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摘 要:超级增强子是一种能促进高效转录的大片段复合增强子,由多个普通增强子组成,结合有大量的转录
因子、中介体复合物及染色质调节因子。癌细胞基因组若发生插入、缺失、易位和重排,可能会产生新的超级增
强子,从而驱动癌基因过表达,这种超级增强子被称为致癌超级增强子。据报道,多种肿瘤涉及的致癌基因和
信号途径都受到超级增强子的严格调控,提示针对超级增强子的抑制剂可能在癌症治疗中具有潜在作用。本
文综述了超级增强子的结构和鉴定、致癌超级增强子的形成和相关信号通路及其小分子抑制剂干预的研究进

展,可为理解肿瘤发生机理和治疗提供新视角、新机遇。
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Research Progress in Formation and Intervention of Carcinogenic
Super Enhancers
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Abstract: Super enhancer is a large-segment composite enhancer that can promote high-efficiency tran-
scription. It is composed of multiple typical enhancers, combined with a large number of transcription fac-
tors, mediator complexes and chromatin regulatory factors. If insertions, deletions, translocations, and re-
arrangements occur in the genome of cancer cells, new super enhancers, which are called carcinogenic super
enhancers, may be produced, driving the overexpression of oncogenes. According to reports, oncogenes and
signaling pathways involved in a variety of tumors are strictly regulated by super enhancers, suggesting that
inhibitors against super enhancers may have potential roles in cancer treatment. This article reviews the
structure and identification of super enhancers, the formation of carcinogenic super enhancers and the re-
search progress of related signaling pathways and intervention with small molecule inhibitors. It may provide
new perspectives and new opportunities for understanding tumorigenesis and treatment.
Key words: super enhancer (SE); transcription factor (TF); carcinogenic super enhancer; small molecule in-
hibitor; gene editing

（Life Science Research，2022，26（3）：189耀199）
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国际癌症研究机构(International Agency for

Research on Cancer, IARC)发布的全球最新癌症负
担数据显示: 2020年全球新发癌症病例 1 929万
例, 癌症死亡病例 996万例。可见, 癌症依然是本
世纪最可怕的疾病之一, 给人们的生活带来巨大
阴影和负担,因而癌症发生、转移的分子机制以及
治疗和预后策略一直是研究者们孜孜不倦关注的

重大课题。近年很多文献报道, 超级增强子(super
enhancer, SE)在癌症发生、细胞分化、免疫应答等
重要生物学过程中发挥着重要调控作用[1~3]; 肿瘤
细胞的许多关键致癌基因由超级增强子驱动, 超
级增强子有潜力成为理想的抗癌靶点[1, 4]。

1 增强子与超级增强子的概念

1981 年, Banerji 等 [5]在猿猴空泡病毒 SV40
DNA的 5忆端上游发现了首个增强子, 它能增强哺
乳动物细胞中靶基因转录。随后, 人们陆续发现
许多增强子, 它们都能通过转录因子募集共激活
因子(例如中介体复合物 CREB结合蛋白 CBP和
p300), 从而改变染色质的空间结构, 促进转录因
子与增强子、启动子及 RNA聚合酶相互作用[6]。增
强子的活性也与组蛋白的修饰状态有关, 因为基
因活跃的转录起始位点都有 H3K27me3、H3K27ac
和 H3K4me1标记[7~8]。此外, 增强子还能被转录为
增强子 RNA (enhancer RNA, eRNA)[9]。
与普通增强子不同, 超级增强子是一种跨越

8 kb以上的大型增强子,能与细胞中多种组织特异
性转录因子(如胚胎干细胞的 Oct4、Sox2及 Nanog
等)、中介体复合物(mediator, Med)、染色质调节因
子及 RNA聚合酶域复合物结合, 且这些活性分子
的密度是普通增强子的好几倍。因此, 超级增强
子比普通增强子具有更强的驱动靶基因转录的能

力(图 1A), 且超级增强子产生的 RNA (super en-
hancer RNA, seRNA)水平更高[1, 4]。虽然超级增强
子具有与普通增强子相似的作用机制, 但在肿瘤
发生过程中, DNA突变、插入或缺失、染色体重排、
染色质三维结构改变和病毒感染则可能导致致癌

超级增强子(carcinogenic super enhancer)的产生,
促使癌细胞中癌基因高水平转录[10~21]。

2 超级增强子的结构和鉴定

超级增强子与普通增强子结构类似, 都能与
转录因子、中介体复合物、启动子、RNA聚合酶及
靶基因形成一个环状结构, 只是它比普通增强子

更大(现倾向于认为至少跨越基因组 8.7 kb大小),
包含的增强子和转录因子更多[6](图 1A)。中介体复
合物、染色质因子、H3K27ac和 H3K4me1、组蛋白
乙酰基转移酶、p300 和 CBP、RNA 聚合酶域和
eRNA等,大量富集在超级增强子区域,它们具有很
强的染色质可及性[1]。此外, 超级增强子在Wnt、转
化生长因子-茁 (transforming growth factor-茁, TGF-茁)
和白血病抑制因子(leukemia-inhibitory factor, LIF)
信号转导途径中更受末端转录因子的束缚, 调控
基因表达水平更高[4, 11, 16, 22~23]。一些证据表明, 超级
增强子中的组成增强子可能彼此加强或共同发挥

作用, 在基因调控中具有非冗余功能, 而删除组
成增强子则可能损害超级增强子其他成分的活

性, 导致整个超级增强子的功能障碍[23~25]。
研究人员提出了一种相分离模型来解释超级

增强子的形成机制[26~31]。通过类似于聚合物缩合的
相分离现象, 蛋白质和 DNA的异质混合物被组
装成无膜细胞器结构 [28]。其中, 溴结构域蛋白 4
(bromodomain protein 4, BRD4)和Med 1 (mediator 1)
的内部无序区域(inner disorder, IDR)可能在超级
增强子介导的转录位点形成相分离的液滴(图 1B),
促进特定基因转录成分的分隔和集中[29]。缺乏黏
连蛋白会导致超级增强子在细胞核中广泛融合,
从而限制超级增强子之间的相互作用[30~31]。
如何鉴定超级增强子呢？Young等[4, 32~34]提出

一个三步鉴定超级增强子的方法。第一步, 运用
染色质免疫沉淀测序(chromatin immunoprecipita-
tion sequencing, ChIP-seq)获得小鼠胚胎干细胞
DNA序列上 Oct4、Sox2和 Nanog等转录因子结合
的信号强度, 其中转录因子与增强子和转录起始
位点密集结合的位点被用作超级增强子的候选片

段[4]。第二步,在候选片段中选出共定位于 12.5 kb
DNA片段内的增强子, 将其定义为复合增强子
(stitched enhancer)。他们一共筛选出 8 794个复合
增强子。第三步, 确定超级增强子和普通增强子
之间的阈值。首先, 将复合增强子和单个增强子
按照 ChIP-seq所测 Med1信号水平的强度排序,
绘制一张曲线图;随后, 将曲线上斜率为 1的切线
点所得的 Med1信号值设定为区分超级增强子和
普通增强子的阈值, 高于该阈值为超级增强子, 低
于该阈值为普通增强子。实验结果显示, 在 8 794
个复合增强子中,一共有 231个 DNA片段的Med1
信号值斜率大于 1, 这 231个复合增强子片段即
被鉴定为超级增强子[32~34](图 2)。
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图 1 超级增强子结构与相分离模型[31]

(A) 增强子或超级增强子与转录调节因子结合, 包括转录因子、共激活因子和 RNA聚合酶域复合体。黏连蛋白将增强子或
超级增强子与转录调节因子黏连在一起形成一个环状结构。E表示增强子; TF表示转录因子; Med表示中介体复合物;
RNA Pol 域表示 RNA聚合酶域; (B) 超级增强子激活的相分离模型。转录调节因子之间的高密度相互作用在超级增强子
基因座处形成了相分离的多分子复合物, 从而导致超级增强子驱动基因的转录。
Fig.1 Structure of super enhancer and phase separation model[31]

(A) Enhancers or super enhancers bind to transcriptional regulators, including transcription factors, co-activators, and the RNA
polymerase 域 complex. Cohesin binds to enhancers or super enhancers and forms a loop with transcriptional regulators. E: En-
hancer, TF: Transcription factor, Med: Mediator, RNA pol 域: RNA polymerase 域; (B) A phase-separation model of super enhan-
cer activation. High-density interactions among transcriptional regulators form phase-separated multimolecular complexes at su-
per enhancer loci, resulting in super enhancer-driven gene transcription.

图 2 普通增强子与超级增强子示意图[32]

(A) 增强子是位于转录起始位点远端的具有方向和位置独立性的顺式调控元件[33~34]。共定位于 12.5 kb DNA片段之内且
Med1信号值大于阈值的增强子被称为超级增强子。超级增强子通常比普通增强子大一个数量级, 具有更高的转录因子密
度和更强的转录激活能力。TSS表示转录起始位点; (B) 根据 ChIP-seq信号水平的强度对增强子进行排序, 确定阈值从而
区分普通增强子和超级增强子。

Fig.2 Schematic diagram of typical enhancers and super enhancers[32]

(A) Enhancers are orientation- and position-independent cis-regulatory elements distal to the transcription start site[33~34]. Enhan-
cers that co-localize within the 12.5 kb DNA fragment and their Med1 signal values are greater than threshold are called super
enhancers. Super enhancers are usually an order of magnitude larger than ordinary enhancers, with higher density of transcrip-
tion factors and stronger transcriptional activation capacity. TSS: Transcription start site; (B) Enhancers are ranked according to the
intensity of ChIP-seq signal levels, and thresholds are determined to distinguish typical enhancers from super enhancers.
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3 致癌超级增强子的发现

肿瘤发生时, 肿瘤细胞可能获得特定的超级
增强子来促进癌基因表达, 介导信号通路失调, 这
种特定的超级增强子被称为致癌超级增强子[1,11, 17, 35]。
致癌超级增强子首先发现于多发性骨髓瘤细胞

(multiple myeloma cell), 具有与 Med1和 BRD4富
集结合的特点。根据 H3K27ac ChIP-seq的数据,
在直肠癌、前列腺癌及胰腺癌等 18种人类癌症细
胞中人们也鉴定到了超级增强子[7]; 后来又在神经
母细胞瘤、髓母细胞瘤、食道癌、胃癌等发现超级

增强子[36], 说明肿瘤中普遍存在致癌超级增强子。
致癌超级增强子通过增加癌基因转录促使细

胞向恶性肿瘤发展[23]。例如, 致癌超级增强子可能
激活 MAPK信号通路, 从而抑制细胞凋亡并增加
细胞增殖[37];或者介导成红细胞病毒 E26癌基因同
源物 ERG过表达, 促进癌症发生[38]。另外, 致癌超
级增强子增加 CYP24A1 (1,25-dihydroxyvitamin D
24-hydroxylase)、GJA5 (gap junction protein 琢 5)、
SLAMF7 (signaling lymphocyte activation marker fa-
mily member 7)和 ETV1 (E twenty-six variant 1)的
表达[39]。相关研究报道, 超级增强子增加了腺样囊
性癌 (adenoid cystic carcinoma, ACC)中端粒酶逆
转录酶基因(telomerase reverse transcriptase, TERT)
的表达 [40]; 结直肠癌(colorectal cancer, CRC)相关
的超级增强子在 TCF4结合位点富集[23]。TCF4是
Wnt信号转导的靶标, 与 c-MYC基因座结合, 在
癌细胞获得致癌超级增强子后显示出强 H3-
K27Ac信号[23]。针对 MCF-7细胞中 H3K27Ac的
ChIP-seq分析表明, 超级增强子靶向的 ESR1 (es-
trogen receptor 1)基因仅编码雌激素受体 琢 (estro-
gen receptor, ER琢)。在 ER阳性乳腺癌细胞中, 超
级增强子靶向基因富集并与 ER琢结合, 而在三阴
性乳腺癌细胞中, 超级增强子富集位点与致癌转
录因子位点不同[41]。

4 致癌超级增强子的形成机制

大量的全基因组研究表明, 与疾病相关的体
细胞变异主要发生在非编码基因组中, 且经常在
基因调节区域富集[42~43]。生殖细胞和体细胞似乎通
过多种机制获得超级增强子, 包括基因组缺失、
重复、易位、插入、倒位和单核苷酸多态性(single
nucleotide polymorphism, SNP)等。这些 DNA序列
改变可以破坏特定超级增强子中的转录因子结合

位点, 改变超级增强子的拷贝数, 并改变基因组
构像, 从而导致超级增强子的激活或抑制, 最终
导致超级增强子附近靶基因的失控[15, 19]。除了基
因突变和基因组改变 , 染色体重排、3D 染色质
结构变化和病毒感染等也能导致超级增强子形

成[13~14, 17, 20-22, 31, 35, 44~51]。
4.1 DNA序列改变形成致癌超级增强子
超级增强子的 DNA序列突变能改变启动子

和增强子的功能。例如,在 T细胞急性淋巴细胞白
血病(T-cell acute lymphoblastic leukemia, T-ALL)
中, TAL1 (T-cell acute lymphocytic leukemia pro-
tein 1)基因上游非编码区域的 2~18 bp小片段插入
产生了转录因子 MYB的从头结合位点, 导致超
级增强子形成并驱动 TAL1表达。MYB募集 CBP/
p300乙酰转移酶和 TAL1转录因子复合物, 进一
步驱动白血病关键基因表达(图 3A)。除了小片段
插入外, SNP也经常被发现可以启动致癌超级增
强子的活性。例如: 在神经细胞瘤(neuroblastoma)
中, LMO1 (LIM domain only 1)癌基因座超级增强
子的形成取决于 GATA3与保守 GATA位点的结
合。位于超级增强子附近的 SNP改变了保守的
GATA结合位点, 将 GATA变为 TATA位点, 导致
超级增强子活性和 LMO1表达显著降低[46]。另外,
SNP破坏与肿瘤抑制基因相关的超级增强子, 从
而促进肿瘤发生。全基因组关联分析显示, BMF
(BCL2-modifying factor)基因的 15q15.1风险基因
座具有慢性淋巴细胞白血病(chronic lymphocytic
leukemia, CLL)易感性。15q15.1风险基因座中的
SNP产生超级增强子, 以调节促凋亡基因 BMF,
并破坏核因子-资B (nuclear factor-资B, NF-资B)与超
级增强子结合, 从而增强 BCL2抗凋亡功能, 促进
肿瘤发生[45](图 3B)。
4.2 染色体重排形成致癌超级增强子

染色体重排、倒位、易位和缺失使超级增强子

从其天然基因区域转移至癌基因区域, 从而激活
癌基因。这种现象被称为“超级增强子劫持”, 并
已在多种癌症中得到报道, 包括急性髓细胞白血
病(acute myeloid leukemia, AML)、神经母细胞瘤、
髓母细胞瘤和结直肠癌[13, 15, 20, 35, 47]。最经典的例子
是, AML细胞中一个 9 kb片段的倒位, 引起超级
增强子从原来的 GATA2肿瘤抑制因子重新定向
到 EVI1 (ecotropic virus integration-1)癌基因增强
子, 从而导致肿瘤抑制因子的下调和癌基因激
活[13]。增强子劫持的另一个例子是, 在腺样囊性癌
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中一个染色体易位将MYB基因远端超级增强子重
新定位到MYB基因的近端,导致MY B高表达[49]。
进一步的染色体构象捕获(chromosome conforma-
tion capture, 3C)分析证实, MYB启动子和异常转
移的超级增强子之间的染色质相互作用[52],而且易
位的超级增强子元件包含 MYB结合位点, 可被
MYB自身主动结合并形成正反馈环, 从而进一步
增强 MYB表达。新近发现的一例增强子劫持是
C19MC-TTYH1 (chr19q13.41 miRNA cluster-Twee-
ty homologue 1)基因融合产生的复合超级增强子,
其扩增了 C19MC -LIN28A -MYCN (chr19q13.41
miRNA cluster-Lin 28 homolog A -MYCN)致癌回
路, 并驱动了 DNA 甲基转移酶 3B6 (DNMT3B6)
的表达, 从而促进了胚胎肿瘤的恶性表观遗传状
态[53]。除基因组重排外, 拷贝数变异也可以导致致
癌超级增强子激活。体细胞拷贝数和 12种癌细胞
的组织特异性表观遗传分析表明, KLF5 (kr俟ppel-
like factor 5)、USP12 (ubiquitin-specific protease 12)、
PA RD6B (par-6 family cell polarity regulator beta)、
MYC和其他癌症相关基因附近超级增强子的局
部扩增, 可以驱动癌基因的异常表达[48]。
4.3 3D染色质结构变化形成致癌超级增强子
哺乳动物基因组被划分为一系列平均大小约

为 1 Mb的拓扑关联域(topologically associating do-
main, TAD)。这些 TAD是染色体的结构和功能单
元, 不同细胞类型中 TAD结构是保守的[30, 54]。TAD
具有限制长距离增强子与启动子相互作用的功

能, 从而使启动子与远端增强子和超级增强子隔
离[12, 19, 54](图 3C)。

TAD由染色质环组成, 通常涉及 CTCF (CC原
CTC-binding factor)和黏连蛋白。与 CTCF相关的
边界元件的存在可防止 TAD异位接触, 并使TAD
与邻近增强子隔离。近期, 研究人员开发了一种
顺式表达结构改变作图算法, 用于系统预测癌症
相关基因过度表达的概率。研究者们通过这种方

法发现了 TAD边界缺失事件, 该事件导致活性染
色质扩散到相邻融合的 TAD并产生超级增强子
元件, 从而增加 IRS4 (insulin receptor substrate 4)
基因在肉瘤(sarcoma)和鳞状癌(squamous cancer)
细胞中的表达[47]。此外, 研究人员通过对 CTCF和
黏附素结合位点的分析获得了多种癌细胞类型的

突变。例如, CTCF和黏附素单倍体不足的小鼠易
患癌症[55]。在 T细胞急性淋巴细胞白血病细胞中,
CTCF结合位点破坏 TAD边界的调控元件, 激活

TAL1和 LMO2表达, 从而导致 T细胞转化[56]。除
了 TAD边界的突变外, 表观遗传调控的改变也已
被证明是胶质瘤(gliomas)中 TAD破坏的机制 [57]。
据报道, CTCF位点甲基化的增强和 CTCF结合力
的降低会引起 TAD结构的部分破坏, 从而导致
PDGFRA (platelet-derived growth factor receptor al-
pha)基因的活化[57]。
4.4 病毒感染形成致癌超级增强子

病毒感染也能诱导超级增强子形成, 从而驱
动与细胞增殖和存活相关的关键基因的高水平转

录。具有致癌活性的病毒包括 EB病毒(Epstein-
Barr virus, EBV)、人乳头瘤病毒(human papilloma
virus, HPV)、人 T 细胞白血病病毒(human T cell
leukemia virus, HTLV)和乙型肝炎病毒(hepatitis B
virus, HBV)。EBV感染人类 B细胞后,会产生癌蛋
白, 包括 EBNA2 (Epstein-Barr virus-encoded nu-
clear antigen 2)、EBNA3A、EBNA3C 和 EBNALP
(Epstein-Barr virus-encoded nuclear antigen leader
protein)。这些癌蛋白激活 NF-资B亚基并与超级增
强子结合, 以驱动一些癌基因和抗凋亡基因表达,
包括 MYC、miR155、IKZF3和 BCL2, 从而促进淋
巴母细胞生长[14, 21]。此外, EBV超级增强子(EBV
super-enhancer, ESE)能被转录为 seRNA,促进MYC
癌基因的转录激活[50]。玉型 HTLV (HTLV-1)经常
引发成人 T细胞白血病/淋巴瘤(adult T-cell leuke-
mia/lymphoma, ATLL)。ATLL细胞的增殖依赖于
BATF3 (basic leucine zipper ATF-like transcription
factor 3)和 IRF4 (interferon regulatory factor 4)的表
达, 它们共同驱动 ATLL特异性基因表达。病毒转
录因子 HBZ (HTLV-1 basic leucine zipper factor)
在所有 ATLL 病例中表达, 且 HBZ 与 BATF3 超
级增强子结合调节 BATF3和 MYC基因的表达,
从而促进 ATLL细胞增殖[58]。

5 致癌超级增强子涉及的信号通路

致癌超级增强子富含与癌症信号通路相关的

转录因子结合位点, 通过调节靶基因激活包括
Wnt、TGF-茁和 LIF在内的几种信号通路[2, 23, 59~61]。
致癌超级增强子介导的 Wnt通路在肿瘤发

生中起重要作用。先前的研究表明, 在结直肠癌
细胞中, 与Wnt通路相关的超级增强子富含TCF4
结合位点[23]。在基底细胞癌(basal cell carcinoma,
BCC)的小鼠模型中, 细胞是维持干细胞特性还是
分化为特种细胞, 与染色质状态改变、Wnt信号的

袁婺洲等：致癌超级增强子的形成与干预研究进展 193



生 命 科 学 研 究 圆园22年

快速激活以及超级增强子的重新编程都有关系。

用Wnt信号抑制剂治疗 BCC可减少残留的肿瘤
负荷并增强细胞分化[59]。近期研究表明, Wnt信号
和 AHCTF1 (AT-hook containing transcription fac-
tor 1)通过超级增强子介导的基因促进致癌基因
MYC表达[60]。MYC的癌细胞特异性门控由AHCTF1
调控, 它通过 茁-catenin将核孔蛋白与致癌超级增
强子连接起来[60]。
此外, TGF-茁和 LIF信号在癌症的发生中也

起着至关重要的作用。在胰腺癌(pancreatic cancer)
细胞中, TGF-域型受体(TGF beta type 域 receptor,
TGFBR2)中超级增强子的缺失显著下调了 TGF原
BR2的表达, 导致 TGF-茁诱导癌细胞的迁移和上
皮间质转化(epithelial mesenchymal transition, EMT)
受损[2]。用 LIF重组蛋白处理的骨肉瘤(osteosarco-
ma)细胞显示出致癌细胞的迁移速率增加。X染色
体上的 UTX (ubiquitously transcribed tetratricope-

ptide repeat)基因是 LIF转录的关键激活因子。UTX
抑制剂 GSK-J4损害 LIF基因位点的超级增强子,
导致 LIF信号通路受到抑制[61]。
除了上述信号通路外, 其他一些信号途径也

与致癌超级增强子有重要的关系。例如, 突变的
RAS活性促进致癌超级增强子形成, 抑制 RAS信
号将导致超级增强子失活,同时降低癌基因表达[62]。

6 针对超级增强子靶标的癌症治疗策略

既然超级增强子能引起相关癌基因转录水平

提高, 那么, 阻断超级增强子应该是一种可行的
抗癌治疗策略。图 4展示了两种通过靶向与超级
增强子相关的复合物来抑制癌基因表达的潜在癌

症治疗策略。

6.1 小分子抑制剂

目前, 设计用于癌症治疗的小分子抑制剂包
括周期蛋白依赖性激酶 7 (cyclin-dependent kinase

图 3 致癌超级增强子形成的各种机制[31]

(A) 在 TAL1癌基因上游非编码区域的小片段插入诱导了转录因子 MYB的从头结合位点, 导致驱动 TAL1表达的超级增
强子形成。MYB 结合并募集其 H3K27 乙酰化酶结合伴侣 CBP, 即含有 RUNX1 和 GATA3 的 TAL1 转录复合物 ; (B)
15q15.1风险基因座中的 SNP产生促凋亡基因 BMF的超级增强子, 并破坏转录因子 RELA与超级增强子的结合, 从而激
活 BCL2的抗凋亡功能, 促进肿瘤发生; (C) 致癌基因的激活通过结构变异或表观遗传效应改变而发生。
Fig.3 Various mechanisms of carcinogenic super enhancer formation[31]

(A) Insertion of a small fragment in a noncoding region upstream of the TAL1 oncogene induces a de novo binding site for the
transcription factor MYB, resulting in the formation of a super enhancer that drives TAL1 expression. MYB binds and recruits its
H3K27 acetylase-binding partner CBP, the TAL1 transcription complex containing RUNX1 and GATA3; (B) SNPs in the 15q15.1
risk locus generate a super enhancer of the pro-apoptotic gene BMF and disrupt the binding of transcription factor RELA to the
super enhancer, thereby activating the anti-apoptotic function of BCL2 and promoting tumorigenesis; (C) Activation of oncogenes
occurs through structural variation or altered epigenetic effects.
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7, CDK7)抑制剂(如 THZ1)、BRD4抑制剂(如 JQ1
或 BETi)及其他抑制剂 3种类型[11, 16, 22, 37, 49, 63~95](表1)。

CDK属于丝氨酸/苏氨酸激酶家族, 在调节细
胞周期和癌基因转录过程中起着至关重要的作

用[96]。据报道, CDK7不仅影响细胞周期, 还与超
级增强子驱动的癌基因调控有关, 因此 CDK7已
成为有吸引力的抗癌靶标[72, 97]。THZ1是最有效的
CDK小分子抑制剂(CDK7i)之一, 在多种肿瘤中具
有抗癌作用, 这主要归因于它对癌基因转录或超
级增强子功能的干扰[97~98]。不过, 研究表明 THZ1
也能抑制肌肉细胞的分化, 提示 THZ1在治疗癌
症过程中可能对肌肉功能产生副作用[99]。CDK7i也
可以与其他抗肿瘤药物联用, 以提高疗效并减少
副作用。例如, 在弥漫性桥脑神经胶质瘤(diffuse
intrinsic pontine glioma)中, CDK7i与组蛋白脱乙酰
基酶抑制剂联用时, 癌细胞对 CDK7i的敏感性显
著提高[97]。

BRD 家族由 4 个成员组成 : BRD2、BRD3、
BRD4和 BRDT, 它们可以识别组蛋白乙酰化并促
进相应癌基因的表达 [100~101]。BETi (bromodomain
and extraterminal domain inhibitor)主要抑制中介体
复合物 BRD4与超级增强子的结合, 从而抑制超
级增强子驱动的癌基因表达并减弱癌细胞的增

殖[102]。不过, BETi抑制 MYC基因的表达存在争议
的报道。一方面, 一些研究发现 BETi会优先影响
超级增强子驱动的 MYC癌基因在多发性骨髓瘤
和结肠癌中的表达, 表明 BETi敏感性与 c-MYC
基因水平显著相关[16, 80]; 另一方面, 也有研究没有
观察到结肠癌中 JQ1 (BETi的一种)敏感性与 c-

MYC表达之间的显著相关性[37]。这说明针对患者
需要量身定制个性化的治疗方法[83]。目前, 多个玉
期临床试验报告, BETi具有严重的副作用, 包括
心脏毒性、胃肠道毒性、贫血、腹泻、疲劳、恶心、中

性粒细胞减少和血小板减少症等 [91, 103~104]。但是,
BETi与维生素 C的组合使用, 可以在很大程度上
减轻这些副作用[105]。

除了上述两类抑制剂外, 一些基因表达的小
分子蛋白质或表观遗传修饰也参与了阻断超级增

强子的功能。例如: 破坏 KDM5C [lysine (K)-spe-
cific histone demethylase 5C)基因与超级增强子形
成的甲基化修饰(H3K4me1和 H3K4me3), 为乳腺
癌治疗提供了一种新方法[106]; 在 B细胞系急性淋
巴细胞白血病中过表达 IKAROS基因, 可以干扰
MYC超级增强子区域的 H3K27ac3修饰, 从而抑
制 MYC基因的表达[107]; PAX3和 PAX5是超级增
强子在肺泡肺横纹肌肉瘤(pulmonary alveolar rhab-
domyosarcoma)和慢性淋巴细胞白血病(chronic lym-
phocytic leukemia, CLL)中的关键转录因子, PAX抑
制剂具有显著的抗肿瘤作用[108~109]。此外, 在脊索
瘤(chordoma)中, IRS4/IGF2蛋白可以直接与超级
增强子序列相互作用, 抑制超级增强子的功能[71]。
6.2 基因编辑

癌细胞中异常的碱基插入、缺失和染色质重

排可导致超级增强子形成。CRISPR/Cas9基因编
辑技术可用于消除上述原因引起的超级增强子的

形成, 因此我们可以通过 CRISPR/Cas9系统实现
抗癌治疗。例如, RUNX1 (RUNX family transcrip-
tion factor 1)是调节正常和恶性血细胞产生的转录

图 4 靶向超级增强子复合物的两种方法示意图[95]

小分子抑制剂和基因编辑可以靶向超级增强子相关复合物(例如 BRD4和 CDK7), 从而破坏超级增强子功能。
Fig.4 Schematic diagram of two methods for targeting super enhancer complexes[95]

Small molecular inhibitors and gene editing can target super enhancer associated complexes such as BRD4 and CDK7, thereby
disrupting super enhancer function.
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注: CDK, 周期蛋白依赖性激酶; BRD, 溴结构域蛋白。
Notes: CDK, cyclin-dependent kinase; BRD, bromodomain protein.

表 1 致癌超级增强子的小分子抑制剂
Table 1 Small molecular inhibitors of carcinogenic super enhancers

Small molecular inhibitor
THZ1

THZ1
THZ531
SY1365
Cortistatin A
NVP-2/AT7519/dinaciclib/
alvocidib
Ribociclib (LEE011)

JQ1

I-BET151
I-BET762
OTX015
CPI0610

Target
CDK7

CDK7/12/13
CDK12/13
CDK7
CDK8/19
CDK9
CDK4/6

BRD4

BRD4
BRD2/3/4
BRD2/3/4
BRD4

Disease
Osteosarcoma
Thyroid carcinoma
Neuroblastoma
Adult T-cell leukemia
Melanoma
T-cell acute lymphoblastic leukemia
Small cell lung cancer
Chordoma
Chordoma
Ovarian and breast cancer
Acute myeloid leukemia
Chordoma
Breast cancer, melanoma
Neuroblastoma
Malignant rhabdoid tumor
Cancer
Cervical cancer
Merkel cell carcinoma
Multiple myeloma
Prostate and breast cancer
Colon cancer
Diffuse large B-cell lymphoma
Hepatocellular carcinoma
Pancreatic cancer
Melanoma
Adenoid cystic carcinoma
Blastic plasmacytoid dendritic cell neoplasm
Ovarian cancer
Lymphoma
Acute myeloid leukemia
Blastic plasmacytoid dendritic cell neoplasm
Ovarian cancer
Blastic plasmacytoid dendritic cell neoplasm
Acute myeloid leukemia
Leukemia, lymphoma, myeloma
Hematological malignancies
Multiple myeloma
T-cell lymphoma

Reference
[65]
[66]
[22]
[67]
[68]
[69]
[70]
[71]
[71]
[72]
[63]
[71]
[73]

[73~74]
[74]
[75]
[76]
[77]
[16]

[78~79]
[37, 80]
[11, 81]

[82]
[83]

[84~85]
[49]
[86]
[87]
[88]
[89]
[86]
[87]
[86]
[90]
[91]
[92]
[93]
[94]

因子, 通过 CRISPR/Cas9 系统破坏 RUNX1基因
的超级增强子区域会增加急性白血病细胞的凋

亡, 进而改变 AML小鼠的存活率[110]。在 T细胞急
性淋巴细胞白血病的原始样本和细胞系中, TAL1
基因转录起始位点上游 7.5 kb处发生插入/缺失
突变, 促使 MY B结合位点和超级增强子形成, 从
而导致癌基因表达上调; 利用 CRISPR/Cas9系统
敲除异常插入的碱基后, 急性淋巴细胞白血病样
本中不再有超级增强子和 TAL1基因过表达的现
象[17]。此外, CRISPR/Cas9敲除系统也可用于消除
AML细胞中异常增强子的激活。

CRISPR/Cas9敲入系统在与 SNP相关的超级
增强子驱动癌基因的表达模式中也很有前景[111~112]。
在结肠细胞中, SNP rs6854845 在超级增强子区
域形成并影响超级增强子区域中 H3K4me1 和
H3K27ac的转移富集, 进而影响超级增强子驱动
基因的表达, 因此, SNP rs6854845被认为是结肠
癌的危险因素之一 [113~114]。基于 CRISPR/Cas9 的
SNP位点基因编辑可以通过逆转 SNP和超级增
强子驱动基因之间的相互作用来改善细胞中的多

种致病性变化。
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7 总结与展望

致癌超级增强子具有比普通增强子更强的激

活癌基因转录的能力, 因而是很多恶性肿瘤发病
的重要原因。致癌超级增强子的形成主要是由于

癌基因增强子调控区域的 DNA序列突变、碱基缺
失或插入、染色体结构重排、染色质结构 TAD边
界缺失以及某些病毒感染, 其导致转录因子和中
介体复合物与普通增强子及启动子形成强大的超

级增强子结构并被异常激活, 随后通过影响Wnt、
TGF-茁、LIF及 Ras等信号通路促使癌基因、抗凋
亡基因或抑癌基因异常表达, 最终促进肿瘤发
生。虽然迄今针对致癌超级增强子的精细结构和

致病机理的研究还不够深入, 但是已知的致癌超
级增强子的形成机制, 还是能为肿瘤预防和治疗
提供新的思路。例如: 发生在增强子区域的有害
序列变异可以通过广泛使用的 CRISPR基因编辑
工具进行修复; 转录因子和中介体复合物的异常
激活可以通过一些小分子抑制剂实现靶向抑制。

以往有关抗肿瘤药物的设计主要关注癌基因或抑

癌基因突变及其异常激活, 但耐药性的存在及癌
基因的低突变频率是不可忽视的影响因素[115~116]。
近年来, 随着表观基因组学研究的深入及致癌超
级增强子的不断发现, 基于表观遗传修饰设计的
药物以及针对超级增强子及其相关复合物的小分

子抑制剂和基因编辑疗法, 可能具有更好的抗肿
瘤应用前景[117]。

参考文献(References):

[1] HNISZ D, ABRAHAM B J, LEE T I, et al. Super-enhancers inthe control of cell identity and disease[J]. Cell, 2013, 155(4):934-947.[2] ZHU X L, ZHANG T T, ZHANG Y, et al. A super-enhancercontrols TGF-茁 signaling in pancreatic cancer through down原regulation of TGFBR2[J]. Cellular Signalling, 2020, 66: 109470.[3] WITTE S, O忆SHEA J J, VAHEDI G. Super-enhancers: assetmanagement in immune cell genomes[J]. Trends in Immunology,2015, 36(9): 519-526.[4] WHYTE W A, ORLANDO D A, HNISZ D, et al. Master tran-scription factors and mediator establish super-enhancers at keycell identity genes[J]. Cell, 2013, 153(2): 307-319.[5] BANERJI J, RUSCONI S, SCHAFFNER W. Expression of a beta-globin gene is enhanced by remote SV40 DNA sequences[J].Cell, 1981, 27(2 Pt 1): 299-308.[6] SPITZ F, FURLONG E E M. Transcription factors: from enhan-cer binding to developmental control[J]. Nature Reviews Gene-tics, 2012, 13(9): 613-626.[7] KIMURA H. Histone modifications for human epigenome analy-sis[J]. Journal of Human Genetics, 2013, 58(7): 439-445.[8] VILLAR D, BERTHELOT C, ALDRIDGE S, et al. Enhancerevolution across 20 mammalian species[J]. Cell, 2015, 160(3):554-566.[9] L魪VEILL魪 N, MELO C A, ROOIJERS K, et al. Genome-wideprofiling of p53-regulated enhancer RNAs uncovers a subsetof enhancers controlled by a lncRNA[J]. Nature Communica-

tions, 2015, 6: 6520.[10] BRADNER J E, HNISZ D, YOUNG R A. Transcriptional ad-diction in cancer[J]. Cell, 2017, 168(4): 629-643.[11] CHAPUY B, MCKEOWN M R, LIN C Y, et al. Discovery andcharacterization of super-enhancer-associated dependencies indiffuse large B cell lymphoma[J]. Cancer Cell, 2013, 24(6): 777-790.[12] FURLONG E E M, LEVINE M. Developmental enhancers andchromosome topology[J]. Science, 2018, 361(6409): 1341-1345.[13] GR魻SCHEL S, SANDERS M A, HOOGENBOEZEM R, et al.A single oncogenic enhancer rearrangement causes concomitantEVI1 and GATA2 deregulation in leukemia[J]. Cell, 2014, 157(2): 369-381.[14] GUNNELL A, WEBB H M, WOOD C D, et al. RUNX super-enhancer control through the Notch pathway by Epstein-Barrvirus transcription factors regulates B cell growth[J]. NucleicAcids Research, 2016, 44(10): 4636-4650.[15] KRIJGER P H L, DE LAAT W. Regulation of disease-associatedgene expression in the 3D genome[J]. Nature Reviews: Molecu-lar Cell Biology, 2016, 17(12): 771-782.[16] LOV魪N J, HOKE H A, LIN C Y, et al. Selective inhibition oftumor oncogenes by disruption of super-enhancers[J]. Cell, 2013,153(2): 320-334.[17] MANSOUR M R, ABRAHAM B J, ANDERS L, et al. Onco-gene regulation. An oncogenic super-enhancer formed throughsomatic mutation of a noncoding intergenic element[J]. Science,2014, 346(6215): 1373-1377.[18] SANTOS-PEREIRA J M, AGUILERA A. R loops: new modu-lators of genome dynamics and function[J]. Nature Reviews Ge-netics, 2015, 16(10): 583-597.[19] SPIELMANN M, LUPI魣譙EZ D G, MUNDLOS S. Structural va-riation in the 3D genome[J]. Nature Reviews. Genetics, 2018, 19(7): 453-467.[20] VALENTIJN L J, KOSTER J, ZWIJNENBURG D A, et al. TERTrearrangements are frequent in neuroblastoma and identify ag-gressive tumors[J]. Nature Genetics, 2015, 47(12): 1411-1414.[21] ZHOU H F, SCHMIDT S C S, JIANG S Z, et al. Epstein-Barrvirus oncoprotein super-enhancers control B cell growth[J]. CellHost & Microbe, 2015, 17(2): 205-216.[22] CHIPUMURO E, MARCO E, CHRISTENSEN C L, et al. CDK7inhibition suppresses super-enhancer-linked oncogenic tran-scription in MYCN-driven cancer[J]. Cell, 2014, 159(5): 1126-1139.[23] HNISZ D, SCHUIJERS J, LIN C Y, et al. Convergence of de-velopmental and oncogenic signaling pathways at transcrip -tional super-enhancers[J]. Molecular Cell, 2015, 58(2): 362-370.[24] SHIN H Y, WILLI M, HYUNYOO K, et al. Hierarchy withinthe mammary STAT5-driven Wap super-enhancer[J]. NatureGenetics, 2016, 48(8): 904-911.[25] HAY D, HUGHES J R, BABBS C, et al. Genetic dissection ofthe 琢-globin super-enhancer in vivo[J]. Nature Genetics, 2016,48(8): 895-903.[26] HNISZ D, SHRINIVAS K, YOUNG R A, et al. A phase sepa原ration model for transcriptional control[J]. Cell, 2017, 169(1):13-23.[27] SABARI B R, DALL忆AGNESE A, BOIJA A, et al. Coactivatorcondensation at super -enhancers links phase separation andgene control[J]. Science, 2018, 361(6400): eaar3958.[28] STROM A R, EMELYANOV A V, MIR M, et al. Phase sepa原ration drives heterochromatin domain formation[J]. Nature, 2017,547(7662): 241-245.[29] BOIJA A, KLEIN I A, SABARI B R, et al. Transcription fac-tors activate genes through the phase -separation capacity oftheir activation domains[J]. Cell, 2018, 175(7): 1842-1855.e16.[30] RAO S S P, HUANG S C, GLENN ST HILAIRE B, et al. Co-hesin loss eliminates all loop domains[J]. Cell, 2017, 171(2):305-320.e24.[31] JIA Q Y, CHEN S H, TAN Y, et al. Oncogenic super-enhancerformation in tumorigenesis and its molecular mechanisms [J].Experimental and Molecular Medicine, 2020, 52(5): 713-723.[32] JIA Y L, CHNG W J, ZHOU J B. Super-enhancers: criticalroles and therapeutic targets in hematologic malignancies [J].Journal of Hematology & Oncology, 2019, 12(1): 77.[33] NIEDERRITER A R, VARSHNEY A, PARKER S C J, et al.Super enhancers in cancers, complex disease, and developmen-tal disorders[J]. Genes, 2015, 6(4): 1183-1200.[34] POTT S, LIEB J D. What are super-enhancers?[J]. Nature Ge-netics, 2015, 47(1): 8-12.

袁婺洲等：致癌超级增强子的形成与干预研究进展 197



生 命 科 学 研 究 圆园22年
[35] NORTHCOTT P A, LEE C, ZICHNER T, et al. Enhancer hija-cking activates GFI1 family oncogenes in medulloblastoma[J].Nature, 2014, 511(7510): 428-434.[36] SENGUPTA S, GEORGE R E. Super-enhancer-driven tran原scriptional dependencies in cancer[J]. Trends in Cancer, 2017,3(4): 269-281.[37] NAKAMURA Y, HATTORI N, IIDA N, et al. Targeting of super-enhancers and mutant BRAF can suppress growth of BRAF-mutant colon cancer cells via repression of MAPK signalingpathway[J]. Cancer Letters, 2017, 402: 100-109.[38] BABU D, FULLWOOD M J. Expanding the effects of ERG onchromatin landscapes and dysregulated transcription in pros-tate cancer[J]. Nature Genetics, 2017, 49(9): 1294-1295.[39] SHEN Y, RUSSO V, ZEGLINSKI M R, et al. Recombinant de-corin fusion protein attenuates murine abdominal aortic aneu-rysm formation and rupture[J]. Scientific Reports, 2017, 7: 15857.[40] DWIGHT T, FLYNN A, AMARASINGHE K, et al. TERT struc-tural rearrangements in metastatic pheochromocytomas[J]. En-docrine-Related Cancer, 2018, 25(1): 1-9.[41] WANG Y B, ZHANG T H, KWIATKOWSKI N, et al. CDK7-dependent transcriptional addiction in triple -negative breastcancer[J]. Cell, 2015, 163(1): 174-186.[42] MAURANO M T, HUMBERT R, RYNES E, et al. Systematiclocalization of common disease-associated variation in regula原tory DNA[J]. Science, 2012, 337(6099): 1190-1195.[43] SCHAUB M A, BOYLE A P, KUNDAJE A, et al. Linking diseaseassociations with regulatory information in the human genome[J].Genome Research, 2012, 22(9): 1748-1759.[44] ZHANG X W, WANG Y, CHIANG H C, et al. BRCA1 muta-tions attenuate super-enhancer function and chromatin loopingin haploinsufficient human breast epithelial cells[J]. Breast Can-cer Research, 2019, 21(1): 51.[45] KANDASWAMY R, SAVA G P, SPEEDY H E, et al. Geneticpredisposition to chronic lymphocytic leukemia is mediated bya BMF super-enhancer polymorphism[J]. Cell Reports, 2016, 16(8): 2061-2067.[46] OLDRIDGE D A, WOOD A C, WEICHERT-LEAHEY N, et al.Genetic predisposition to neuroblastoma mediated by a LMO1super-enhancer polymorphism[J]. Nature, 2015, 528(7582): 418-421.[47] WEISCHENFELDT J, DUBASH T, DRAINAS A P, et al. Pan-cancer analysis of somatic copy-number alterations implicatesIRS4 and IGF2 in enhancer hijacking[J]. Nature Genetics, 2017,49(1): 65-74.[48] ZHANG X Y, CHOI P S, FRANCIS J M, et al. Identificationof focally amplified lineage-specific super-enhancers in humanepithelial cancers[J]. Nature Genetics, 2016, 48(2): 176-182.[49] DRIER Y, COTTON M J, WILLIAMSON K E, et al. An onco-genic MYB feedback loop drives alternate cell fates in adenoidcystic carcinoma[J]. Nature Genetics, 2016, 48(3): 265-272.[50] LIANG J, ZHOU H F, GERDT C, et al. Epstein-Barr virus su-per-enhancer eRNAs are essential for MYC oncogene expres-sion and lymphoblast proliferation[J]. Proceedings of the Na-tional Academy of Sciences USA, 2016, 113(49): 14121-14126.[51] CHEN X H, LOO J X, SHI X, et al. E6 protein expressed byhigh-risk HPV activates super-enhancers of the EGFR and c-MET oncogenes by destabilizing the histone demethylase KD-M5C[J]. Cancer Research, 2018, 78(6): 1418-1430.[52] JIN F L, LI Y, DIXON J R, et al. A high-resolution map of thethree-dimensional chromatin interactome in human cells[J]. Na-ture, 2013, 503(7475): 290-294.[53] SIN-CHAN P, MUMAL I, SUWAL T, et al. A C19MC-LIN28A-MYCN oncogenic circuit driven by hijacked super-enhancersis a distinct therapeutic vulnerability in ETMRs: a lethal braintumor[J]. Cancer Cell, 2019, 36(1): 51-67.e7.[54] DIXON J R, SELVARAJ S, YUE F, et al. Topological domainsin mammalian genomes identified by analysis of chromatin in-teractions[J]. Nature, 2012, 485(7398): 376-380.[55] VINY A D, OTT C J, SPITZER B, et al. Dose-dependent role ofthe cohesin complex in normal and malignant hematopoiesis[J].Journal of Experimental Medicine, 2015, 212(11): 1819-1832.[56] HNISZ D, WEINTRAUB A S, DAY D S, et al. Activation ofproto-oncogenes by disruption of chromosome neighborhoods[J].Science, 2016, 351(6280): 1454-1458.[57] FLAVAHAN W A, DRIER Y, LIAU B B, et al. Insulator dys-function and oncogene activation in IDH mutant gliomas[J]. Na-ture, 2016, 529(7584): 110-114.

[58] NAKAGAWA M, SHAFFER A L, 3RD, CERIBELLI M, et al.Targeting the HTLV-I-regulated BATF3/IRF4 transcriptionalnetwork in adult T cell leukemia/lymphoma[J]. Cancer Cell, 2018,34(2): 286-297.e10.[59] BIEHS B, DIJKGRAAF G J P, PISKOL R, et al. A cell identityswitch allows residual BCC to survive Hedgehog pathway inhi-bition[J]. Nature, 2018, 562(7727): 429-433.[60] SCHOLZ B A, SUMIDA N, DE LIMA C D M, et al. WNT signa-ling and AHCTF1 promote oncogenic MYC expression throughsuper-enhancer-mediated gene gating[J]. Nature Genetics, 2019,51(121): 1723-1731.[61] LU B, HE Y Y, HE J C, et al. Epigenetic profiling identifiesLIF as a super-enhancer-controlled regulator of stem cell-likeproperties in osteosarcoma[J]. Molecular Cancer Research, 2020,18(1): 57-67.[62] NABET B, 譫 BROIN P, REYES J M, et al. Deregulation of theRas-Erk signaling axis modulates the enhancer landscape[J].Cell Reports, 2015, 12(8): 1300-1313.[63] PELISH H E, LIAU B B, NITULESCU I I, et al. Mediator ki-nase inhibition further activates super -enhancer -associatedgenes in AML[J]. Nature, 2015, 526(7572): 273-276.[64] SEE Y X, WANG B Z, FULLWOOD M J. Chromatin interac-tions and regulatory elements in cancer: from bench to bedside[J].Trends in Genetics, 2019, 35(2): 145-158.[65] CHEN D M, ZHAO Z Q, HUANG Z X, et al. Super enhancerinhibitors suppress MYC driven transcriptional amplificationand tumor progression in osteosarcoma[J]. Bone Research, 2018,6: 11.[66] KITAZONO M, CHUMAN Y, AIKOU T, et al. Construction ofgene therapy vectors targeting thyroid cells: enhancement ofactivity and specificity with histone deacetylase inhibitors andagents modulating the cyclic adenosine 3忆 ,5忆-monophosphatepathway and demonstration of activity in follicular and ana -plastic thyroid carcinoma cells[J]. The Journal of Clinical En-docrinology and Metabolism, 2001, 86(2): 834-840.[67] WONG R W J, NGOC P C T, LEONG W Z, et al. Enhancerprofiling identifies critical cancer genes and characterizes cellidentity in adult T-cell leukemia[J]. Blood, 2017, 130(21): 2326-2338.[68] ELIADES P, ABRAHAM B J, JI Z Y, et al. High MITF expres-sion is associated with super -enhancers and suppressed byCDK7 inhibition in melanoma[J]. Journal of Investigative Der-matology, 2018, 138(7): 1582-1590.[69] KWIATKOWSKI N, ZHANG T H, RAHL P B, et al. Targetingtranscription regulation in cancer with a covalent CDK7 inhi-bitor[J]. Nature, 2014, 511(7511): 616-620.[70] CHRISTENSEN C L, KWIATKOWSKI N, ABRAHAM B J, et al.Targeting transcriptional addictions in small cell lung cancerwith a covalent CDK7 inhibitor[J]. Cancer Cell, 2014, 26(6):909-922.[71] SHARIFNIA T, WAWER M J, CHEN T, et al. Small-moleculetargeting of brachyury transcription factor addiction in chordo-ma[J]. Nature Medicine, 2019, 25(2): 292-300.[72] HU S H, MARINEAU J J, RAJAGOPAL N, et al. Discovery andcharacterization of SY-1365, a selective, covalent inhibitor ofCDK7[J]. Cancer Research, 2019, 79(13): 3479-3491.[73] TRIPATHY D, BARDIA A, SELLERS W R. Ribociclib (LEE011):mechanism of action and clinical impact of this selective cy-clin-dependent kinase 4/6 inhibitor in various solid tumors[J].Clinical Cancer Research, 2017, 23(13): 3251-3262.[74] GEOERGER B, BOURDEAUT F, DUBOIS S G, et al. A phaseI study of the CDK4/6 inhibitor ribociclib (LEE011) in pedia-tric patients with malignant rhabdoid tumors, neuroblastoma,and other solid tumors[J]. Clinical Cancer Research, 2017, 23(10): 2433-2441.[75] SUZUKI H I, YOUNG R A, SHARP P A. Super-enhancer-mediated RNA processing revealed by integrative microRNAnetwork analysis[J]. Cell, 2017, 168(6): 1000-1014.e15.[76] DOOLEY K E, WARBURTON A, MCBRIDE A A. Tandemlyintegrated HPV16 can form a Brd4-dependent super-enhan-cer-like element that drives transcription of viral oncogenes[J].mBio, 2016, 7(5): e01446-16.[77] SENGUPTA D, KANNAN A, KERN M, et al. Disruption of BRD4at H3K27Ac-enriched enhancer region correlates with decrea-sed c-Myc expression in Merkel cell carcinoma[J]. Epigenetics,2015, 10(6): 460-466.

198



第 3期
[78] ZUBER V, BETTELLA F, WITOELAR A, et al. Bromodomainprotein 4 discriminates tissue-specific super-enhancers con-taining disease-specific susceptibility loci in prostate and breastcancer[J]. BMC Genomics, 2017, 18: 270.[79] LIU J Y, DUAN Z B, GUO W J, et al. Targeting the BRD4/FOXO3a/CDK6 axis sensitizes AKT inhibition in luminal breastcancer[J]. Nature Communications, 2018, 9: 5200.[80] T魻GEL L, NIGHTINGALE R, CHUEH A C, et al. Dual targe-ting of bromodomain and extraterminal domain proteins, andWNT or MAPK signaling, inhibits c-MYC expression and pro-liferation of colorectal cancer cells[J]. Molecular Cancer Thera-peutics, 2016, 15(6): 1217-1226.[81] MOTTOK A, GASCOYNE R D. Bromodomain inhibition in dif-fuse large B-cell lymphoma--giving MYC a brake[J]. ClinicalCancer Research, 2015, 21(1): 4-6.[82] XIONG L, WU F, WU Q, et al. Aberrant enhancer hypomethy-lation contributes to hepatic carcinogenesis through global trans-criptional reprogramming[J]. Nature Communications, 2019, 10:335.[83] ANDRICOVICH J, PERKAIL S, KAI Y, et al. Loss of KDM6Aactivates super-enhancers to induce gender-specific squamous-like pancreatic cancer and confers sensitivity to BET inhibi-tors[J]. Cancer Cell, 2018, 33(3): 512-526.e8.[84] FONTANALS-CIRERA B, HASSON D, VARDABASSO C, et al.Harnessing BET inhibitor sensitivity reveals AMIGO2 as a me-lanoma survival gene[J]. Molecular Cell, 2017, 68(4): 731-744.e9.[85] GELATO K A, SCH魻CKEL L, KLINGBEIL O, et al. Super-enhancers define a proliferative PGC-1琢-expressing melanomasubgroup sensitive to BET inhibition[J]. Oncogene, 2018, 37(4):512-521.[86] CERIBELLI M, HOU Z E, KELLY P N, et al. A druggableTCF4- and BRD4-dependent transcriptional network sustainsmalignancy in blastic plasmacytoid dendritic cell neoplasm[J].Cancer Cell, 2016, 30(5): 764-778.[87] ZHANG Z F, MA P F, JING Y, et al. BET bromodomain inhi-bition as a therapeutic strategy in ovarian cancer by downregu-lating FoxM1[J]. Theranostics, 2016, 6(2): 219-230.[88] TOLANI B, GOPALAKRISHNAN R, PUNJ V, et al. TargetingMyc in KSHV-associated primary effusion lymphoma with BETbromodomain inhibitors[J]. Oncogene, 2014, 33(22): 2928-2937.[89] SHEN C, IPSARO J J, SHI J W, et al. NSD3-short is an adaptorprotein that couples BRD4 to the CHD8 chromatin remodeler[J].Molecular Cell, 2015, 60(6): 847-859.[90] CHAN K H, ZENGERLE M, TESTA A, et al. Impact of targetwarhead and linkage vector on inducing protein degradation:comparison of bromodomain and extra-terminal (BET) degradersderived from triazolodiazepine (JQ1) and tetrahydroquinoline(I-BET726) BET inhibitor scaffolds[J]. Journal of Medicinal Che-mistry, 2018, 61(2): 504-513.[91] AMORIM S, STATHIS A, GLEESON M, et al. Bromodomaininhibitor OTX015 in patients with lymphoma or multiple mye-loma: a dose-escalation, open-label, pharmacokinetic, phase 1study[J]. The Lancet. Haematology, 2016, 3(4): e196-e204.[92] ALBRECHT B K, GEHLING V S, HEWITT M C, et al. Iden-tification of a benzoisoxazoloazepine inhibitor (CPI-0610) ofthe bromodomain and extra-terminal (BET) family as a candi-date for human clinical trials[J]. Journal of Medicinal Chemis-try, 2016, 59(4): 1330-1339.[93] SIU K T, RAMACHANDRAN J, YEE A J, et al. Preclinicalactivity of CPI -0610, a novel small -molecule bromodomainand extra-terminal protein inhibitor in the therapy of multiplemyeloma[J]. Leukemia, 2017, 31(8): 1760-1769.[94] ZHAO L, OKHOVAT J P, HONG E K, et al. Preclinical studiessupport combined inhibition of BET family proteins and his-tone deacetylases as epigenetic therapy for cutaneous T -celllymphoma[J]. Neoplasia, 2019, 21(1): 82-92.[95] ZHENG C Q, LIU M, FAN H. Targeting complexes of super-enhancers is a promising strategy for cancer therapy[J]. Onco-logy Letters, 2020, 20(3): 2557-2566.[96] CHENG W Y, YANG Z H, WANG S H, et al. Recent develop-ment of CDK inhibitors: an overview of CDK/inhibitor co-crystalstructures[J]. European Journal of Medicinal Chemistry, 2019,164: 615-639.[97] NAGARAJA S, VITANZA N A, WOO P J, et al. T Transcrip-tional dependencies in diffuse intrinsic pontine glioma[J]. Can-cer Cell, 2017, 31(5): 635-652.e6.

[98] CAYROL F, PRADITSUKTAVORN P, FERNANDO T M, et al.THZ1 targeting CDK7 suppresses STAT transcriptional activityand sensitizes T-cell lymphomas to BCL2 inhibitors[J]. NatureCommunications, 2017, 8: 14290.[99] MA X Q, KUANG X L, XIA Q, et al. Covalent CDK7 inhibitorTHZ1 inhibits myogenic differentiation[J]. Journal of Cancer,2018, 9(17): 3149-3155.[100] ALI I, CHOI G, LEE K. BET inhibitors as anticancer agents: apatent review[J]. Recent Patents on Anti-Cancer Drug Disco-very, 2017, 12(4): 340-364.[101] HENSSEN A, ALTHOFF K, ODERSKY A, et al. Targeting MY-CN -driven transcription by BET -bromodomain inhibition [J].Clinical Cancer Research, 2016, 22(10): 2470-2481.[102] DONATI B, LORENZINI E, CIARROCCHI A. BRD4 and can-cer: going beyond transcriptional regulation[J]. Molecular Can-cer, 2018, 17(1): 164.[103] BERTHON C, RAFFOUX E, THOMAS X, et al. Bromodomaininhibitor OTX015 in patients with acute leukaemia: a dose -escalation, phase 1 study[J]. The Lancet. Haematology, 2016, 3(4): e186-e195.[104] STATHIS A, ZUCCA E, BEKRADDA M, et al. Clinical responseof carcinomas harboring the BRD4 -NUT oncoprotein to thetargeted bromodomain inhibitor OTX015/MK-8628[J]. CancerDiscovery, 2016, 6(5): 492-500.[105] MUSTAFI S, CAMARENA V, QURESHI R, et al. Vitamin Csupplementation expands the therapeutic window of BETi fortriple negative breast cancer[J]. EBioMedicine, 2019, 43: 201-210.[106] SHEN H J, XU W Q, GUO R, et al. Suppression of enhanceroveractivation by a RACK7 -histone demethylase complex [J].Cell, 2016, 165(2): 331-342.[107] KATERNDAHL C D S, HELTEMES-HARRIS L M, WILLETTEM J L, et al. Antagonism of B cell enhancer networks by STAT5drives leukemia and poor patient survival[J]. Nature Immuno-logy, 2017, 18(6): 694-704.[108] GRYDER B E, YOHE M E, CHOU H C, et al. PAX3-FOXO1establishes myogenic super enhancers and confers BET bro -modomain vulnerability[J]. Cancer Discovery, 2017, 7(8): 884-899.[109] OTT C J, FEDERATION A J, SCHWARTZ L S, et al. En -hancer architecture and essential core regulatory circuitry ofchronic lymphocytic leukemia[J]. Cancer Cell, 2018, 34(6): 982-995.e7.[110] MILL C P, FISKUS W, DINARDO C D, et al. RUNX1-targetedtherapy for AML expressing somatic or germline mutation inRUNX1[J]. Blood, 2019, 134(1): 59-73.[111] MARSMAN J, GIMENEZ G, DAY R C, et al. A non-codinggenetic variant associated with abdominal aortic aneurysm al-ters ERG gene regulation[J]. Human Molecular Genetics, 2020,29(4): 554-565.[112] KLEINSTERN G, YAN H H, HILDEBRANDT M A T, et al.Inherited variants at 3q13.33 and 3p24.1 are associated withrisk of diffuse large B-cell lymphoma and implicate immunepathways[J]. Human Molecular Genetics, 2020, 29(1): 70-79.[113] HE Y Z, TIMOFEEVA M, LI X, et al. A comprehensive studyof the effect on colorectal cancer survival of common germlinegenetic variation previously linked with cancer prognosis [J].Cancer Epidemiology, Biomarkers & Prevention, 2019, 28(11):1944-1946.[114] CONG Z Z, LI Q H, YANG Y K, et al. The SNP of rs6854845suppresses transcription via the DNA looping structure altera-tion of super-enhancer in colon cells[J]. Biochemical and Bio-physical Research Communications, 2019, 514(3): 734-741.[115] BISWAS S, RAO C M. Epigenetics in cancer: fundamentals andbeyond[J]. Pharmacology & Therapeutics, 2017, 173: 118-134.[116] DZOBO K, SENTHEBANE D A, THOMFORD N E, et al. Noteveryone fits the mold: intratumor and intertumor heterogeneityand innovative cancer drug design and development[J]. OMICS:A Journal of Integrative Biology, 2018, 22(1): 17-34.[117] KELLY A D, ISSA J P J. The promise of epigenetic therapy:reprogramming the cancer epigenome[J]. Current Opinion in Ge-netics & Development, 2017, 42: 68-77.

袁婺洲等：致癌超级增强子的形成与干预研究进展 199


