

を標的とする分子標的薬（ハーセプチン）の登場により劇的に改善された。しかし、HER2 陽性群は依

然 HER2 陰性群に比べ再発や転移を来しやすい。放医研では今まで 10 例近い重粒子線による乳癌試験

治療を行っており、良好な治療成績が得られている。本研究では、乳癌細胞株 BT474、SKBR3

を用い、放射線抵抗性や薬剤耐性と強く関与するとされる癌幹細胞を分離・同定し、これら癌幹細胞

に対して、炭素線、X線照射単独或いは Lapatinib との併用後の細胞生存、spheroid 形成能、apoptosis

誘導の違い、癌幹細胞の割合の変化、細胞周期や DNA 損傷の違いについて比較検討した。BT474、SKBR3

細胞において CD44+細胞集団は検出できず、ESA+/CD24-細胞集団は 0.9～1.5％と存在し、ESA-/CD24+

細胞集団に比べ有意に高い spheroid 形成能を有することが認められた。さらに、ESA+/CD24-割合は、

X 線と Lapatinib との併用処置では顕著に増加させるのに対し、炭素線と Lapatinib との併用処置では

有意に減少させ、顕著なsubG1やG2/M期の延長、apoptosis誘導が認められた。また、炭素線とLapatinib

との併用処置 24h 後、X 線照射のものに比べ、より大きいサイズのγH2AX	
 foci が認められた。以上よ

り、HER2 陽性乳癌細胞において、ESA+/CD24-細胞は明らかに自己複製や放射線抵抗性を示しており、

炭素線と Lapatinib との併用は炭素線、X線照射単独に比べてより修復しにくい複雑な DNA 損傷を与え

ることによって乳癌幹細胞を有効的に殺傷する可能性を示唆した。	
 

Key	
 Words：乳癌幹細胞、重粒子、生存率、DNA 修復	
 

緒言	
 

乳癌は女性がかかりやすい癌第 1 位で、日本では年間 5 万人超が新たに乳癌と診断され、女性癌死亡

者数では、癌死全体で第 5位となっている。中国では毎年 25 万人と世界平均の 2-3 倍増加率で増えて

おり、2021 年以降では 250 万人になると推測しており、大きな社会問題となっている。現在、放医研

では QOL に優れている重粒子臨床試験治療を開始しており、重粒子乳癌治療の効果をより高度な先進

医療に発展させるためには、いかに再発や転移と深くかかわる癌幹細胞まで殺傷できるかなど分子レ

ベルのメカニズム解明が不可欠である。近年乳癌治療においては、各種新規分子標的薬の有効性が報

告され、その中の Lapatinib は、分子量が小さいため、細胞膜を通過し細胞内に入り EGFR および HER2
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の 2 つの受容体に共通のチロシンキナーゼドメインに直接結合して、下流のシグナル伝達を抑制し、

腫瘍細胞の増殖抑制或はアポトーシスを誘導することで制癌効果が証明され(1)、最近の海外臨床試験

においては、Lapatinib 単独或は Trastuzumab との併用による手術可能な HER2 陽性乳癌や早期乳癌に

対し有効性が報告されている(1,	
 2)。また、Pertuzumab は、HER2 受容体と他の HER 受容体（EGFR/HER1、

HER3 および HER4）との二量化を特異的に阻害するヒト化モノクローナル抗体で、進行性、転移性 HER2

陽性乳癌に有効であることが報告され(3)、新たな乳癌分子標的薬として期待されている。本研究では、

乳癌細胞株 BT474、SKBR3 を用い、放射線抵抗性や薬剤耐性と強く関与するとされる癌幹細胞を分離・

同定し、これら癌幹細胞に対して、炭素線、X 線照射単独或いは Lapatinib との併用後の spheroid 形

成能、apoptosis 誘導の違い、癌幹細胞の割合の変化、細胞周期や DNA 損傷の違いについて比較検討し

た。	
 

対象と方法	
 

細胞株はBT474、SKBR3の2種類の乳癌細胞株を使用し、乳癌幹細胞マーカーとされるESA-PE、	
 CD24-FITC

を用いた。まず、BT474、SKBR3細胞からFACSAriaを用い、癌幹細胞様細胞(ESA+/CD24-細胞)、非癌幹

細胞(ESA-/CD24+細胞)	
 を分離収集し、癌幹細胞様性質の有無をspheroid	
 形成能について評価した。

そして、BT474、SKBR3それぞれ細胞に対し、X線或いは炭素線照射後の癌幹細胞様細胞(ESA+/CD24-細

胞)の割合の変化をFACSAriaにて解析した。炭素線照射はHIMAC(290	
 MeV/n,	
 50	
 keV/mm,	
 6-cm	
 SOBP中

心)、X線照射は200kVp(Pantac	
 HF-320S,	
 Shimadzu	
 Co.,	
 Tokyo)を使用した。細胞周期解析にはFACS	
 

Calibur	
 (BD	
 Bioscience)を、細胞生存はCellTiter-Glo™kit(ProMega社)、apoptosis解析はAnnexxin	
 

V-PI	
 kit	
 (BD	
 Bioscience)	
 、DNA損傷解析はγH2AX抗体（Abcam社）用いて免疫蛍光染色法にて検出し

た。	
 

結果	
 

まず、炭素線とLapatinibとの併用は炭素線、X線照射単独より有意な細胞生存を抑制が認められた

（Fig.1）。上記細胞において、ESA+/CD24-細胞集団はESA-/CD24+細胞に比べsphere形成能が高く、炭

素線とLapatinibとの併用によりその形成能が有意に抑制された（Fig.2）。BT474細胞において

ESA+/CD24-細胞の割合は0.9-1.5％検出され、炭素線とLapatinibとの併用は炭素線、X線照射単独に比

べそのESA+/CD24-細胞の割合を有意に低下させた（Fig.3）。細胞周期及びApoptosis解析では、炭素線

とLapatinibとの併用処置では炭素線、X線照射単独に比べ顕著なsubG1やG2/M期の延長及びapoptosis

誘導が認められた（Fig.4,	
 5）。また、BT474、SKBR3より分離したESA+/CD24-細胞とESA-/CD24+細胞に

対し、DNA損傷マーカーであるγH2AX	
 foci数を24時間後測定したところ、炭素線とLapatinibとの併用

処置では炭素線、X線照射単独に比べてより多くのγH2AX	
 foci数と大きいサイズのγH2AX	
 foci残存が

認められた（Fig.6）。	
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Fig.1	
 A.	
 Morphological	
 Changes	
 5	
 d	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 Lapatinib	
 

(1µM)	
 in	
 BT474	
 Cells.	
 B.	
 Cell	
 viability	
 24	
 h	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 

Lapatinib	
 in	
 BT474	
 Cells	
 

	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 	
 

Fig.2	
 Spheroid	
 formation	
 ability	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 Lapatinib	
 (1µM)	
 

in	
 SKBR3	
 Cells	
 

 

Fig.3	
 Proportion	
 Changes	
 of	
 cancer	
 stem	
 cells	
 96h	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 

with	
 Lapatinib	
 (1µM)	
 in	
 BT474	
 Cells 
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Fig.4	
 Cell	
 cycle	
 changes	
 96h	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 Lapatinib	
 (1µM)	
 

in	
 BT474	
 Cells 

   

Fig.5	
 Induction	
 of	
 apoptosis	
 after	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 Lapatinib	
 (1µM)	
 in	
 BT474	
 

Cells 

 	
 

Fig.6	
 γH2AX	
 formation	
 24h	
 after	
 X-ray,	
 Cion	
 alone	
 or	
 in	
 combination	
 with	
 Lapatinib	
 (1µM)	
 in	
 

BT474	
 Cells	
 

	
 

考察	
 

我々は、重粒子線の高い制癌分子機構として、大腸癌、膵臓癌細胞株を用い、放射線抵抗性や薬剤

耐性と強く関与するとされる癌幹細胞に対し、炭素線は X線照射に比べ生物効果（RBE=2.1-2.3）とし
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Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 21-Jan-16 Gate: No Gate
Gated Events: 10000 Total Events: 10000
X Parameter: FL2-H (Linear)

Histogram Statistics

Marker Left, Right Events % Gated % Total Mean Geo Mean CV Median Peak Ch
All     0,  1023 10000 100.00 100.00 556.83 360.28 50.71 485.00 1023
M1    12,   363 655 6.55 6.55 109.79 56.28 111.07 39.00 14
M2   363,   542 4305 43.05 43.05 451.92 450.81 7.08 449.00 434
M3   542,   721 1010 10.10 10.10 637.43 635.16 8.39 641.00 546
M4   721,   883 1967 19.67 19.67 792.62 791.57 5.16 790.00 815

File: bt c3Gy.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 21-Jan-16 Gate: No Gate
Gated Events: 10000 Total Events: 10000
X Parameter: FL2-H (Linear)
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Histogram Statistics

Marker Left, Right Events % Gated % Total Mean Geo Mean CV Median Peak Ch
All     0,  1023 10000 100.00 100.00 470.49 230.69 62.50 440.00 1023
M1     0,   364 2164 21.64 21.64 34.13 9.29 225.08 6.00 4
M2   364,   538 4458 44.58 44.58 435.67 434.68 6.88 431.00 419
M3   538,   688 823 8.23 8.23 618.11 616.55 7.06 621.00 631
M4   694,   850 1457 14.57 14.57 762.06 761.10 5.04 760.00 735
M5   850,  1023 1057 10.57 10.57 984.77 983.12 5.67 1023.00 1023

File: bt c2Gy.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 21-Jan-16 Gate: No Gate
Gated Events: 10000 Total Events: 10000
X Parameter: FL2-H (Linear)

Histogram Statistics

Marker Left, Right Events % Gated % Total Mean Geo Mean CV Median Peak Ch
All     0,  1023 10000 100.00 100.00 556.83 360.28 50.71 485.00 1023
M1    12,   363 655 6.55 6.55 109.79 56.28 111.07 39.00 14
M2   363,   542 4305 43.05 43.05 451.92 450.81 7.08 449.00 434
M3   542,   721 1010 10.10 10.10 637.43 635.16 8.39 641.00 546
M4   721,   883 1967 19.67 19.67 792.62 791.57 5.16 790.00 815

File: bt c3Gy.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 21-Jan-16 Gate: No Gate
Gated Events: 10000 Total Events: 10000
X Parameter: FL2-H (Linear)
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42
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Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42
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Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42
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Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42

Page 3

Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42

Page 3

Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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Quadrant Statistics

File: BT  C1Gy 10d.002 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 413 4.13 4.13 2.08 1.51 73.55 60.72
UR 286 2.86 2.86 45.81 29.32 38.59 25.81
LL 8786 87.86 87.86 2.32 1.90 1.70 1.44
LR 515 5.15 5.15 24.55 20.01 5.05 4.25

Quadrant Statistics

File: BT  C2Gy 10d.003 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 527 5.27 5.27 1.83 1.39 79.57 68.70
UR 130 1.30 1.30 38.97 27.68 35.22 23.67
LL 9072 90.72 90.72 1.90 1.58 1.53 1.33
LR 271 2.71 2.71 21.69 18.31 4.81 4.01

Quadrant Statistics

File: BT  Con 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 649 6.49 6.49 1.76 1.36 56.15 52.03
UR 62 0.62 0.62 25.67 19.95 65.16 44.33
LL 9162 91.62 91.62 1.63 1.42 1.27 1.16
LR 127 1.27 1.27 21.60 19.09 3.87 3.42

Page 3

Quadrant Statistics

File: BT  C3Gy 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 10000 Total Events: 10000
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 536 5.36 5.36 1.95 1.46 94.33 79.38
UR 237 2.37 2.37 44.12 29.94 52.81 31.18
LL 8845 88.45 88.45 2.18 1.79 1.68 1.44
LR 382 3.82 3.82 23.77 19.57 5.53 4.66

Quadrant Statistics

File: BT  C1Gy+Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 36 1.44 1.44 5.15 3.92 62.67 46.39
UR 262 10.48 10.48 48.84 34.81 30.05 21.49
LL 1702 68.08 68.08 3.93 3.31 1.68 1.41
LR 500 20.00 20.00 20.45 17.57 6.06 5.21

Quadrant Statistics

File: BT  Lapa 10d.001 Log Data Units: Linear Values
Sample ID: Patient ID: 
Tube: Untitled Panel: Untitled Acquisition Tube List
Acquisition Date: 03-Feb-16 Gate: G1
Gated Events: 2500 Total Events: 2500
X Parameter: Annexin-V FITC (Log) Y Parameter: PI (Log)
Quad Location: 10, 11

Quad Events % Gated % Total X Mean X Geo Mean Y Mean Y Geo Mean
UL 15 0.60 0.60 5.78 4.50 48.08 34.83
UR 137 5.48 5.48 49.77 40.66 29.15 19.76
LL 1999 79.96 79.96 4.42 3.98 1.24 1.14
LR 349 13.96 13.96 18.81 16.70 4.54 3.42
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        Cont                             C-1Gy                          C-1Gy + Lapa 

        C-2Gy                             C-3Gy                            Lapa

ESA+/CD24-  (24 h)

!H2AX

DAPI

Cont                              X-2Gy                    X-2Gy + Lapa 

BT474 CSC  

Lapa                             Cion-1Gy               Cion-1Gy + Lapa 

!H2AX

DAPI

ESA-/CD24+ (24 h)

!H2AX

DAPI

Cont                           X-2Gy                 X-2Gy + Lapa 

BT474 non-CSC  

Lapa                      Cion-1Gy              Cion-1Gy + Lapa 

!H2AX

DAPI



 

5 
 

て 2 倍以上強く癌幹細胞を殺傷することを世界で初めて報告してきた（4,	
 5）。そして最近、炭素線

と抗癌剤 Cisplatin との併用は難治性 Triple	
 Negative 乳癌癌幹細胞をより有効に殺傷することを突

き止めた（6）。今回我々は、HER2 陽性乳癌細胞株 BT474、SKBR3 を用い、放射線抵抗性や薬剤耐性と

強く関与するとされる癌幹細胞を分離・同定し、これら癌幹細胞に対して、炭素線、X線照射単独或い

は Lapatinib との併用後の spheroid 形成能、apoptosis 誘導の違い、癌幹細胞の割合の変化、細胞周

期や DNA 損傷の違いについて比較検討したところ、BT474、SKBR3 細胞において CD44+細胞集団は検出

できず、ESA+/CD24-細胞集団は 0.9～1.5％と存在し、ESA-/CD24+細胞集団に比べ有意に高い spheroid

形成能を有することが認められた。炭素線と Lapatinib との併用は炭素線、X 線照射単独より有意に

細胞生存や癌幹細胞様 ESA+/CD24-細胞集団の spheroid 形成能を顕著に抑制することが認められた。

ESA+/CD24-割合は、X線と Lapatinibとの併用処置では顕著に増加させるのに対し、炭素線と Lapatinib

との併用処置では有意に減少させ、顕著な subG1 や G2/M 期の延長、apoptosis 誘導が認められた。ま

た、BT474 細胞より分離した ESA+/CD24-細胞と ESA-/CD24+細胞に対し、DNA 損傷マーカーであるγH2AX	
 

foci 数を 24 時間後測定したところ、炭素線と Lapatinib との併用処置では炭素線、X線照射単独に比

べてより多くのγH2AX	
 foci 数と大きいサイズのγH2AX	
 foci 残存が認められた。以上より、HER2 陽性

乳癌細胞において、ESA+/CD24-細胞は明らかに自己複製や放射線抵抗性を示しており、炭素線と

Lapatinib との併用は炭素線、X線照射単独に比べより強く乳癌幹細胞を殺傷し、その機序として炭素

線が修復しにくい DNA 損傷を与えることを見出した。この結果は、将来的に局所制御率が極めて優れ

ている重粒子と分子標的薬 Lapatinib との併用処置が進行性、転移性 HER2 陽性乳癌治療に有効である

可能性を示唆している。一方、Pertuzumab は、HER2 受容体と他の HER 受容体（EGFR/HER1、HER3 およ

び HER4）との二量化を特異的に阻害するヒト化モノクローナル抗体で、進行性、転移性 HER2 陽性乳癌

に有効であることが報告され(3)、炭素線と Pertuzumab との併用効果について次回追ってご報告した

い。	
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