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Lymphoid-specific helicase (LSH) is a member of the SNF2 helicase family of chromatin-remodelling proteins. Dysfunctions or
mutations in LSH causes an autosomal recessive disease known as immunodeficiency-centromeric instability-facial anomaly (ICF)
syndrome. Interestingly, LSH participates in various aspects of epigenetic regulation, including nucleosome remodelling, DNA
methylation, histone modifications and heterochromatin formation. Further, LSH plays a crucial role during DNA-damage repair,
specifically during double-strand break (DSB) repair, since murine LSH was shown to be essential for non-homologous end joining
(NHEJ) and homologous recombination (HR). Accordingly, overexpression of LSH drives tumorigenesis and malignancy. On the
other hand, LSH homologs stabilise the genome. Thus, LSH might be implemented as a biomarker for various cancer types and
potential target molecule to develop therapeutic strategies against them. In this review, we focus on the role of LSH in
orchestrating chromatin rearrangements, such as DNA methylation and histone modifications, as well as in DNA-damage repair.
Changes in chromatin structure may facilitate gene expression signatures that cause malignant transformation. We summarise
recent findings of LSH in cancers and raise critical open questions for further studies.
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BACKGROUND OF LSH
Epigenetic mechanisms of transcriptional regulation involve DNA
methylation, histone modifications, nucleosome positioning and
heterochromatin formation [1], all of which contribute to
establishing of specific gene expression signatures resulting in
lineage-specific cell fates [2, 3]. Epigenetic changes of chromatin
are heritable and reversible, being written, read and erased by a
vast number of proteins belonging to different protein super-
families, including ATP-dependent chromatin-remodelling com-
plexes, which either move, eject or restructure nucleosomes. There
are at least four families of chromatin remodelers in eukaryotes:
SWI/SNF, ISWI, NuRD/Mi-2/CHD and INO80 [4]. Although all
chromatin-remodelling complexes share a common ATPase
domain, their functions are specific in the context of different
biological processes. LSH belongs to the SNF2 helicase family from
the helicase-like superfamily 2 (SF2). Within SF2, the SNF2 family
refers to proteins with homologous sequence to the Sacchar-
omyces cerevisiae Snf2p. The SNF2 family consists of a large group
of ATP-hydrolysing proteins, which are generally present in

eukaryotes, as well as eubacteria and archaea [5]. They are ATP-
dependent chromatin remodelers that facilitate the accessibility
of DNA to transcription factors [6, 7]. Members of the SNF2 family
share a common core of two recA-like domains, and link
ATP hydrolysis to a change in the relative orientation of these
domains [5].
The murine LSH homolog is also named PASG and SMARCA6

[8]. Jarvis et al. found that the Lsh gene is required for lymphocyte
development and immunoglobulin class switch recombination [9].
A further study by Geiman et al. demonstrated that Lsh is required
for normal murine development [10]. Moreover, Lsh is required for
genome-wide methylation since its depletion led to genome-wide
hypomethylation [11–13]. Interestingly, Lee et al. revealed that the
levels of the human LSH homolog, named HELLS, were reduced
after cytokine withdrawal in the human acute megakaryoblastic
leukaemia cell line, MO7e, whereas HELLS levels were increased in
highly proliferative tissues, indicating its association with cellular
proliferation [8]. Interestingly, the impact of LSH on cellular
proliferation is demonstrated in tumour progression, as failure to
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repress Lsh in retinoblastoma mouse models resulted in retinal
tumorigenesis [14]. More recently, the function of LSH has
broadened into DNA-damage response (DDR) regulation and
carcinogenesis, which will be further discussed below. Considering
that LSH acts as an upstream regulator in the network driving a
tumorigenic phenotype, it might be considered a potential target
for future therapies.

LSH is a key regulator of chromatin structure
Pluripotency of embryonic stem cells strongly relies on specific
gene expression signatures which are partially determined by their
chromatin structure [15, 16]. ATP-dependent chromatin-remodel-
ling complexes are fundamental regulators of chromatin and gene
expression, including members of the four families of chromatin
remodelers: SWI/SNF, ISWI, NuRD/Mi-2/CHD and INO80. Complexes
of the SWI/SNF family activate promoter/enhancer regions by
epigenetic modulation of chromatin structure. LSH, a chromatin-
remodelling protein of the SNF2 family, is primarily responsible for
ATP-dependent nucleosome remodelling [17, 18]. In line with this
idea, Ren et al. showed that Lsh is required for proper nucleosome
density implementing nucleosome occupancy assays in wild-type
(wt) and Lsh-deficient (Lsh−/−) embryonic stem (ES) cells [17]. In
addition, by integrative analysis of RNA sequencing and micro-
coccal nuclease sequencing in hepatocellular carcinoma (HCC)
cells, Law et al. revealed that overexpression of HELLS (gene coding
for human LSH) increased nucleosome occupancy. This obstructed
the accessibility of enhancers and hindered the formation of the
nucleosome-free region at the transcription start sites. These
events resulted in epigenetic silencing of multiple tumour
suppressor genes and HCC progression [18].
Furthermore, LSH is also involved in other mechanisms affecting

chromatin structure, such as DNA methylation and histone
modifications (Fig. 1). DNA methylation is the best-characterised
DNA modification and occurs mainly at carbon 5 in the cytosine
(5-methylcytosine, 5mC) of CpG dinucleotides in eukaryotes
[19, 20]. Proper DNA methylation patterns are essential for cell
differentiation and embryonic development. DNA methylation
plays a critical role in gene repression and genome stability by
preventing recombination events between repetitive sequences
[20]. DNA methylation is mediated by DNA methyltransferases
(DNMTs), including DNMT1, DNMT3A and DNMT3B [21]. Interest-
ingly, DNA methylation at repeat elements, a hallmark of
heterochromatin, is significantly reduced in Lsh−/− ES cells [17].
Moreover, the ATP binding site of LSH is required for stable
association of DNMT3B to repetitive elements, supporting that the
nucleosome remodelling activity of LSH on chromatin is crucial for
DNA methylation at repetitive elements and, consequently, for
heterochromatin formation [17]. In addition, the methylation of
satellite sequences requires CDCA7, which facilitates the recruit-
ment of LSH onto chromatin [22]. According to these findings,
fibroblasts derived from Lsh−/− mouse embryos, which lack DNA
methylation from centromeric repeats, transposons and several
genes’ promoters, are capable of reestablishing DNA methylation
pattern after re-expression of Lsh, thereby demonstrating the
causal involvement of LSH in methylation of repetitive elements
and heterochromatin formation [23]. Further, Lsh is also required
for methylation of transposable elements, mitosis and meiosis
during cell division and gametogenesis, respectively, as demon-
strated by defects detected in Lsh−/− mice during meiotic
chromosome synapsis in female germ cells, centromere transcrip-
tion during oocytes meiosis and meiotic progression in sperma-
tocytes [24–27]. Interestingly, LSH has been shown to regulate
long terminal repeats retrotransposon repression independent of
DNMT3B [28]. Dunican et al. propose a model in which Lsh is
required at a specific time window during development to target
de novo methylation to repetitive sequences, which
DNMT1 subsequently maintains to enforce selective silencing of
the targeted repetitive sequences [28].

DNA methylation can be reverted back via active DNA
demethylation, which consists of a series of oxidation steps
converting 5mC to 5-hydroxymethylcytosine (5-hmC),
5-formylcytosine (5fC), and 5-carboxylcytosine (5caC). The latter
two are eventually excised by thymine DNA glycosylase (TDG),
followed by base-excision repair (BER) to restore the cytosine
[29, 30]. Conversion of 5mC to 5-hmC by ten-eleven translocation
(TET) family enzymes plays an essential biological role in
embryonic stem cells, development, ageing and disease [31].
Interestingly, LSH has been shown to interact with TET2 and
participates in the conversion of 5mC to 5-hmC specifically at
heterochromatin-associated satellite DNA loci [32]. Moreover, LSH
promoted genome stability by silencing satellite expression,
affecting 5-hmC levels in pericentromeric satellite repeats.
Decreased levels of LSH in specific cancer types are one of the
mechanisms underlying 5-hmC reduction, genome instability and
metastasis [32]. Due to the function of TETs as mediators of active
DNA demethylation [31], the interaction between TET2 and LSH
seems to be paradoxical at first instance. However, previous
studies indicated that loss of TET is partially associated with
genome hypomethylation, while DNMT3A and DNMT3B facilitate
DNA demethylation at low concentrations of the methyl group
donor, S-adenosyl methionine [33]. Thus, elucidating the uncon-
ventional roles of TETs and DNMTs, and how LSH impacts DNA
methylation in cooperation with TETs and DNMTs remains on
the scope.
Besides DNA methylation, LSH is also involved in histone

modifications. While DNA methylation is a relatively stable change
in somatic cells, post-translational modifications of histone
proteins are more diverse and complex, and can change rapidly
during the cell cycle [19]. Histone proteins are part of
nucleosomes, which are the structural and functional units of
chromatin. Histone proteins can undergo post-translational
modifications at their N-terminal tails, including acetylation,
methylation, phosphorylation, ubiquitination and sumoylation,
among others [34–36]. Specific combinations of histone modifica-
tions called the "histone code" imparts the expression status of a
region of the chromatin [34]. It seems that Lsh is required for
normal histone methylation, since in Lsh−/− mouse embryonic
fibroblasts (MEFs) the reduction of DNA methylation is associated
with de novo monomethylation of the core histone 3 at lysine 4
(H3K4me1) [37]. Interestingly, Yu et al. showed a functional
correlation between H3K4me1 enrichment at genomic sites with
reduced DNA methylation, enhancer formation and cellular
plasticity by characterising induced pluripotent stem (iPS) cells
from wt and Lsh−/− MEFs [37]. Moreover, Lsh knockout results in
accumulation of di- and tri-methylated histone 3 at lysine 4
(H3K4me2 and H3K4me3) at repetitive sequences, including
pericentromeric DNA [12], whereas di- or tri-methylation of H3
at lysine 9 (H3K9me2 and H3K9me3) appear unchanged after Lsh
deletion [12]. On the other hand, LSH gain-of-function (GOF)
increases the repressive histone mark H3K27me3 and decreases
the active histone mark H3K4me3, supporting that LSH mediates
gene repression upon binding to promoters [18, 38]. Interestingly,
LSH-mediated histone methylation seems essential for cellular
plasticity and differentiation of ES cells or MEFs under conditions
favouring specific lineage differentiation [37, 39]. Ren et al.
showed that the association of LSH to the Oct4 promoter during
differentiation of ES cells mediates transcriptional repression,
which is accompanied by less chromatin accessibility, an increase
of repressive histone marks and gain of DNA methylation at distal
and proximal Oct4 enhancer sites [38]. Following this line of ideas,
Xi et al. demonstrated that LSH associates to some Hox genes
during embryonic development and mediates their silencing by
regulating DNMT3B binding, DNA methylation and specific
repressive histone modifications, the last ones through the
interaction with components of the polycomb repressive complex
1 (PRC1) [40–42].
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Along with methylation of histones, LSH also facilitates
deacetylation of histones. LSH cooperates with DNMT1, DNMT3B
and the histone deacetylases (HDACs) HDAC1 and HDAC2 to
reduce acetylation levels of H3 and H4 and to silence transcription
[43]. For instance, when this complex is targeted to GAL4-binding
sites upstream of a reporter gene promoter, it represses gene
expression by deacetylating H3K9ac and H4K12ac [43]. Myant and
Stancheva proposed that LSH serves as a recruiting factor for
DNMTs and HDACs to establish transcriptionally repressive
chromatin that is further stabilised by DNA methylation at specific
loci [43].
In conclusion, LSH is involved in various aspects of epigenetic

gene silencing, including chromatin remodelling, DNA methyla-
tion and histone modifications, which in turn are crucial for
different biological processes, such as pluripotency, somatic cell
reprogramming, embryonic development, cell differentiation, as
well as pathological processes including malignant transformation
and tumour progression, among others.

LSH acts as a modulator of DNA repair
DNA damage is usually caused by exposure to genotoxic agents
and physiological DNA transitions. Single-strand DNA (ssDNA)
breaks are DNA lesions typically resulting from oxidative damage
or base hydrolysis. ssDNA breaks lead to substitutions or even
DSB. Other situations, such as depurination, depyrimidination and

8-oxoG, occur frequently and determine the standard organisation
of DNA [44, 45]. DSB, one of the most severe lesions, arises from
ionising radiation, reactive oxygen species, DNA replication errors
and inadvertent cleavage by nuclear enzymes [46]. Further, DSB
shows a high incidence at repetitive DNA, non-B DNA structures,
DNA–protein barriers and highly transcribed regions [46].
To preserve genomic integrity, eukaryotic cells develop DDR. In

response to DSB, DDR initiates two downstream pathways: non-
homologous end joining (NHEJ) and homologous recombination
(HR) [47, 48]. NHEJ restores DNA integrity in an error-prone way
since it could ligate two ends without any deletion or addition
from either strand. As for HR, a homologous DNA molecule is
requested as a template; therefore, HR is generally error-free and
activated during S and G2 phases [49]. Although LSH does not
repair DNA damages directly, recent studies depicted LSH as a
positive modulator in DSB repair, both in canonical NHEJ (C-NHEJ)
and HR, unveiling its impacts on genomic homoeostasis and
cancer biology (Fig. 1) [45].
C-NHEJ is initiated by protein Ku80 (XRCC5 or Ku86) and Ku70

(XRCC6), which bind to DSB ends and recruit DNA-dependent
protein kinase catalytic subunit [50, 51]. Once started, DNA ligase
IV complex, including DNA-dependent protein kinase, ligase IV,
X-ray repair cross-complementing gene 4 (XRCC4) and XRCC4-like
factor will ligate ends and multiple substrates will be phosphory-
lated to complete the repairing [50]. In C-NHEJ, LSH helps to
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Fig. 1 LSH is a key regulator of chromatin structure and DNA-damage repair. a LSH interacts with DNMT3B and PRC components to
promote H3K27 methylation of Hox genes and therefore silences their expression during cell development. b LSH recruits DNMT3B, DNMT1,
HDAC1 and HDAC2 to deacetylate H3K9ac, acting as a histone transcriptional repressor. c LSH participates in the methylation of repetitive
sequences, which are essential components of heterochromatin. LSH helps DNMT3B locate to DNA and methylate centromeric repeats,
transposons and gene promoters rich with CpG sites. d LSH upregulates TET2 and forms a complex with it to maintain the genomic 5-hmC
level. In response to DNA-damage, mammalian cells initiate DDR and downstream pathways. For DSB, there are two major pathways to repair
the damage, NHEJ and HR. Besides, two minor pathways, rd-NHEJ and MMEJ, can ligate ends. As a member of the SWI/SNF chromatin
remodeler family, LSH helps to remodel chromatin and facilitates repairing molecules that binds to damaged sites. e LSH and CDCA7
participate in C-NHEJ, in which they recruit protein Ku70 and Ku80 to the damaged sites for afterwards repairing. f In HR, after DNA damage,
MRN and ATM are activated, impacting various substrates. LSH recruits MDC1 and 53BP1 protein to targeted sites, facilitating the repairing
process. g In MMEJ, HDAC1 and HDAC2 participate in DNA repair by deacetylating H3K56, H4K16 and H4K91, as well as Ku70. Considering that
LSH cooperates with HDAC1 and HDAC2 in epigenetic modulation of histone, there exists a possibility that LSH recruits HDAC1 and HDAC2 in
response to DNA damage.
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recruit Ku80 and Ku70 to DSB sites. Dysfunction of LSH protein
leads to ICF type 4, while mutations in DNMT3B, ZBTB24 and
CDCA7 genes are responsible for ICF types 1, 2 and 3. All four ICF
types show phenotypic similarities, including DNA hypomethyla-
tion and immune deficiencies [45]. The function of LSH, DNMT3B,
ZBTB24 and CDCA7 is correlated with each other. Whereas ZBTB24
enhances the transcription of the CDCA7 gene, the CDCA7 protein
promotes the assembly of LSH onto chromatin. Further, LSH
recruits DNMT3B and DNMT3B mediates DNA methylation [22].
Malfunction of any protein of the ZBTB24-CDCA7-LSH-DNMT3B
axis leads to DNA methylation defects and vulnerability to DNA
damage. Mutations in ICF-related genes, including ZBTB24, CDCA7,

LSH and DNMT3B, affect cellular DNA-repair ability, and therefore,
increase the levels of the DNA-damage marker γH2AX, particularly
in the centromeric, pericentromeric, and telomeric regions [45].
Interestingly, a recent study found that the C-NHEJ pathway was
altered in Lsh-deficient B cells in a Ku70/80 independent manner,
indicating that LSH might participate in C-NHEJ by different
mechanisms [52].
In addition to C-NHEJ, LSH participates in HR [53]. In response to

DSB damage, HR is embarked with break recognition and end-
resection of the MRE11-RAD50-NBS1 (MRN) complex in association
with CtIP [54, 55]. Next, MRN interacts with ataxia–telangiectasia
mutated (ATM) kinase or directly activates ATM, as they both

a b

Fig. 2 The expression of LSH in various cancers. Data analysed in this figure were extracted from the TCGA database (https://portal.gdc.
cancer.gov/). The overall survival rate graph of NSCLC is from the study conducted by Mao et al., and the usage of the graph was approved
(PMID: 30094095) [95]. a LSH is overexpressed in many types of cancers. Here displays mRNA level in several kinds of cancers with the
statistical difference (P < 0.05) between cancerous samples and normal ones. Information on LSH mRNA expression is from TCGA. To conduct
the overall analysis, we filtered data with restriction, including transcriptome profiling of data category, gene expression qualification of data
type, RNA-seq of experimental strategy and HTSeq-FPKM of workflow type. The nine presented graphs and the related projects are (bladder
cancer: TCGA-BLCA), (breast cancer: TCGA-BRCA), (oesophageal carcinoma: TCGA-ESCA), (kidney cancer: TCGA-KIRC, TCGA-KIRP and TCGA-
KICH), (liver cancer: TCGA-LIHC), (lung cancer: TCGA-LUAD and TCGA-LUSC), (thyroid carcinoma: TCGA-THCA) and (uterine corpus endometrial
carcinoma: TCGA-UCEC). The gene expression levels were computed in an unpaired t-test using GraphPad Prism (v8.0.2). b The survival time
correlates with the expression level of LSH. There is a correlation between patients’ survival time and the mRNA level of LSH. The elevated
level of LSH mRNA could be a risk factor in breast cancer, oesophageal carcinoma, NSCLC and ovarian cancer. In contrast, high level of LSH
mRNA might be a protective factor in head-neck squamous cell carcinoma, liver hepatocellular carcinoma, pancreatic ductal adenocarcinoma
and pheochromocytoma and paraganglioma. Data were respectively extracted: breast cancer from TCGA-BRCA, oesophageal carcinoma from
TCGA-ESCA, NSCLC from the study conducted by Mao et al. [95], ovarian cancer from TCGA-OV, head-neck squamous cell carcinoma from
TCGA-HNSC, liver hepatocellular carcinoma from TCGA- LIHC, pancreatic adenocarcinoma from TCGA-PAAD, and pheochromocytoma and
paraganglioma from TCGA-PCPG. Overall survival Kaplan–Meier estimate was completed based on public TCGA data with GraphPad Prism
(v8.0.2) and default settings. The outcomes demonstrate that the correlation can be positive or negative, depending on types of cancers. Only
curves with P < 0.05 are displayed.
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assemble at the DSB sites [56]. Along this cascade, many effectors
are activated. For example, after being activated by ATM, the
mediator of DNA-damage checkpoint 1 (MDC1) recruits ATM to
DSB sites, promoting the process [57]. Afterwards, with the
phosphorylation at threonine 68 (T68) by ATM and MDC1, DDR
checkpoint kinase 2 (CHK2) is activated and arrests the cell cycle
[58]. Furthermore, P53-binding protein 1 (53BP1), a dispensable
player in the HR process, is dephosphorylated via a BRCA1-
dependent mechanism, contributing to HR by relaxing densely
packed heterochromatin [59]. In this network, LSH recruits MDC1
and 53BP1 to the damage sites and facilitates the HR process of
heterochromatin by facilitating end-resection and accumulation of
CtIP at IR-induced foci [53, 60]. In the aspect of DSB induced within
heterochromatin, downregulation of LSH results in fewer ssDNA
foci, which partially overlaps with the defect in CtIP-depleted cells,
indicating that LSH facilitates efficient repair of breaks [53]. In
addition, LSH helps to open chromatins before meiosis. It is
recruited by PRDM9 to HR hot spots, where most recombination
occurs, and facilitates histone modifications enhancing chromatin
accessibility [61].
Apart from Ku80, Ku70, MDC1, 53BP1 and CtIP, other proteins

associated with LSH and DSB repair pathways have been
suggested. Resection-dependent NHEJ (rd-NHEJ) and
microhomology-mediated end joining (MMEJ) are two alternative
DSB repair pathways that act independently from Ku70/80 [54]. In
MMEJ, the NuRD complex is recruited to rebuild the normal DNA
structure [62]. In the NuRD complex, HDAC1 and HDAC2 promote
DSB repair by deacetylating H3K56ac, H4K16ac and H4K91ac [63–
65]. Also, HDAC1 and HDAC2 deacetylate Ku70 [66]. Inhibition of
HDAC1 and HDAC2 in prostate cancer cells resulted in increased
levels of Ku70 acetylation decreased Ku70 binding to DSB sites,
and hypersensitivity to DSB induced by chemotherapy [66].
Though no direct evidence shows that LSH recruits HDAC1 and

HDAC2 to the damage sites, a substantial probability of LSH-
mediated recruitment of HDAC1 and HDAC2 to DNA exists.
To sum up, despite no direct function on DNA repair, LSH plays

a significant role as a mediator of DNA-damage repair by
recruiting other proteins, particularly during DSB. From this
perspective, LSH handles the proper assembly of repairing
proteins, cell-cycle controlling proteins, and possibly recruits
HDACs to DSB sites to maintain genomic stability. However, since
most experiments were conducted in mouse cells, further
validation of the presence of the same molecular mechanisms in
human cells remains essential.

LSH is a bridge regulator in oncogenesis
The increase of LSH protein and mRNA has recently emerged as a
hallmark in many cancer types (Fig. 2). Clinical data extracted from
the TCGA database demonstrated that elevated LSH mRNA levels
negatively correlate with patients' overall survival in several kinds
of cancers, including breast cancer, oesophageal adenocarcinoma,
non-small-cell lung cancer and ovarian cancer (Fig. 2). Whereas in
other cases, the aberrant levels of LSH mRNA could be a protective
factor (Fig. 2) [67–69]. In non-small-cell lung carcinoma (NSCLC),
benzo(a)pyrene (BaP), a component of polycyclic aromatic
hydrocarbons derived from smoke and air pollution, recruits the
aryl hydrocarbon receptor (AhR) to the promoter of the LSH gene
and upregulates the levels of the LSH protein [70]. In hepatocel-
lular carcinoma (HCC), the specificity protein 1 (SP1) elevates the
expression of LSH by binding the upstream TSS [18]. In head and
neck squamous cell carcinoma, the mRNA levels of LSH positively
correlate with the transcription of the critical oncoprotein,
forkhead box M1 (FOXM1) [69]. Degradation of LSH is suppressed
in these cancer subtypes since its interaction with ubiquitin
C-terminal hydrolase L3 (UCHL3), a member of the deubiquitinat-
ing enzyme family, is interfered by the lncRNA GIAT4RA [71]. In
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phenotype. Also, it inhibits ferroptosis by increasing the levels of the lncRNA LINC00336 and decreasing P53RRA mRNA. The lncRNA LINC00336
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ferroptosis. However, the relationship between TP53 and LSH needs a cleared elucidation since P53RRA mRNA upregulates TP53 in an
upstream manner. In summary, the anomalous expression of LSH accelerates carcinogenesis and leads to worse clinical outcomes.
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addition, high levels of LSH correlates with a poor prognosis in
gastric cancer [72]. The mechanism associated with this observa-
tion might act through reduced levels of miR-365a-3p, since this
microRNA binds to its 3' untranslated region (UTR) of the HELLS
transcript and represses its translation, thereby resulting in
reduced LSH levels and enhanced carcinogenesis [73].
At the network level, LSH interacts with various modulators in

different pathways, resulting in a more aggressive phenotype of
tumour cells (Fig. 3). LSH controls the fate of tumour cells by its
interaction with TP53 [70, 71, 74]. In nasopharyngeal cancer cells
(NPCs), including HK1 and CNE1, there are at least three different
mechanisms for LSH to induce activation of TP53, (i) by removing
K11-linked and K48-linked polyubiquitin chain type in TP53; (ii) by
interfering in the interaction between TP53 and MDM2 (a critical
ubiquitin ligase of TP53); or (iii) by directly binding TP53 to
activate TP53-mediated lipid catabolism, which in succession
induces the expression of genes such as carnitine palmitoyltrans-
ferase 1B and 1C (CPT1B and CPT1C) [71]. Besides being a positive
regulator of TP53, the cooperation between LSH and TP53 is
potentially more refined. For instance, in cell lines derived from
human lungs, LSH epigenetically silences the expression of
P53RRA, a tumour suppressor gene that acts as an upstream
activator of TP53 and is involved in cell-cycle arrest, apoptosis and
ferroptosis [70]. As discussed above, the precise impact of LSH on
TP53 can be exerted by multiple mechanisms. Therefore, the
conventional view concerning the balance between survival and
death of tumour cells should be reconsidered.
In the regulation of metabolic pathways, the overexpression of

Lsh inhibits ferroptosis, contributes to the Warburg effect, and
promotes proline catabolism [70, 75, 76]. Concerning ferroptosis,
LSH inhibits the expression of P53RRA [70], consequently
decreasing two significant ferroptosis hallmarks, namely intracel-
lular concentrations of Fe2+ and reactive oxygen species (ROS)
[77]. LSH inhibits ferroptosis by increasing the expression of the
lncRNA LINC00336 to preserve cystathionine-β-synthase (CBS)
levels, which fosters erastin-induced ferroptosis resistance [78].
Regarding the Warburg effect, apart from indirect effects via TP53,
LSH promotes the expression of glucose transporters (GLUT),
including GLUT1, GLUT6, GLUT12 and GLUT13, as well as the
expression of fatty acid desaturases (FADS) including FADS2 and
FADS5, which is consistent with the involvement of LSH in the
expression of metabolism-related genes as well as boosting the
Warburg effect [75]. Moreover, the recruitment of LSH and the

euchromatic histone-lysine N-methyltransferase 2 (EHMT2), also
known as G9a [79], to fumarate hydratase (FH) promoters
represses its expression. Further, it leads to increased TCA
intermediates, such as α-KG and citrate, which prompt the
inhibitor of nuclear factor kappa-B kinase alpha (IKKα) to bind to
the promoters of vimentin (VIM) and impair its binding to zonula
occludens-1 (ZO-1) and E-cadherin, producing malignant progres-
sion [80]. As for proline catabolism, in NSCLC LSH facilitates TP53
binding to the promoter of proline dehydrogenase (PRODH) and
elevates the levels of PRODH, which next fosters the expression of
inflammatory cytokines including CXC11, LCN2 and IL17C [76].
Ectopic expression of Lsh promotes tumour growth. In HCC, LSH

increases the levels of centromere protein F by binding to the
transcription start site of its gene (CENPF), which positively
correlates with tumour growth of xenografts in mice [67]. In
colon cancer cells, LSH interacts with E2F transcription factor 3
(E2F3) in vivo and cooperates with its oncogenic functions [81].
Von Eys et al. identified genome-wide common target genes of
LSH and E2F3 by chromatin immunoprecipitation followed by
DNA sequencing [81]. Moreover, LSH binds and co-regulates
promoters of active E2F3-target genes, including the trithorax-
related MLL1. Besides, increased levels of LSH may promote
epithelial–mesenchymal transition (EMT) [68]. In NSCLCs, the
overexpression of Lsh boosts GINS4 expression, which decreases
the epithelial marker E-cadherin (CDH1) and increases the
mesenchymal markers VIM and SNAI1 [68, 75]. It is suggested
that LSH directly interacts with the 3' UTR of the GINS4 mRNA, as
confirmed by RNA immunoprecipitation assays [68].
However, in metastatic cancer cells, a modest decline of LSH has

been observed [32]. Comparing healthy human tissues, non-
metastatic and metastatic tissues of NPC, colon and breast
cancers, the protein levels of LSH and TET are statistically lowest
in metastatic cancer tissues. Since TET converts 5-methylcytosine
(5mC) to 5-hmC, and LSH acts as a 5-hmC reader in mouse
embryonic stem cells [82, 83], it would not be surprising to
observe a relative decline of 5-hmC in metastatic cancer tissues in
comparison to non-metastatic ones. Moreover, the decline of
5-hmC correlates to genomic instability, which may explain the
mild reduction of LSH in metastatic tissues [32].
In summary, the levels of LSH are elevated in many cancer

types. More importantly, the vast amount of evidence indicates
that LSH acts as a driver of malignant progression of tumour cells
via its interaction with lncRNAs, oncoproteins or tumour
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SNF-rel (231aa–577aa) 

LSH
Mus musculus

SNF-rel (224aa–560aa)

DDM1
Arabidopsis thaliana

MUS-30
Neurospora crassa

IRC5
Saccharomyces cerevisiae

(838 aa)

(821 aa)
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Fig. 4 Domains of LSH homologs. Five homologs from animals, plants and fungi are depicted above. Protein names and species are listed at
the left. Conserved domains are labelled. SNF-rel refers to SNF2 related domain; Helicase_C refers to Helicase conserved C-terminal domain.
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suppressors, its primary control of transcriptional activity as a
modulator of DNA methylation or its direct binding with post-
translationally modified proteins [84], consequently promote
metabolic changes, EMT and tumour growth, as well as ferroptosis
inhibition. However, a previous article reported a decrease in the
expression of Lsh in metastatic cancers compared with non-
metastatic ones and healthy tissues, which evidences the need for
further studies and more robust statistics to validate this finding
[32]. Nevertheless, the increase of LSH is still tightly linked with
poor clinical outcomes and is emerging as a novel prognostic
marker [85].

Homologs of LSH
There are multiple helicase homologs of the SWI2/SNF2 family
(Fig. 4). The most representative one is the protein decreases in
DNA methylation 1 (DDM1) in plants. In alignment with LSH
function, DDM1 controls DNA methylation [86]. DDM1 mainly
contributes to the cytosine methylation of DNA, including CpG,
CHG (H= A, C or T), and CHH sequences in plants [74, 87].
Knockout of DDM1 not only results in immediate hypomethylation
at regions marked by H3K9me2 but also leads to heritable
epialleles in self-pollinated lines. For instance, the progressive loss
of DNA methylation at differentially methylated regions with
lower H3K9me2 marks at the flowering Wageningen (FWA) locus
induces inheritable changes in late-flowering phenotype [88, 89].
During heterochromatin formation, the Arabidopsis nucleosome
remodeler DDM1 facilitates the access of DNA methyltransferase
DRM2 to H1-containing chromatin [90, 91]. As a result, DDM1
inhibits small RNA-directed DNA methylation by suppressing the
expression of small RNAs [87, 92]. Besides, DDM1 may control
pressure responses via transposable elements and stress-related
long intergenic noncoding RNAs [93].
In fungi, the LSH homolog induces different effects when

compared to the mammalian or botanical ones. The Neurospora
homolog mutagen sensitive-30 (MUS-30) contains an N-terminal
SNF2 DEAD-box helicase domain and a C-terminal HelicC domain.
In contrast with LSH or DDM1, MUS-30 exhibits no influence on
DNA methylation or meiosis. However, a study verified that
this kind of LSH/DDM1 homolog is essential during DNA damage.
In detail, knockout of MUS-30 results in hypersensitivity to methyl
methanesulfonate, and replication forks may collapse, resulting
in double-strand breaks (DSB). Moreover, MUS-30 is necessary
for toxic base-excision repair instead of general HR or NHEJ
pathways [51].
The increased recombination centres 5 (IRC5) protein from

Saccharomyces cerevisiae is a member of the conserved SNF2
family of ATP-dependent DNA translocases. Similarly, IRC5 plays a
role in resistance to DNA damage. Epistasis analysis showed that
the impaired expression of IRC5 disrupts the interaction between
checkpoint activators of DNA damage and genes involved in DNA-
damage tolerance. Furthermore, ICR5 is essential for cohesin
binding to centromeres and chromosome arms. ICR5 interacts
with genes that encode proteins mediating the replication fork
stability and sister chromatid cohesion (SCC). Mutation of Irc5
leads to reduced SCC1 protein levels and impaired interaction
between SCC1 and SCC2 proteins, consequently decreasing the
levels of cohesin, causing separation of premature sister
chromatid. Moreover, the mutant Irc5 contributes to the loss of
rDNA repeats, undermining the cellular homoeostasis [94].
Overall, LSH and its homologs are guardians of genomic

stability and protectors of the DNA structure. A similar contribu-
tion to DNA methylation by LSH and DDM1 may reveal a
conserved mechanism between plants and mammals and could
provide a distinctive insight into the functions of LSH [86, 93].
However, higher molecular diversity is present in fungi since MUS-
30 and IRC50, the homologs of LSH, mainly monitor the structure
of DNA and take part in chromatin structure but have shown little
impact on DNA methylation [51, 94].

CONCLUDING REMARKS
LSH, along with its homologs, facilitates heterochromatin forma-
tion, epigenetic silencing of target genes and DNA-damage repair.
A better characterisation of the roles of LSH in the mechanisms
modulating chromatin structure, differentiation of stem cells and
oncogenesis will be fundamental for further studies. More
research is expected to reveal the detailed mechanisms of the
interaction between LSH and the DNA methyltransferase DNMT3B
and the DNA demethylating TET proteins. Besides, the general
interest in the role of LSH in tumour cells has broadened. Apart
from epigenetic modulations, LSH is substantially involved in the
metabolism of tumour cells. Multilayered interactions between
LSH and TP53 and TP53-relevant lipid catabolism demand more
experiments to elucidate the exact role of LSH in metabolism [71].
Associated with the Warburg effect, ferroptosis and proline
catabolism, LSH emerges as a potential target to suppress cancers'
malignant progression. As indicated by recent studies, ectopics
level of LSH may result in severe clinical outcomes [18]; on the
contrary, the knockdown of LSH suppresses the migration of
tumour cells [80]. Suppressors of LSH may be promising for clinical
applications against the malignant progression of cancers, though
more investigations are required to portray how LSH mediates
metabolism and immunity and whether targeting LSH is a
beneficial choice.

Reporting summary
Further information on experimental design is available in
the Nature Research Reporting Summary linked to this paper.
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