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Abstract

The HELLS (helicase, lymphoid specific, also known as lymphoid-specific helicase) protein is 

related to the SNF2 (sucrose non-fermentable 2) family of chromatin remodeling ATPases. It is 

required for efficient DNA methylation in mammals, particularly at heterochromatin-located 

repetitive sequences. In this study, we investigated the interaction of HELLS with chromatin and 

used an ATPase-deficient HELLS variant to address the role of ATP hydrolysis in this process. 

Chromatin fractionation experiments demonstrated that, in the absence of the ATPase activity, 

HELLS is retained at the nuclear matrix compartment, defined in part by lamin B1. Microscopy 

studies revealed a stronger association of the ATPase-deficient mutant with heterochromatin. 

These results were further supported by fluorescence recovery after photobleaching measurements, 

which showed that, at heterochromatic sites, wild-type HELLS is very dynamic, with a recovery 

half-time of 0.8 s and a mobile protein fraction of 61%. In contrast, the ATPase-deficient mutant 

displayed 4.5-s recovery half-time and a reduction in the mobile fraction to 30%. We also present 

evidence suggesting that, in addition to the ATPase activity, a functional H3K9me3 signaling 

pathway contributes to an efficient release of HELLS from pericentromeric chromatin. Overall, 

our results show that a functional ATPase activity is not required for the recruitment of HELLS to 

heterochromatin, but it is important for the release of the enzyme from these sites.
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Introduction

The genetic material of eukaryotic cells is organized into chromatin, which consists of 

genomic DNA, associated proteins and RNA molecules. The fundamental unit of this 

complex polymer is the nucleosome, consisting of 147 bp of DNA wrapped around two 

copies of each core histone H2A, H2B, H3 and H4. Nucleosomal building blocks are 

connected by about 20–50 bp of linker DNA [1]. Based on the extent of compaction, 

chromatin can be broadly divided into euchromatin and heterochromatin. Euchromatin has 

an open conformation, is gene rich and is favorable to active gene transcription. By contrast, 

heterochromatin is highly compacted and depleted of active genes [2]. Heterochromatin can 

be further subdivided into two main classes. While facultative heterochromatin is 

developmentally regulated and assembled when needed to permanently silence genes, 

constitute heterochromatin remains condensed throughout the organism’s lifespan and 

occurs at gene-poor areas [3]. A paradigm for the latter is the tightly condensed 

heterochromatin present at pericentromeres. Due to its high content of repeats and 

transposable elements, repression of these sequences is essential for the maintenance of 

genome integrity [4]. Gene silencing is achieved through repressive epigenetic 

modifications, the most prominent being the methylation of CpG dinucleotides by DNA 

methyltransferase enzymes (DNMTs) and tri-methylation of the H3 tail at lysine 9 

(H3K9me3) by Suv39H (suppressor of variegation 3–9 homolog) enzymes [5,6]. A 

functional cross-talk between these two silencing pathways reinforces the stability of 

heterochromatic subdomains and thereby protects genome integrity [7].

Chromatin packaging is an important part of the regulatory network, as it creates inherent 

barriers for biological processes that utilize DNA as a template. Consequently, the chromatin 

structure must be dynamic to enable transcription, DNA replication and DNA repair [8]. The 

active mobilization of chromatin is performed by ATP-dependent chromatin remodeling 

enzymes [9–11]. These specialized motor proteins utilize the energy generated from ATP 

hydrolysis to reorganize, reposition, modify or evict nucleosomes from DNA. To date, four 

subfamilies of ATP-dependent chromatin remodeling enzymes have been identified: 

SWI/SNF (switch/sucrose non-fermentable), INO80 (inositol-requiring mutant 80), ISWI 

(imitation switch) and CHD (chromodomain helicase DNA binding) [9–11]. Each family is 

defined by a characteristic ATPase domain that is related to the DEAD/H (Asp-Glu-Ala-Asp 

box helicase) superfamily of DNA helicases and a set of unique domains that mediate 

binding to nucleosomes and individual complex subunits [8]. Specific histone tail 

modifications have been shown to recruit remodeling complexes, demonstrating a functional 

cooperation between these two epigenetic mechanisms [12,13].

HELLS [helicase, lymphoid specific, also known as lymphoid-specific helicase] is a putative 

chromatin remodeler belonging to the SWI/SNF subfamily that plays a central role at 

repetitive pericentromeric heterochromatin [14]. This SNF2-related protein was originally 

identified in T cell precursors, though its expression is ubiquitous and especially high in 

proliferating tissues [15,16]. The postnatal lethality of HELLS knockout (KO) in mice points 

to an important role of HELLS during mammalian development [17–19]. This is remarkable, 

since not all SNF2 homologs play an essential role, for example, neither targeted deletion of 

Brm nor Rad54 is lethal in mice [20,21]. Apart from multiple developmental defects, such as 
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reduced embryonal growth, hematopoietic deficiencies and death of germ cells, HELLS KO 

mice also show a severely altered epigenetic landscape [18,22–24]. One of the most striking 

changes is a 50–70% reduction of global DNA methylation levels, particularly at 

pericentromeric repetitive sequences, including minor and major satellite repeats. This 

methylation loss is associated with a reactivation of endogenous retroviral elements, leading 

to abnormal mitosis with centrosome amplification and multipolar spindle formation [24–

27]. A similar reduction in DNA methylation was observed in mutants of DDM1 (deficient 

in DNA methylation 1), a homolog of HELLS in Arabidopsis thaliana, indicating a 

conserved function of these proteins [28,29]. In addition to strong DNA hypomethylation, 

HELLS KO cells also displayed altered levels of H3K4me3, H3K27me3 and H2AK116 

ubiquitylation at specific loci [27,30–32].

The importance of HELLS as an epigenetic player is further highlighted by previous studies 

that demonstrated an interaction of HELLS with the DNA methyltransferases DNMT3A and 

DNMT3B, as well as an indirect interaction via DNMT3B with DNMT1 and histone 

deacetylases HDAC1 and HDAC2 [33,34]. However, the precise molecular pathway through 

which HELLS influences the epigenetic landscape is not understood. With respect to DNA 

methylation, it was proposed that HELLS may promote the access of DNA 

methyltransferases to highly compacted chromatin [35,36]. This hypothesis was recently 

supported by a study showing that DDM1 is specifically required for DNA methylation at 

heterochromatic sequences that are rich in the linker histone H1 [37], suggesting that DDM1 

is important for regions with tightly packaged nucleosomes. However, while nucleosomal 

remodeling activity has been reported for DDM1, an ATP-dependent chromatin remodeling 

by HELLS has not been demonstrated in vitro [37,38]. Therefore, it remains unclear, if and 

how a putative chromatin remodeling function of HELLS, together with its associated 

ATPase activity, contributes to this wide range of biological effects. According to its 

classification, HELLS contains the signature motifs of SNF2 enzymes, an ATP binding 

pocket encompassing Walker A and B motifs [39]. One conserved residue within this 

domain is lysine 237 (K237). The substitution of the corresponding residue with arginine 

has been shown to disable the ATPase activity of different SWI/SNF proteins [40–43]. 

Similar results were obtained for the HELLS K237Q variant [38].

In this study, we used the ATPase-deficient HELLS K237Q mutant to investigate whether 

ATP hydrolysis plays a role in the interaction between HELLS and chromatin. By 

employing a combination of biochemical fractionation and microscopy-based techniques, we 

show that the ATPase activity is not essential for the recruitment of HELLS to chromatin. 

However, this activity is important for the release of HELLS from highly compacted 

heterochromatin. We also present evidence suggesting that the release of HELLS from these 

sites requires a functional H3K9me3 pathway.

Results

Wild-type and ATPase-deficient HELLS show distinct nuclear extraction patterns

Members of the SNF2 family disrupt histone–DNA interactions and perform chromatin 

remodeling reactions in part via nucleosome sliding and by altering the accessibility of 

nucleosomal DNA [9]. In agreement with its classification as a SNF2 family member, 
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HELLS has previously been shown to exclusively localize in the nuclear compartment [44]. 

We tested the hypothesis that the ATPase activity of HELLS plays a role in the recruitment 

of the protein to nuclear components. To this end, we have biochemically fractionated NIH 

3T3 cells that had been transiently transfected with an YFP-tagged fusion of either wild-type 

HELLS or its K237Q variant, which has lost the ability to hydrolyze ATP [38]. In the first 

fractionation step, soluble proteins were extracted by incubating the cells with a high 

concentration of the detergent Triton X. This treatment leads to the release of many DNA-

binding factors, such as MeCP2 and PCNA, in addition to cytoplasmic proteins [44,45]. 

Next, the Triton-X-resistant fraction was further eluted by digestion with the nuclease 

DNase I and high-salt washes. Under these conditions, tightly chromatin bound proteins, 

such as heterochromatic protein HP1β, are separated from the nuclear matrix. Finally, the 

nuclear matrix, containing scaffolding components, such as lamin B1 and matrix-associated 

proteins, like BRG1 and SWI/SNF complexes, was solubilized in urea [45]. The 

fractionation procedure has been established using NIH 3T3 cells transiently transfected 

with EYFP-NLS. The efficient extraction of this soluble protein predominantly in the 

TritonX fraction validated the method (Fig. S1a). As shown in Fig. 1a, we were also able to 

recapitulate the fractionation pattern of HP1β and lamin B1 [44,45]. The distribution of 

these two markers indicated that there was no cross-contamination between the different 

fractions. Interestingly, we detected striking fractionation differences between the wild-type 

HELLS protein and its ATPase-deficient K237Q mutant, particularly in the Triton X and 

urea-soluble fractions. Densitometric quantification of the Western blots revealed that 60% 

of the total wild-type HELLS protein was Triton X extractable, while only 25% of mutant 

HELLS was present in this fraction (Fig. 1b). By contrast, these proportions were inversed in 

the urea-soluble fraction, where 66% of the mutant HELLS but only 30% of wild type were 

detected (Fig. 1b). The differences in chromatin fractionation between the wild type and the 

mutant HELLS were highly reproducible. They were not due to different transfection yields 

or expression levels of the wild type and the mutant, as the overall signal was comparable 

between the wild type and the mutant (Fig. 1a). They were also not caused by variations in 

the fractionation procedure (Fig. S1b). Taken together, these data suggest that the ATPase 

activity of HELLS is involved in the release of the protein at the nuclear matrix compartment 

that is associated with lamin B1.

Wild-type and ATPase-deficient HELLS show distinct localization patterns in 
paraformaldehyde-fixed cells

Prompted by the biochemical fractionation results that indicated significant differences 

between the wild-type and the mutant HELLS protein in their ability to associate with 

nuclear compartments, we next aimed to resolve these changes using microscopy-based 

techniques. As revealed by confocal microscopy analysis on fixed cells, both proteins were 

found exclusively in the nucleus; however, the wild type and the K237Q mutant showed 

distinct distribution patterns. While wild-type HELLS exhibited mostly a diffuse/fine 

granular pattern (Fig. 2a), the ATPase-deficient variant displayed a strong spotty localization 

at 4′,6-diamidino-2-phenylindole (DAPI)-dense regions (Fig. 2b). In murine cells, DAPI 

spots consist of pericentromeric heterochromatin rich in repetitive sequences [44,46]. The 

difference in localization was also evident after co-transfection of both wild-type and mutant 

HELLS (Fig. 2c). After quantification, we found that HELLS K237Q co-localized with 
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DAPI-dense spots in 92% of the analyzed cells. By contrast, wild-type HELLS showed this 

pattern in only 4% of transfected cells, while the rest showed a diffuse/fine granular pattern 

(Fig. 2d). The relatively weak association of wild-type HELLS with heterochromatin was 

some-how unexpected, since previous analysis found a stronger accumulation of the HELLS 

to DAPI-dense spots [44,46]. Therefore, we applied different fixation protocols. Following 

the protocol of [44] that used 2% paraformaldehyde instead of 4% as in our previous 

experiment (Fig. 2), we detected an increased number of cells displaying spotty localization 

for the wild-type HELLS (Fig. S2a). Even under these conditions, the difference in 

localization between the wild type and the mutant HELLS was still clearly discernible, with 

the ATPase-deficient HELLS showing spots of stronger intensity (Fig. S2). Taken together, 

these results indicate that the ATPase deficiency affects the interaction of HELLS with 

chromatin, particularly at heterochromatic regions, and the fixation protocol influences the 

overall recovery of heterochromatically bound HELLS.

ATPase-deficient HELLS shows increased localization at pericentromeric heterochromatin 
in live cells

To circumvent the variability introduced by paraformaldehyde fixation, we decided to 

employ live cell imaging and compare the localization of wild-type and mutant HELLS in 

transiently transfected NIH 3T3 cells. As presented in Fig. 3, the localization of wild-type 

and mutant HELLS followed three distinct patterns: diffuse/fine granular, spotty and lamina 

associated. The distribution within these categories was very different for the two protein 

variants. While the majority of cells transfected with the HELLS K237Q mutant showed a 

clear spotty pattern (84% of the population), for the wild-type transfected cells, this type of 

localization was reduced to 59%. This difference is statistically highly significant because, 

assuming a Gaussian distribution, the large fraction of K237Q expressing cells showing a 

spotty localization has a probability of only 2.04 × 10−8 to occur by chance. DRAQ5 DNA 

staining confirmed that the observed spots represent pericentromeric heterochromatin foci 

(Fig. S3). In addition, we identified a novel (small) subpopulation of cells, where HELLS 

localized to the nuclear lamina. This localization was present in both wild-type and mutant 

HELLS transfected cells, with 6% and 8% of cells affected, respectively (Fig. 3). 

Collectively, live cell imaging revealed a different distribution in localization patterns 

between the wild-type HELLS and its K237Q mutant, with the ATPase-deficient variant 

showing increased localization to pericentromeric heterochromatin. This is in agreement 

with the results from fixed cells and biochemical fractionation as described above.

ATPase-deficient HELLS shows altered dynamics at pericentromeric heterochromatin 
repeats

Based on the localization differences between the wild type and the mutant HELLS, we 

hypothesized that the mutation in the ATPase domain might influence the dynamics of 

HELLS association with chromatin. An altered interaction of HELLS with chromatin, for 

example, may then lead to a more efficient fixation at pericentromeric heterochromatin. To 

assay the chromatin association dynamics, we conducted fluorescence recovery after 

photobleaching (FRAP) measurements. To this end, we bleached an area with pronounced 

HELLS accumulation corresponding to one of the heterochromatic spots. Then, we 

measured the efficiency of bleaching and followed the recovery of fluorescence. 
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Representative images are shown in Fig. 4 and Fig. S4 and in Movies S1 and S2. Upon 

bleaching of the wild-type HELLS, we consistently observed that the fluorescence signal 

was only reduced by about 34% (Fig. 4a and c). This was accompanied by a general 

decrease in the fluorescence intensity of the whole nucleus (compare the changes that occur 

upon bleaching in the fluorescence of the nucleoplasm in Fig. 4a and Fig. S4a or Movie S1). 

By contrast, under identical experimental settings, HELLS K237Q mutant could be bleached 

by 64% on average (Fig. 4b and c and Fig. S4b or Movie S2). In this case, the overall 

fluorescence in the regions neighboring the bleached area was hardly reduced. It is expected 

that a more dynamic protein exchanges faster with the unbleached nucleoplasm, resulting in 

a lower bleaching depth at the bleached site and a global decrease in the overall nuclear 

fluorescence. By contrast, a more tightly chromatin associated protein, with a low exchange 

rate, displays a high bleaching depth and an unaffected overall nuclear fluorescence. Hence, 

our results consistently hint toward a decrease in the mobility of the HELLS K237Q mutant 

compared to the wild-type protein.

Next, we determined the half-fluorescence recovery half-time (t1/2) and the mobile fraction 

percentage for both wild-type and mutant HELLS. As shown in Fig. 5a and b, the 

fluorescence recovery curves for the wild-type HELLS reached a plateau faster compared to 

the curves generated with the HELLS K237Q mutant. Additionally, the final steady state of 

the fluorescence was higher for the wild-type HELLS, further emphasizing differences in the 

dynamic behavior of the two proteins. The analysis of the FRAP recovery curves using a 

two-component exponential fit model revealed a 2-fold increase in the mobile fraction for 

the wild-type HELLS compared to its ATPase-deficient mutant (61% versus 28%) (Fig. 5c). 

The recovery time required to reach half of the fluorescence also showed striking differences 

between the two protein variants. While the wild-type HELLS displayed a t1/2 of 0.8 s, the 

HELLS K237Q mutant showed an over 5-fold increase in t1/2 to 4.5 s (Fig. 5d). Taken 

together, these results demonstrate that the inability of HELLS to hydrolyze ATP leads to a 

trapping of the protein at pericentromeric heterochromatin repeats, indicating that ATP 

hydrolysis is necessary for HELLS exchange at these sites.

Changes in HELLS localization follow disruption of the H3K9me3 pathway

Taking into account the important role that HELLS plays in the epigenetic control of 

pericentromeric chromatin repeats, we next asked whether the localization or binding 

dynamics of HELLS is also regulated by specific chromatin modifications. Since 

pericentromeric heterochromatin repeats are enriched in tri-methylated H3K9 [7,47], we 

examined the localization of HELLS in Suv39H1/H2 double-KO mouse embryonic 

fibroblasts (MEFs). Notably, although these cells lack pericentromeric H3K9me3, they still 

contain DAPI-dense foci [48]. We observed that HELLS was still able to localize to 

pericentromeric satellite repeats in these cells, indicating that H3K9me3 pathway is not 

required for the recruitment of HELLS to these sites (Fig. 6a and b). Intriguingly, live cell 

imaging revealed a strong increase in the wild-type HELLS localization at pericentromeric 

chromatin in the Suv39H1/H2 double-KO MEFs in comparison to the wild-type MEFs (Fig. 

6a). We observed that, in 43% of all counted wild-type cells, HELLS showed a spotty 

localization (Fig. 6c) similar to what we previously observed in NIH 3T3 cells. By contrast, 

this percentage increased to 89% for the Suv39H1/H2 double-KO cells (Fig. 6a and c). We 
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did not observe major localization differences between the two chromatin environments for 

the ATPase-deficient HELLS (Fig. 6b and c). These results suggest that, while HELLS is 

recruited to its target sites independently of the H3K9me3, its release from pericentromeric 

heterochromatin requires an intact H3K9me3 pathway comprising the H3K9me3 mark but 

perhaps also associated factors and downstream modifications.

Discussion

Based on the high level of sequence homology of HELLS to other SNF2 family members 

that were experimentally shown to perform chromatin remodeling, it was proposed that 

HELLS may similarly alter chromatin structure in vivo [18]. Members of the SNF2 family 

use the energy derived from ATP hydrolysis to disrupt histone–DNA interactions and slide 

nucleosomes, thereby making nucleosomal DNA accessible to transcription factors [11]. 

Even though HELLS has been discovered almost two decades ago [49], any direct evidence 

for a chromatin remodeling ability of this protein is still missing. In this study, we 

investigated the interaction of HELLS with chromatin and used the ATPase-deficient 

HELLS variant K237Q to address the role of ATP hydrolysis in this process.

Localization of the wild-type HELLS differs between live and paraformaldehyde-fixed cells

We investigated the subnuclear localization of HELLS in live and fixed cells and observed 

accumulation of the protein at DAPI-dense pericentromeric heterochromatic foci, which 

contain sequences rich in repetitive and retrotransposable elements. The role of HELLS as 

an epigenetic silencer of these sequences, largely via collaboration with de novo DNA 

methyltransferases, is well documented [14,33,50–52], and accumulation of HELLS at these 

sites has been previously reported [44]. Surprisingly, we observed a discrepancy in the 

localization of HELLS in fixed cells compared to live cells. While 59% of HELLS was 

recruited to the heterochromatic foci in live cells, this percentage was decreased to only 4% 

after paraformaldehyde fixation. Notably, similar localization differences of the 

heterochromatin-bound MeCP2 proteins between live and fixed cells imaging have been 

documented by Schmiedeberg et al. [53]. Using a series of mutants of the MeCP2 protein, 

the authors reported that proteins residing on chromatin for less than 5 s could not be 

efficiently captured by paraformaldehyde cross-link chemistry. Therefore, our results 

suggest that HELLS is highly mobile and not tightly associated with pericentromeric 

chromatin. Indeed, our FRAP measurements confirmed that HELLS exchanges rapidly 

between the bound state and the unbound state at pericentromeric heterochromatin with a 

residence time of 0.8 s. It should be noted that, due to the 300-ms time resolution imposed 

by our experimental setup, the recovery time of the wild-type HELLS may be overestimated, 

and the value of 0.8 s should be taken as an upper limit. Quantitative measurements of the 

mobility parameters for chromatin remodeling proteins are still sparse in literature. However, 

the value obtained for HELLS here is in the range of what has been previously reported for 

other chromatin remodelers, for example, for the human ISWI family members, SNF2H/

SNF2L and Acf1 [54].
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ATPase-deficient HELLS shows altered dynamics at pericentromeric heterochromatin

To assess the significance of ATP hydrolysis in the interaction of HELLS with chromatin, 

we investigated the localization and dynamics of the ATPase-deficient HELLS variant 

K237Q. Similarly to the wild-type HELLS, we observed an accumulation of the mutant 

protein at DAPI-dense pericentromeric heterochromatic foci, suggesting that the ATPase 

activity is not necessary for the recruitment of HELLS to chromatin. Interestingly, in 

contrast to the wild-type HELLS, the ATPase-deficient mutant did not show significant 

localization differences between fixed and live cells. The fact that the two protein variants 

show different degrees of sensitivity to paraformaldehyde fixation suggests that the absence 

of a functional ATPase domain impairs the dynamics of HELLS at pericentromeric 

heterochromatin foci. Indeed, in FRAP assays, the HELLS K237Q mutant displayed a 5-fold 

lower recovery time than its wild-type counterpart. This was accompanied by a concomitant 

2-fold decrease in the fraction of mobile protein. The increased residence time translates into 

a higher cross-linking efficiency of the ATPase-deficient HELLS compared to the wild-type 

protein and, consequently, leads to the discrepancies observed in the localization of the two 

proteins in fixed cells. Furthermore, a decreased exchange rate culminates in a higher 

accumulation of the ATPase-deficient HELLS at pericentromeric heterochromatin sites in 

live cells by comparison to the wild-type protein (84% versus 59%).

The notion that HELLS becomes more tightly associated with chromatin in the absence of 

ATPase activity was also supported by cellular fractionation experiments. While the wild-

type protein was readily extractable with detergent, the majority of the ATPase-deficient 

mutant remained associated with the nuclear matrix, which includes lamin B1. The results 

obtained for the wild-type HELLS are in agreement with previous reports, where HELLS 

was predominantly found in Triton-X-extractable fraction in confluent NIH 3T3 cultures 

[44]. Together with cellular studies, these data indicate that its high mobility and intrinsic 

loose chromatin binding make wild-type HELLS more accessible to detergent, thus resulting 

in the higher protein extractability. In contrast, due to its impaired exchange rate at 

compacted chromatin, the ATPase-deficient mutant is shielded from both detergent 

extraction and DNase I activity. Interestingly, in the microscopy studies, we were able to 

directly visualize a small subpopulation of cells where both HELLS variants are associated 

with the nuclear periphery. The lamin B1 protein belongs to the nuclear matrix and is 

located close to the inner nuclear membrane [55]. Recently, genome-wide studies identified 

genomic sequences interacting with lamin B1, termed the lamina-associated domains [56]. 

These are large (0.1–10 Mb) silent domains, enriched in repetitive sequences and containing 

few genes [57]. Noteworthy, HELLS is important for the establishment of DNA methylation 

over large genomic regions that overlap to a high extent with lamina-associated domains 

[52]. Indeed, major satellite repeats and other types of repetitive elements are among the 

sequences with the greatest loss in DNA methylation upon HELLS deletion [52]. Taking this 

into account, our results indicate that, in the absence of a functional ATPase domain, the 

release of HELLS from these highly compacted genomic regions is severely impaired. A 

role for the ATP-dependent release of remodelers from chromatin was also documented for 

Rad54, another SWI2/SNF2 protein family member [58]. The ATPase-deficient Rad54 

protein displayed a 2-fold lower recovery time and a 10% increase in the fraction of 

immobile protein when compared to its wild-type counterpart [58].
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A functional H3K9me3 pathway contributes to the release of HELLS from pericentromeric 
heterochromatin

Chromatin structure may play a role in the recruitment of HELLS to pericentromeric regions 

as well. For example, prolonged treatment with histone deacetylase inhibitors disrupts 

higher-order heterochromatin organization, and this is accompanied by dissociation of 

HELLS from pericentromeric heterochromatin [44]. However, the specific chromatin signal 

leading to HELLS localization has not been identified. Since pericentromeric chromatin is 

highly enriched in the H3K9me3 repressive modification [7,47], we tested whether the 

H3K9me3 pathway could be involved in the recruitment of HELLS. We found that HELLS 

localized to pericentromeric regions in the absence of H3K9me3, demonstrating that this 

histone modification and its associated chromatin environment is not involved in the 

recruitment of HELLS. However, we observed a 2-fold increase in the wild-type HELLS 

localization at pericentromeric heterochromatin in Suv39H1/H2 double-KO MEFs compared 

to wild-type MEFs, indicating that release of HELLS from chromatin is impaired in the 

absence of H3K9me3. By contrast, the ATPase-deficient HELLS mutant showed strong 

association with pericentromeric heterochromatin with or without H3K9me3 modification. 

Importantly, our results are supported by a recent publication showing, with the use of mass 

spectrometry, that HELLS is enriched at pericentromeric heterochromatin in Suv39H1/H2 
double-KO mouse embryonic stem cells [59]. Together, our data suggest that H3K9me3-

associated chromatin environment is not critical for the initial recruitment of HELLS to 

pericentromeric satellite repeats, but it may play a role in the release of HELLS from these 

sites. Further studies are needed to uncover whether the H3K9me3 mark directly, any 

component associated with it (like HP1 for example) or any of its downstream modifications 

(like for example H4K20me3) is responsible for this effect.

Conclusions

Collectively, the data presented in this study show for the first time the importance of a 

functional ATPase activity and an intact H3K9me3 pathway for the interaction between 

HELLS and chromatin. We find that ATP hydrolysis is not required for the recruitment of 

HELLS to chromatin but is an important factor for HELLS release from compacted loci. 

While ATP hydrolysis might play a role in the release of HELLS from other sites as well, we 

anticipate that the enzymatic function of the protein is particularly important at highly 

condensed loci. The fast exchange of HELLS at these repetitive sequences might enhance 

the local recruitment of other epigenetic enzymes, such as HDACs and DNMTs, and 

subsequently locally stabilize silencing complexes. This hypothesis was very recently 

supported by a study showing that the remolding activity of HELLS is in part required for de 
novo methylation of repeats and for promoting stable association of DNMT3b with these 

sequences [60]. The existence of an ATP dependent cycle of HELLS binding and release 

from heterochromatin may point toward an ATP-dependent remodeling activity of this 

enzyme. Since our experiments were performed under overexpression conditions, they need 

to be interpreted with caution. Further studies will be required to refine the importance of 

ATP hydrolysis and dynamics in the function of endogenous HELLS.
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Materials and Methods

Tissue culture and transfections

NIH 3T3 cells (American Type Culture Collection) were maintained in Dulbecco’s modified 

Eagle’s medium and high glucose (Sigma), supplemented with 10% heat-inactivated calf 

serum and 2 mM L-glutamine (Sigma), at 37 °C in a saturated humidity atmosphere 

containing 5% CO2. Transient transfections with Fugene HD (Promega) were performed on 

cells showing 60–70% confluence, according to the manufacturer’s recommendations. 

Transiently transfected cells were cultured for 24–72 h and HELLS expression was 

examined by fluorescence microscopy or Western blot analysis. Wild-type and Suv39H1/H2 

double-KO MEFs (a kind gift of Dr. T. Jenuwein) were grown at 37 °C in a humidified 

atmosphere, 5% CO2 using Dulbecco’s modified Eagle’s medium and high glucose 

supplemented with 10% heat-inactivated calf serum, 1 × non-essential amino acids (Gibco), 

1 × sodium pyruvate (Sigma), 0.1 mM β-mercaptoethanol (Gibco) and 2 mM L-glutamine. 

Transient transfections with jetPRIME (peqlab) were performed on cells showing 50–60% 

confluence, according to the manufacturer’s recommendations. Transiently transfected cells 

were cultured for 24–48 h before fluorescence microscopy.

Vector construction

The sequence encoding mouse HELLS was subcloned from pGeneLSHF [44] as an N-

terminal fusion into pEYFP-C1 and pECFP-C1 vectors (Clontech). The K237Q mutant was 

created using a megaprimer mutagenesis protocol [61]. The introduction of the mutation and 

the integrity of the remaining sequence were verified by sequencing.

Western blot analysis and protein fractionation

Cell extraction with Triton X-100 (Triton X), chromatin fractionation and nuclear matrix 

isolation were performed according to a protocol described previously [44,45,62]. Briefly, 

72 h post-transfection, 1.5 × 106 cells were subjected to two washes with PBS (phosphate-

buffered saline) containing Ca2+ and Mg2 +, followed by incubation on ice for 3 min with 98 

μL cytoskeleton buffer [CSK; 10 mM Pipes (pH 6.8), 100 mM NaCl, 300 mM sucrose, 3 

mM MgCl2 and 1 mM ethylene glycol bis(β-aminoethyl ether) N,N′-tetraacetic acid] 

supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and 0.5% (vol/

vol) Triton X. The Triton-X-resistant nuclear skeleton was separated by centrifugation at 

5000g for 3 min at 4 °C. To release chromatin associated proteins, we digested the pellet for 

15 min at 37 °C with 20 μL RNase-free DNase I (1 U/μL) in 58 μL CSK buffer with NaCl 

adjusted to 50 mM. To elute the digested chromatin, we added 20 μL ammonium sulfate 

directly from a stock of 2 M to a final concentration of 0.25 M. Following a 5-min 

incubation at room temperature, we isolated the chromatin fraction by centrifugation at 

5000g for 3 min at 4 °C. The remaining nuclear matrix pellet was then solubilized in 50 μL 

of 8 M urea and equilibrated with 50 μL of SDS-PAGE running buffer. Protease inhibitors 

were present throughout the fractionation procedure (protease inhibitory cocktail, 50×; 

Promega).

Equal volumes of protein extracts were then separated on a 15% SDS-PAGE by 

electrophoresis and transferred onto a nitrocellulose membrane. The samples for the wild-
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type and mutant HELLS were run on the same gel. For detection, the following primary 

antibodies were used: EYFP (Clontech, 632592), Lamin B (Santa Cruz, sc-6217) and HP1β 
(Active Motif, 39979). Detection of horseradish-peroxidase-coupled antibodies was 

performed by enhanced chemiluminescence with Western Lightning Plus ECL reagent 

(PerkinElmer) according to the manufacturer’s instructions. The resulting signal was 

visualized on the FUSION Solo (peqlab) system and quantified with the FUSION-CAPT 

Advance Solo 4 software. The values obtained for the HELLS signal from Triton-X-soluble, 

DNase-I-released and urea-soluble fractions were summed up to a total of 100%, and the 

contribution of each fraction to the total amount was calculated accordingly. The similar 

fractionation and loading of the wild type and K237Q HELLS transfected cells has been 

further verified by the quantification of the signals obtained for the reference markers HP1β 
and Lamin B between the two cell populations.

Preparation and imaging of fixed cells

Cells were seeded on glass coverslips to 60–70% confluence. Unless stated otherwise, 24 h 

post-transfection, the cells were fixed with 4% paraformaldehyde solution prepared in PBS 

with Ca2+ and Mg2+, for 10 min at room temperature. For 2% paraformaldehyde solution 

fixation, the original 4% stock was diluted in PBS shortly before fixation. Prior to DAPI 

staining, the cells were permeabilized for 5 min at 4 °C with 0.5% Triton X solution. The 

Mowiol-mounted coverslips were then imaged on a LSM 710 Zeiss confocal microscope. 

Very strongly overexpressing cells (~5% of the population) were excluded from statistical 

analysis.

Live cell imaging and FRAP

Cells were seeded on 35-mm Fluorodish cell culture dishes (World Precision Instruments) to 

60–70% confluence. At 24–48 h after transfection, the growth media was replaced with 

imaging media containing no phenol red. Live cell imaging was performed on a LSM 710 

Zeiss confocal microscope equipped with a Plan-Apochromat 63 ×/1.40 Oil DIC M27 

objective and an XL-LSM 710 S1 incubation chamber for temperature and CO2 control. 

ECFP imaging was performed with an attenuated 405-nm diode laser, to minimize 

cytotoxicity. For nuclear staining, DRAQ5 (Thermo Scientific) was added to 5 μM and 

allowed to incubate for 10 min at 37 °C before confocal imaging.

For FRAP experiments, 256 × 256, 16-bit images were recorded with a pixel size of 0.1 μm. 

The workflow included the acquisition of 9 pre-bleach images, of 5 bleaching cycles with 

100% laser intensity and of up to 100 post-bleach images. To prevent unwanted fluorophore 

bleaching by imaging, we tuned the 25.0-mW, 514-nm laser line to 4% during acquisition. 

For bleaching, a circular region of interest with a diameter of 1 μm was chosen. This was 

sufficient to cover the pericentromeric heterochromatin structures without major extensions 

in the nucleoplasm. To accommodate for differences in protein mobility, for wild-type 

HELLS, we recorded images at an interval of 300 ms. We note that this limit was set by the 

242-ms time interval needed for image acquisition. For the HELLS K237Q variant, the 

image recording time was increased to 1 s.
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For analysis, the mean pixel intensity values for the bleached region of interest and the 

whole cell were extracted as a time series with the MeasureStack macro from ImageJ. Only 

time points showing no movement of the cellular structures were included in the analysis. 

Fluorescence values were normalized for fluctuations in laser intensity, by dividing against 

the average mean fluorescence intensity of the 9 pre-bleached images. Compensation for 

bleaching by imaging was incorporated by scaling the fluorescence mean intensity values 

within the bleached area with the ratio of fluorescence decrease observed for the whole cell, 

during post-bleaching acquisition. The normalized time series were next fitted with the 

Solver module in Microsoft Excel to a double-component exponential curve by non-linear 

least squares minimization. We analyzed 9 cells for the wild type and 11 cells for the mutant 

protein. Average values and standard deviations of the half-recovery time t1/2 and mobile 

fraction percentage were determined by individual fitting of each FRAP curve.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
The wild-type and ATPase-deficient HELLS show distinct nuclear extraction patterns. (a) 

NIH 3T3 were biochemically fractionated 72 h post-transient transfection with EYFP-tagged 

fusions of either wild-type HELLS (HELLS WT) or the ATPase-deficient protein (HELLS 

K237Q). The cells were extracted stepwise with buffers that contain high concentrations of 

Triton X, DNase I and urea, as described in Materials and Methods. Equal volume protein 

extracts were prepared and analyzed by Western blotting using the indicated antibodies. A 

representative image of three biological repeats is shown. The samples for the wild-type and 

mutant HELLS were run on the same gel and Western blot; therefore, the overall signal can 

be taken as a control for similar expression levels of both variants. (b) Densitometric 

quantification of Western blot results shown in (a). For each protein variant, the signal 

obtained for the three fractions was summed up to 100% and the percentage of the protein 

variant in each fractionation was calculated accordingly. Error bars represent standard error 

of the mean for three independent biological replicates.
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Fig. 2. 
The wild-type and ATPase-deficient HELLS show distinct localization patterns in 

paraformaldehyde-fixed cells. (a) Representative confocal laser scanning microscopy images 

of DAPI-stained NIH 3T3 cells post-transient transfection with EYFP-fused wild-type 

HELLS. (b) Representative confocal laser scanning microscopy images of DAPI-stained 

NIH 3T3 cells post-transient transfection with EYFP-fused mutant HELLS. The red arrows 

indicate illustrative areas of co-localization between the protein and the DAPI-dense foci. (c) 

Representative confocal laser scanning microscopy images of NIH 3T3 cells post-transient 

co-transfection with ECFP-fused wild-type HELLS and EYFP-fused mutant HELLS. Scale 

bars correspond to 10 μm. (d) Quantification of localization patterns observed in wild-type 

or mutant HELLS transfected cells as illustratively shown in (a) and (b). We analyzed 29 and 

27 cells for the wild-type and mutant HELLS transfected cells, respectively.
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Fig. 3. 
The ATPase-deficient HELLS shows increased localization at pericentromeric 

heterochromatin in live cells. Quantification of localization patterns observed in wild-type or 

mutant HELLS transfected cells. We analyzed 142 and 111 cells for the wild-type and 

mutant HELLS transfected cells, respectively. Representative examples of protein 

localization types are shown below the graph.

Lungu et al. Page 18

J Mol Biol. Author manuscript; available in PMC 2020 December 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. 
The wild-type and ATPase-deficient HELLS show different bleaching behaviors at 

pericentromeric heterochromatin. Representative time frames of exemplary FRAP series 

(pseudocolored) for the wild-type (a) and mutant HELLS (b). The arrows denote the circular 

area that was bleached and where the fluorescence intensity was monitored over time. 

Images were taken at the indicated time points after the bleach pulse. In the lower half of the 

graph, the fluorescence intensity of the measured area was plotted as a function of time. 

Every point of the curve represents data stemming from single images recorded with a 

period of 0.3 and 1.0 s for wild-type and mutant transfected cells, respectively. The 

bleaching start point was correspondingly annotated (red point). (c) The average bleaching 

depth observed for wild-type and mutant HELLS transfected cells. Error bars represent 

standard error of the mean, based on measurements performed on 9 cells for wild-type 

HELLS and on 11 cells for the mutant protein.
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Fig. 5. 
The wild-type and ATPase-deficient HELLS show different dynamics at pericentromeric 

heterochromatin. Mean FRAP recovery curves for EYFP-tagged wild-type (a) and mutant 

HELLS (b). The intensity of the bleached area was normalized to 0 for the first image 

recorded after bleaching. Every point of the curve represents data stemming from single 

images recorded with a period of 0.3 and 1.0 s for wild-type and mutant transfected cells, 

respectively. Individually fit curves were used to derive the percentage of mobile protein 

fraction (c) and the half-recovery time (d). Error bars represent standard error of the mean 

based on measurements performed on 9 cells for wild-type HELLS and on 11 cells for the 

mutant protein.
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Fig. 6. 
Changes in HELLS localization follow disruption of the H3K9me3 pathway. Representative 

confocal laser scanning microscopy images of live wild-type and Suv39H1/H2−/− MEFs 

post-transient transfection with either wild-type HELLS (a) or HELLS K237Q (b). (c) 

Quantification of localization patterns observed in wild-type or mutant HELLS transfected 

cells as representatively shown in (a) and (b). We analyzed 50–60 cells per cell type for 

every construct.
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