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Summary

G-quadruplexes (G4s) form throughout the genome and influence important cellular processes. 

Their deregulation can challenge DNA replication fork progression and threaten genome stability. 

Here, we demonstrate an unexpected role for the dsDNA translocase HLTF in responding to 

G4s. We show that HLTF, which is enriched at G4s in the human genome, can directly unfold 

G4s in vitro and uses this ATP-dependent translocase function to suppress G4 accumulation 

throughout the cell cycle. Additionally, HLTF and MSH2, a component of MutS heterodimers 

which bind G4s, act independently to suppress G4 accumulation, to restrict alternative lengthening 

of telomeres and to promote resistance to G4 stabilizing drugs. In a discrete but complementary 

role, HLTF restrains DNA synthesis when G4s are stabilized by suppressing PrimPol-dependent 

repriming. Together, the distinct roles of HLTF in the G4 response prevent DNA damage and 

potentially mutagenic replication to safeguard genome stability.

This work is licensed under a BY 4.0 International license.
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Introduction

DNA-damaging agents, protein-DNA complexes, and noncanonical nucleic acid secondary 

structures can threaten genome stability.1–4 Among the latter are G-quadruplexes (G4s), 

nucleic acid structures that form upon the stacking of planar guanidine tetrads.5,6 G4s 

form in G-rich genomic regions,5,7,8 and play physiological roles in transcription,9–11 

telomere homeostasis,12–15 DNA replication initiation,16 and epigenetic inheritance.17,18 

Deregulated G4 formation and stabilization, however, can inhibit DNA replication19–21 

and transcription,22–24 challenging genome stability.25–27 Indeed, G4-forming motifs are 

determinants of mutagenesis in the cancer genome.28 To mitigate the adverse effects of 

G4s, cells utilize several proteins to resolve these structures, including helicases and ssDNA 

binding proteins.6,29 Additionally, the MSH2-MSH6 (MutSα) and MSH2-MSH3 (MutSβ) 
complexes, whose canonical role is in DNA mismatch repair,30 can bind G4s and regulate 

their stability.31–34

When deregulated, G4s pose a barrier to replication fork progression19–21,35 and can cause 

DNA replication stress,36 ultimately causing DNA double-strand breaks (DSBs).37–41 DNA 

damage tolerance (DDT) pathways promote the bypass of replication fork barriers, allowing 

their subsequent repair or resolution and promoting replication stress tolerance.41 DDT 

pathways include replication fork reversal, repriming of DNA synthesis using the alternative 

primase-polymerase (PrimPol) and translesion synthesis (TLS).41 While fork reversal is 

considered a high-fidelity form of DDT, the other pathways can be error-prone.42,43

First identified as a transcription factor,44,45 helicase-like transcription factor (HLTF) 

regulates several forms of DDT. HLTF associates with replication forks46–48 and helps 

to control the choice between DDT pathways by ubiquitinating PCNA using its RING-

domain.49–52 It also reverses replication forks using its ATP-dependent dsDNA translocase 

activity and its HIRAN domain.47,53–56 Importantly, this action slows fork progression and 

restrains PrimPol-mediated DNA synthesis upon replication stress.57

HLTF also mediates other types of DNA transactions. It promotes efficient nucleotide 

excision repair by evicting the lesion-containing oligonucleotide using both its translocase 

activity and HIRAN domain.58 HLTF also has a strand invasion activity that depends 

on its ATPase domain.59 Furthermore, it can displace ssDNA in a triplex structure by 

translocating on dsDNA in an ATP-dependent manner.53 Whether HLTF uses its ATP-

dependent translocase activity to act on other types of DNA structures is unknown.

Consistent with its genome maintenance functions, HLTF is a tumor suppressor.60 Knockout 

of HLTF in mice causes genome instability and susceptibility to intestinal carcinogenesis.61 

Moreover, HLTF silencing is frequently observed in colorectal and gastric cancers62,63 and 

is associated with poor prognosis.64 Understanding HLTF’s functions may therefore reveal 

vulnerabilities associated with HLTF-deficient cancers.

Here, we uncover an unexpected function for HLTF in maintaining genome stability through 

G4 regulation. We find that HLTF binds chromatin in a transcription-dependent manner and 

at G4s, and that it suppresses the formation of G4 structures throughout the cell cycle. G4 

suppression by HLTF requires its ATPase activity in cells and may be attributed to its ability 
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to directly resolve G4s using its dsDNA translocase activity. Interestingly, HLTF-deficient 

cells also tolerate replication stress caused by G4 stabilization using PrimPol, yet are 

sensitive to drugs that stabilize G4 structures. Taken together, our studies reveal a previously 

unknown mechanism for G4 resolution and show that HLTF loss helps cells to tolerate the 

formation of G4s, increasing the probability of DNA damage and mutagenesis.

Results

HLTF and MSH2 bind chromatin in a reciprocal and cell cycle-independent manner

We previously showed that HLTF restrains replication fork progression in response to 

DNA replication stress.47,57 To understand this phenotype, we examined the proteomic 

composition of nascent DNA using isolation of proteins on nascent DNA combined with 

SILAC quantitative mass spectrometry (iPOND-SILAC-MS)46,65 in wild-type (WT) and 

HLTF-knock-out (HLTF-KO) HEK293T cells treated with hydroxyurea (HU) (Figure 1A; 

Figure S1A). Analysis of the proteins enriched on chromatin (Figure 1B, Supplemental 

Tables 1&2) revealed that core replisome components were equally enriched on nascent 

DNA in the two conditions (Figure 1C). By contrast, we observed over 50% increase in 

the enrichment of several proteins involved in DNA mismatch repair (MMR) on chromatin 

isolated from HLTF-KOs (Figure 1B, C).

MSH2 interacts with MSH3 or MSH6 to form the MutSα or β complexes, respectively. 

These proteins bind DNA during S/G2 to promote the repair of mismatches formed during 

DNA synthesis.30 Hence, we hypothesized that they might act on mismatches that result 

from the action of PrimPol and TLS polymerases in HLTF’s absence.57 To test this idea 

and validate our iPOND data, we analyzed MSH2 chromatin binding using quantitative 

image-based cytometry (QIBC) in pre-extracted U2OS cells expressing endogenously 

tagged GFP-HLTF (Figure S1B) and pulse-labeled with EdU.58 We observed increased 

association of MSH2 with chromatin upon knocking down HLTF (Figure 1D; Figure S1C, 

D). Unexpectedly, this increase was observed not only in S and G2/M phase cells but also in 

G1 cells (Figure 1E; Figure S1E). This suggests that HLTF suppresses the binding of MSH2 

to chromatin throughout the cell cycle, inconsistent with the idea that these proteins only 

function in post-replicative repair.

Next, we asked if MSH2 loss alters HLTF’s association with chromatin. Surprisingly, 

knockdown of MSH2 in either the GFP-HLTF cell line, or in wild-type U2OS cells, 

increased HLTF chromatin binding in all cell cycle phases (Figure 1D, F; Figure S1F-

J). Hence, HLTF and MSH2 can suppress the interaction of the other with chromatin 

throughout the cell cycle.

Given HLTF’s potential link to transcription,44,45 we asked if its chromatin 

binding is transcription-dependent. Treatment with the transcription inhibitor 5,6-

dichlorobenzimidazole (DRB) reduced HLTF chromatin binding in all cell cycle phases 

(Figure 1G, H; Figure S1K, L). These results indicate that HLTF interacts with chromatin in 

a transcription-dependent and replication-independent manner that is increased when MSH2 

is lost. They also suggest that HLTF and MSH2 interact with chromatin in a reciprocal 

manner.
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HLTF prevents the accumulation of G4 structures

Next, we investigated the function of HLTF and MSH2 on chromatin. Nucleic acid 

secondary structures such as G4s and RNA-DNA hybrids can form co-transcriptionally.66–68 

In addition to binding DNA mismatches,30 MutSα and β complexes can interact with some 

nucleic acid secondary structures,69–73 including G4s.31–34 Given that HLTF’s chromatin 

binding is transcription-dependent and affected by the presence of MSH2, we asked if HLTF 

controls G4 levels in cellular DNA. We observed an increase in G4s in HLTF-KO cell 

lines using two cell types and two antibodies raised against G4-structured DNA (Figure 2A, 

B; Figure S2A-D). Similarly, transient HLTF knockdown increased G4s (Figure S2E). G4 

stabilization with pyridostatin (PDS) also increased HLTF chromatin binding (Figure S2F). 

In each case, the increase in G4s or HLTF was observed in all cell cycle phases.

We then asked whether knocking down MSH2 increased G4s. We observed a modest 

increase in the G4 signal when MSH2 was knocked down in wild-type cells and a 

synergistic increase in an HLTF-KO U2OS cell line (Figure 2C; Figure S2G). Taken 

together, our data suggest that HLTF and MSH2 act in independent pathways to suppress G4 

accumulation throughout the cell cycle.

HLTF binds to G4-containing loci throughout the genome

The ability of HLTF to suppress G4 accumulation and the increase in its chromatin binding 

following PDS treatment indicate that HLTF might act at G4s in the genome. To test this 

hypothesis, we performed spike-in normalized chromatin immunoprecipitation-sequencing 

(ChIP-seq)74 in the GFP-HLTF U2OS cell line. First, we examined the HLTF ChIP-seq 

signal at previously identified G4-forming sites (Figure 2D, E).11,75 We found that HLTF 

binds to G4s throughout the genome and that its enrichment on DNA correlates with G4 

formation (Figure 2E, F). Additionally, we found that HLTF is specifically enriched at those 

motifs that actually form G4s in cells and not at those that only form in vitro (Figure S2H).76 

Hence, HLTF is enriched at bona fide G4 structures in cells. We also investigated MSH2 

enrichment at G4s, using previously published datasets from mouse embryonic stem cells 

(E14).77,78 Like HLTF, MSH2 is enriched at G4s (Figure S2I).

Next, we identified HLTF binding sites in the genome, calling 7,614 peaks. HLTF peaks are 

predominantly found at the beginning of genes, including in promoters and 5’UTRs (Figure 

2G, H), a distribution similar to that observed for G4s (Figure 2H).9 Moreover, 56% of 

HLTF peaks overlap with G4-forming sites (Figure S2J) and were more likely to contain 

multiple G4-forming motifs (Figure 2I).76 We also asked if HLTF’s enrichment at G4s is due 

to its binding to transcriptional regulatory regions. We found that HLTF also binds to G4s 

outside of these regions and that binding still correlates with G4 levels (Figure 2J; Figure 

S2K). Taken together, these data demonstrate that HLTF is enriched at G4s throughout the 

genome and its binding is a function of G4 density, consistent with its role in regulating G4 

levels.

HLTF is enriched at RNA-DNA hybrids stabilized by G4s

G4s can co-occur with RNA-DNA hybrids at transcriptionally active regions and at 

telomeres,15,79 with each structure stabilizing the other.66,79,80 Hence, we assessed HLTF 

Bai et al. Page 4

Mol Cell. Author manuscript; available in PMC 2024 September 18.

 E
u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts
 E

u
ro

p
e P

M
C

 F
u
n
d
ers A

u
th

o
r M

an
u
scrip

ts



enrichment at RNA-DNA hybrids previously identified by DRIP-seq in U2OS cells.26 

HLTF’s enrichment is modest at these sites (Figure 3A). Interestingly, however, its 

enrichment is substantial at the 15% of hybrid sites that overlap with G4s (Figure 3A, 

B; Figure S3A). HLTF enrichment is also stronger at the subset of G4s that overlap with 

RNA-DNA hybrids (Figure S3B). A similar analysis of the MSH2 ChIP-seq signal at G4s 

and RNA-DNA hybrids in mESCs revealed that MSH2 is only enriched at hybrids that 

co-occur with G4s (Figure S3C). These observations suggest that HLTF and MSH2 interact 

with RNA-DNA hybrids indirectly and through their action on G4s.

To further test the relationship between HLTF and RNA-DNA hybrids, we measured hybrid 

accumulation.81 We observed a small but significant RNaseH-reversible increase in hybrids 

in HLTF-KOs (Figure 3C, D; Figure S3D). MSH2 knockdown alone modestly increased 

hybrids, and its knockdown in HLTF-KOs led to a further increase in all cell cycle phases 

(Figure 3E; Figure S3E). We also found that RNaseH expression reduced global HLTF 

chromatin binding (Figure S3F, G). Furthermore, using ChIP-qPCR we found that HLTF 

binding is specifically reduced at G4s stabilized by an RNA-DNA hybrid (Figure S3H). 

Taken together, our data indicate that HLTF’s effect on hybrids is restricted to those 

stabilized by G4s.

HLTF suppresses G4 accumulation in an ATPase-dependent manner

Next, we sought to investigate the role of HLTF’s different domains (Figure 4A) in G4 

suppression using parental U2OS and HLTF-KO cells expressing either WT or HLTF 

separation-of-function mutations. We previously generated a HIRAN domain mutant (R71E) 

that prevents 3’-OH DNA end binding and fork remodeling, but does not alter HLTF’s 

ATPase and ubiquitin ligase activities.47,57 For this study, we generated two new mutants. A 

RING domain mutation (C760S)82 abolished HLTF’s ubiquitin ligase activity but retained 

fork reversal and ATPase activity in vitro (Figure 4B-E; Figure S4A). We also generated 

a new ATPase-defective mutant (R890Q) since we could not stably express other ATPase 

mutants in cells. To do so, we modified residue in HLTF analogous to one needed for the 

ATPase activity of SMARCAL1 (Figure S4B), a related fork remodeler83 and confirmed that 

this mutant retained its ubiquitin ligase activity (Figure 4B-E; Figure S4A).

As expected, the expression of WT HLTF in HLTF-KO cells reduced G4 levels to those 

found in the parental U2OS cell line in all cell cycle phases. Similarly, expression of 

either the R71E or C760S mutant suppressed G4 accumulation (Figure 4F; Figure S4C). 

By contrast, the ATPase mutant, while still able to bind chromatin (Figure S4D, E), failed 

to suppress G4s when expressed in HLTF-KOs (Figure 4G). These data indicate that HLTF 

requires its ATPase domain to suppress G4 accumulation in cells. Thus, HLTF’s ability to 

prevent G4 accumulation is unlikely related to its effects on replication fork reversal or 

PCNA ubiquitination, which require the HIRAN47,55 and ubiquitin ligase49,52 functions, 

respectively.

HLTF promotes ATP-dependent G4 unfolding in double-stranded DNA

Next, we asked whether HLTF can directly unfold or specifically bind G4s in vitro. We 

first tested its activity on a single-stranded oligonucleotide containing a pair of G4s. G4 
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unfolding was assessed by monitoring the ability of a complementary ssDNA probe to 

bind the unfolded G4 sequence (Figure 5A). In the absence of HLTF, a modest level of 

spontaneous unfolding was observed. Addition of the G4 stabilizer Phen-DC3 prevented 

spontaneous unfolding as expected (Figure S5A, B). Inclusion of HLTF in this reaction 

had no effect, while the known G4 helicase Pif1, promoted unfolding (Figure 5B, C). 

Furthermore, we observed no specific binding of HLTF to the G4-containing ssDNA relative 

to a non-G4-forming control (Figure S5C, D). These findings suggest that HLTF cannot 

specifically bind to or unwind G4s in the context of ssDNA.

Unlike the Pif1 helicase, HLTF is a dsDNA translocase.53 Thus, we reasoned that HLTF 

might promote G4 resolution in dsDNA by reannealing the DNA strands as it translocates 

through the structure. To test this, we generated a G4 structure in the context of dsDNA. 

To monitor G4 unfolding, we introduced an EcoRI cut site into a loop of the G4 forming 

sequence (Figure 5D). G4 formation in the dsDNA was validated upon addition of PDS, 

which reduced sensitivity to EcoRI and increased sensitivity to T7 endonuclease I (Figure 

S5E, F). Importantly, upon addition of wild-type HLTF, we observed increased EcoRI 

sensitivity (Figure 5E, F; Figure S5G, H). This indicates that HLTF directly unfolds the G4 

structure. Similar results were observed with the HIRAN mutant. Moreover, this activity was 

ATP-dependent (Figure 5E, F). Taken together, these data suggest that HLTF can directly 

resolve a G4 formed in dsDNA in an ATP-dependent manner.

HLTF suppresses ALT activity in an ATPase-dependent manner

Next, we asked if HLTF and/or MSH2 suppress alternative lengthening of telomeres (ALT) 

activity, which can increase upon the stabilization of G4s and hybrids,15,67,68,84–87 and 

which some MutS homologue proteins have been shown to suppress.33,88 As a first test of 

this idea, we assessed the formation of large RPA foci, which can be observed at telomeres 

undergoing ALT.89 Loss of either HLTF or MSH2 led to increased formation of these foci 

in ALT-positive U2OS cells, with loss of both factors causing a synergistic increase. PDS 

treatment further increased RPA focus formation in all of these conditions (Figure S6A, 

B). By contrast, ALT-negative RPE1 cells did not exhibit a significant increase in RPA 

focus formation after similar treatments (Figure S6C, D). Importantly, ~90% of the RPA 

foci colocalized with telomeres in WT and HLTF-KO cells, with more telomere-positive 

RPA foci observed in HLTF-KOs (Figure S6E-G). Telomeres in HLTF-KOs also exhibited 

increased γH2AX upon PDS treatment, indicating HLTF suppresses DNA damage at ALT 

telomeres when G4s are stabilized (Figure S6H).

Next, we examined several markers of ALT. Telomeres associate with promyelocytic 

leukemia (PML) protein during ALT to form ALT-associated PML bodies (APBs).90 We 

observed increased formation of APBs in HLTF-KO cells compared to the parental U2OS 

cells (Figure 6A, B). We also monitored in situ ALT-specific single-stranded telomeric C-

rich DNA (ssTelo-C), an independent marker for ALT.91 ssTelo-C formation also increased 

in HLTF-KO cells (Figure 6C, D). Although there was no significant effect of MSH2 loss 

on ssTelo-C formation, consistent with published findings,33 simultaneous loss of HLTF and 

MSH2 further enhanced ALT activity (Figure 6E). Finally, we evaluated APB formation in 

our HLTF mutant cell lines. We found that the expression of WT, R71E, or C760S mutants 
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suppressed APB formation (Figure 6F), whereas the R890Q mutant did not (Figure 6G). 

Altogether, these data are consistent with the idea that HLTF reduces ALT through its ability 

to resolve G4s.

HLTF restrains replication fork progression in response to G4 stabilization

G4 stabilization can inhibit replication fork progression,19–21,35,92 and HLTF promotes 

fork reversal which restrains fork progression in response to replication stress-inducing 

reagents.57 Intriguingly, our data indicate that HLTF-KO cells have increased G4s and 

RNA-DNA hybrids, yet they exhibit fork progression rates similar to the parental cells.47,57 

We thus wondered if HLTF loss allows cells to tolerate increased levels of these secondary 

structures. To address this question, we challenged cells with PDS and carried out a DNA 

fiber assay (Figure 7A). PDS treatment inhibited replication fork progression in the parental 

U2OS cells. In HLTF-KO cells, however, DNA synthesis continued at rates similar to 

untreated cells (Figure 7B). This suggests that HLTF slows fork progression upon G4 

stabilization.

DNA synthesis is sustained in HLTF-deficient cells by PrimPol following treatment with 

HU.57 PrimPol can also bypass G4s formed at replication forks to prevent replicative 

helicase and polymerase uncoupling.93 Therefore, we asked whether PrimPol promotes fork 

progression following PDS treatment in HLTF’s absence. Indeed, fork progression was 

reduced dramatically following PDS challenge in PrimPol-HLTF double-knockout (dKO) 

cells (Figure 7B). We conclude that PrimPol promotes the bypass of PDS-stabilized G4s at 

replication forks in HLTF’s absence.

The knockdown of MSH2 elevates G4 and RNA-DNA hybrid levels in a manner that is 

enhanced when HLTF is also lost, and both structures slow replication fork progression 

and cause replication stress.19,20,85,86,92,94 Consistent with this idea, we found that MSH2 

knockdown reduced fork progression in WT cells even in unchallenged conditions (Figure 

7C). However, the knockdown of MSH2 in HLTF-KO cells did not slow fork progression. 

Furthermore, DNA synthesis was reduced in HLTF-PrimPol dKO cells (Figure 7C). Taken 

together, these data suggest that HLTF restrains fork progression upon increased formation 

of secondary DNA structures and that its loss promotes continued, PrimPol-dependent 

fork progression in this context. Hence, in the absence of HLTF, cells can continue DNA 

synthesis, effectively tolerating a variety of impediments to fork progression.

HLTF protects cells from DNA damage and growth defects induced by G4 ligands

The ability of HLTF-deficient cells to replicate their DNA upon PDS challenge or in the 

absence of MSH2 led us to ask about the longer-term effects of elevated G4 levels on cells. 

The bypass of G4s with PrimPol might allow continued DNA synthesis but it could leave 

G4s unresolved, causing genome instability.

To determine how G4 formation and stabilization affect genome stability and growth of 

HLTF-deficient cells, we examined the formation of γH2AX foci, a marker for DNA 

damage. To minimize potentially confounding effects of telomeric damage, we assessed 

γH2AX foci in ALT-negative p53-deficient RPE1 cells. The knockdown of HLTF increased 

G4 formation in these cells in both G1 and G2/M phase, although MSH2 knockdown had 
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little effect on G4s in these cells (Figure S7A). Interestingly, upon HLTF knockdown, 

we also observed an increase in γH2AX foci that was enhanced upon PDS treatment 

predominantly in S and G2/M phase cells (Figure 7D). Thus, although HLTF loss allows 

cells to continue DNA synthesis when G4s are stabilized, increased DNA damage is still 

observed.

Finally, we evaluated the impact of PDS on the proliferation of RPE1 cells, comparing it to 

the effects of HU and MMC treatments, to which HLTF-deficient cells exhibit resistance.57 

Treatment with PDS slowed proliferation to a greater extent in HLTF-KOs relative to 

wild-type cells, whereas treatment with HU or MMC had the opposite effect (Figure S7B). 

We also found that the knockdown of MSH2 reduced proliferation upon increasing doses 

of PDS, although to a lesser extent than HLTF knockdown. The knockdown of both HLTF 

and MSH2 led to an even greater effect on proliferation (Figure 7E, F). Similar trends 

were observed after treatment with CX-5461, another G4-stabilizer (Figure S7C, D).95 

Collectively, these data suggest that HLTF and MSH2 act in distinct pathways to prevent 

DNA damage and promote cell proliferation when G4s are stabilized.

Discussion

Here, we describe a novel function for HLTF in maintaining genome stability, directly 

unfolding G4 structures and suppressing their accumulation throughout the cell cycle. In 

cells, HLTF requires its ATPase activity to suppress G4s, but not its ubiquitin ligase or 

HIRAN functions, whereas all three of these activities are essential for the HLTF-mediated 

replication stress response. Thus, the functions of HLTF in G4 resolution and the replication 

stress response are distinct (Figure 7G). Intriguingly, complete loss of HLTF facilitates 

PrimPol-dependent DNA synthesis, conferring tolerance to G4-induced replication stress. 

The consequence of this is increased DNA damage. Consistent with a role in preventing G4 

accumulation, HLTF suppresses ALT activity and maintains telomere stability. Importantly, 

HLTF deficiency also sensitizes cells to G4 stabilization. This effect is enhanced by the loss 

of MSH2, which synergistically suppresses G4s. Notably then, HLTF silencing, which is 

often observed in cancers, may have a dual effect on cells, allowing the accumulation of 

mutagenic secondary DNA structures and permitting the replication fork to tolerate their 

presence.

A function for HLTF in suppressing G4 accumulation

Several lines of evidence suggest that HLTF suppresses G4 structures in cells. First, G4s 

accumulate in the absence of HLTF. Second, HLTF is enriched at G4s genome-wide, with 

its greatest enrichment at sites where multiple G4s form. Third, there is an increase in 

RNA-DNA hybrids, which often co-occur with G4s, in HLTF-deficient cells. Although this 

increase was not observed in a previous study that reported no effect of HLTF knockdown 

on hybrid levels,96 the increase is modest, in a different cell line and was measured using 

a different approach for hybrid detection that may be more sensitive.81 Importantly, our 

genomic data further support the link between HLTF, RNA-DNA hybrids and G4s, as HLTF 

is particularly enriched at the small subset of hybrids (~15%) which coincide with G4s. 

Notably, the concurrent formation of G4s and RNA-DNA hybrids occurs at telomeres, where 
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their deregulation increased ALT activity.15 Consistent with this, we observe an increase 

in ALT activity in HLTF-KO cells, and prior studies show HLTF localizes to telomeres 

in ALT-positive cells.97 Altogether, our data indicate that G4s, not RNA-DNA hybrids, 

drive HLTF’s localization to chromatin, and that stabilization of a G4 with a hybrid or its 

proximity to additional G4s further promotes this localization.

A transcription-associated function for HLTF in the control of secondary structure 

accumulation

HLTF’s ability to suppress G4s is distinct from its known roles in DNA damage tolerance. 

HLTF requires its ATPase domain to suppress G4s, but not its HIRAN or ubiquitin ligase 

domains, which are needed for DNA damage tolerance in S phase. Indeed, G4 structures 

accumulate throughout the cell cycle upon HLTF loss. Also consistent with a role outside 

of S phase, more than half of HLTF’s chromatin binding is transcription dependent (Figure 

1H). Since transcription facilitates the formation of G4s,9 the reduction in HLTF chromatin 

binding following transcription inhibition may reflect reduced formation of these structures. 

Intriguingly, HLTF was originally identified as a transcription factor because it binds certain 

promoter motifs and positively regulates transcription in reporter assays.44,45 Although the 

mechanism underlying this observation has not been investigated, our findings support a role 

for HLTF in transcription. Interestingly, SMARCAL1 has been shown to resolve RNA-DNA 

hybrids in vitro96 and to modulate transcription by controlling chromatin accessibility.98 

If and how HLTF also regulates transcription, and whether it is linked to its regulation of 

secondary DNA structures, warrants further study.

Proposed mechanism for HLTF-dependent regulation of G4s

Our data, taken together with previously published biochemical studies, suggest a new 

biochemical mechanism for the resolution of G4s by HLTF. We found that HLTF does 

not specifically bind to or resolve G4 structures in ssDNA. However, we observed 

ATP-dependent G4 resolution in the context of dsDNA, when the two strands could be 

reannealed. Prior studies have shown that HLTF translocates on dsDNA and can move 

through and resolve triplex forming oligonucleotides when duplex DNA is intact.53 Hence, 

we propose that HLTF travels on dsDNA until it encounters a G4. Its translocase activity 

then destabilizes this structure, effectively unfolding it, and simultaneously promotes 

reannealing of the structure-forming ssDNA with its complementary strand to ultimately 

form duplex DNA. This biochemical process is similar to HLTF’s activity during fork 

reversal, where it reanneals the parental strands while simultaneously displacing and 

annealing the nascent strands. During fork reversal, but not G4 unfolding, the 3’ DNA-end 

binding activity of the HIRAN domain is also needed to facilitate remodeling of the nascent 

strands. This is consistent with our finding that the HIRAN domain is not needed for G4 

unfolding and the lack of a 3’ DNA end in this structure.

This mechanism for G4 resolution raises the possibility that HLTF may suppress the 

formation of other secondary DNA structures, removing them in a similar manner. Indeed, 

HLTF can reduce the expansion of some trinucleotide repeats99,100 that form DNA hairpins 

or H-DNA, and their expansion is linked to the secondary structure-forming properties 

of the sequence. However, these studies did not identify the HLTF domain(s) required 
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for expansion or clearly distinguish between potential S phase or non-S phase functions 

of HLTF. As the analysis of many secondary structures in cells remains a challenge, 

the role of HLTF in regulating other structures will require further study. Finally, our 

work raises the possibility that other dsDNA translocases that act in a similar manner as 

reannealing helicases, such as SMARCAL1 and ZRANB3, may also have the ability to 

resolve secondary structures.

The synergy between HLTF and MSH2 during G4 regulation

Several lines of evidence suggest that HLTF and MSH2 have complementary roles in 

regulating G4s. First, the chromatin binding of each protein increases when the other 

is lost, suggesting that each protein may compensate for the other in suppressing G4s, 

RNA-DNA hybrids and potentially other structures. Second, a synergistic increase in G4s 

was observed when both HLTF and MSH2 were absent. Third, there was a further increase 

in cellular sensitivity to PDS when both proteins were lost. Finally, HLTF and MSH2 act 

synergistically to suppress ALT activity.

It seems likely HLTF and MSH2 use different mechanisms to resolve G4s. HLTF does 

not specifically bind to G4s but can resolve them in vitro. By contrast, the MutSα and 

β complexes can directly bind to G4s and MutSβ can destabilize them as well.32,33 

Hence MSH2, as part of the MutSβ complex, may suppress G4s through this binding and 

destabilization. Alternatively resolution may be indirect, as the MutS complexes interact 

with multiple G4 resolving helicases.101,102 Interestingly, MutSβ has been shown to recruit 

FANCJ through MLH1, 34,103 and similar to MSH2 loss, FANCJ loss also leads to increased 

HLTF chromatin binding.104 Although our findings support complementary roles for HLTF 

and MSH2, they do not rule out the possibility that HLTF and MSH2 may act cooperatively 

on some G4s. For example, MSH2 could help to melt some G4s, while HLTF promotes 

reannealing of the melted G4 DNA with its complementary DNA strand.

HLTF and the tolerance of G4 structures

We previously found that HLTF loss promotes resistance to replication stress induced by 

several compounds, including HU, ATR inhibitors and MMC. In response to HU and MMC, 

we also showed that replication forks continue DNA synthesis when HLTF is depleted. This 

correlation led us to speculate that unrestrained fork progression may underlie the observed 

replication stress resistance.57 In response to G4 ligands, however, this is not the case. 

Although DNA synthesis continues in HLTF-KO cells using PrimPol, the absence of HLTF 

sensitizes cells to G4 ligands, resulting in increased DNA damage and reduced proliferation. 

Therefore, despite the ability of cells to continue DNA replication in the presence of PDS, 

the stabilized G4s are still problematic and can cause DNA damage. This damage could 

result from the inability to resolve G4s in post-replicative gaps and subsequent processing of 

these structures and is consistent with the higher level of γH2AX observed in S and G2/M 

cells. Thus, our new data indicate that unrestrained fork progression is not sufficient for 

replication stress resistance in HLTF-deficient cells.
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Limitations of the study

In our analysis of cellular G4 levels, we used G4 structure-specific antibodies. Although the 

different antibodies produced consistent results, we observed minor differences in the signal. 

This could reflect the ability of different antibodies to bind to G4 structures of distinct 

topologies or to recognize G4s in RNA.6 It is possible that HLTF can resolve G4s at the 

fork using its fork reversal activity, but that our assay is not sensitive enough to detect the 

small fraction of such events that occur compared to the total number of G4s. Additionally, 

we analyzed HLTF’s interaction with G4 sites in the genome that were identified using 

a single G4 antibody. Although this antibody has been used in both G4 ChIP-seq and 

CUT&Tag in the same cell type, and the sites identified using both approaches significantly 

overlap,75 some G4s may have escaped detection resulting in an underestimation of HLTF’s 

overlap with G4s. We also found HLTF’s enrichment is increased at G4s stabilized by 

RNA-DNA hybrids, identifying these genomic regions by intersecting peaks identified by 

DRIP-seq and G4 CUT&Tag. Since both RNA-DNA hybrids and G4s were detected using 

population-based approaches, these structures may not form concurrently at the intersected 

sites. Finally, further biochemical studies are needed to explore HLTF’s ability to bind or 

resolve other types of G4s.

Conclusions

In summary, our findings reveal an unexpected function for HLTF in the regulation of 

secondary DNA structures, maintaining G4s homeostasis throughout the cell cycle and in 

a manner that is linked to transcription. Intriguingly, HLTF’s functions in fork reversal and 

damage tolerance may synergize with its G4 resolution function to prevent the mutagenic 

and potentially toxic effects of these structures (Figure 7G). HLTF-dependent fork slowing 

may prevent alternative modes of replication and promote the resolution of G4s and other 

DNA secondary structures. Hence, HLTF loss elevates the formation of these replication 

stress-inducing structures yet allows their bypass and eventual resolution by potentially 

mutagenic pathways. In the context of cancer, HLTF silencing could thus both elevate 

replication stress resulting from G4s and increase the tolerance to that stress, driving 

mutagenesis. In the long term, this may pose an important therapeutic opportunity for the 

treatment of HLTF-deficient cells with G4 stabilizing drugs.

Star Methods

Cell Culture

U2OS (osteosarcoma; human female origin, ATCC #HTB-96) cells were maintained 

in DMEM (Life Technologies) supplemented with 10% FBS, 2 mM L-glutamine, and 

100 U/mL penicillin/streptomycin. MCF10A (mammary gland epithelial; human female 

origin, ATCC #CRL-10317) cells were maintained in DMEM/F12 (Life Technologies) 

supplemented with 5% horse serum, 100 U/mL penicillin/streptomycin, 0.5 µg/mL 

hydrocortisone, 10 µg/mL insulin, 20 ng/mL EGF, and 100 ng/mL Cholera Toxin. p53 

inactivated, Cas9 expressing hTERT-RPE1 (immortalized; retinal pigment epithelium; 

human female origin, ATCC #CRL-4000) cells described as RPE1 in the manuscript were 

received as a kind gift from Dr. Daniel Durocher and maintained in DMEM/F12 (Life 

Technologies) supplemented with 10% FBS, 100 U/mL penicillin/streptomycin. All cell 
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lines were tested for the absence of mycoplasma contamination and cultured in a humidified 

incubator with 5% CO2 at 37°C.

Construction of Cas9 expressing cells

Lentivirus encoding a construct that constitutively expresses S. pyogenes Cas9 was 

purchased (Addgene 52962-LV) and used to infect U2OS and MCF10A cells in the presence 

of polybrene (1 µg/mL, Millipore) overnight. 48 h post-infection, 10 µg/mL (for U2OS 

cells) and 5 µg/mL (for MCF10A cells) blasticidin was added to the media to select for the 

infected cells. Cas9 expression in the resistant cells was verified by western blotting.

Gene expression knockdown using siRNA or sgRNA

An siRNAs smart pool for MSH2 was purchased from Dharmacon and transfected using 

Dharmafect 1 (Horizon) transfection reagent according to the manufacturer’s directions. 

siRNA against GL3 luciferase was used as a negative control. sgRNA against HLTF and 

MSH2 (Thermo Fisher Scientific) were transfected into Cas9 expressing U2OS, RPE1 or 

MCF10A cells using Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the 

manufacturer’s directions. A non-targeting sgRNA was used as a negative control. siRNA 

transfected cells were assayed 72 h post-transfection to test gene expression knockdown by 

western blotting, or used for other assays. sgRNA transfected RPE1 cells were assayed 72 

h post-transfection, U2OS cells were assayed 96 h post-transfection to test gene expression 

knockdown by western blotting or immunofluorescent imaging, or used for other assays.

Construction of rescue cell lines

HLTF’s cDNA on the pcDNA3.1(+) backbone57 was mutated using Q5 Site-Directed 

Mutagenesis kit (NEB) to generate the C760S and R890Q mutant, then cloned into 

pCW57.1 using HiFi assembly kit (NEB). All the plasmids were sequenced and verified. 

pCW57.1-HLTF vectors were packaged into lentivirus particles using the 2nd generation 

lentiviral packaging system (pMD2.G & psPAX2) in HEK293T cells using TransIT®-

LT1 Transfection Reagent (Mirus). Virus-containing media was harvested 24 & 48h 

post-transfection and filtered through 0.45 µm PES membrane syringe filter to eliminate 

packaging cells. Lentivirus particles were further concentrated using Lenti-X Concentrator 

(Clontech) according to the manufacturer’s instructions. U2OS HLTF-KO cells were 

infected with the purified lentivirus particles in the presence of polybrene (1 µg/mL, 

Millipore) overnight. 48h post-infection, 1 µg/mL puromycin was added to the media 

to start the selection of infected cells. The resistant cells were clonally isolated using 

cloning cylinders. Resistant clones were further selected after doxycycline (dox) induction 

(500 ng/mL) for 24h and HLTF expressing clones were identified by immunofluorescence 

staining and also verified by western blotting. Two clones for each genotype were analyzed 

separately and the results were later pooled and presented.

Although designed as a dox-inducible expression system, we observed that the expression 

of the WT, R71E and C760S mutant was similar to HLTF’s endogenous level even in the 

absence of dox.57 In experiments involving HLTF-KO cells expressing the WT and these 

mutants, dox was omitted. We failed to detect the expression of the R890Q mutant in 

HLTF-KO cells unless dox was used to induce protein expression. Therefore, in experiments 
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evaluating HLTF-KO cells expressing the R890Q mutant, cells were either mock or treated 

with dox (500 ng/mL, 24h) to induce R890Q expression before assessing other phenotypes.

iPOND-SILAC Mass Spectroscopy and Data Analysis

iPOND was performed as described previously.46 SILAC-labeled HEK293T cells were 

pulsed with 10 µM EdU with the presence of 50 µM HU for 13 min for the WT, and 

10 min for the HLTF-KO cells. After labeling, roughly 6x108 asynchronous cells for each 

sample were fixed in 1% formaldehyde/PBS for 20 min at room temperature (RT), quenched 

using 0.125 M final concentration of glycine, and washed three times in PBS. Cells were 

scraped off the tissue culture dishes and the cell pellets were frozen at −80°C. Pellets were 

then resuspended in 0.25% Triton-X/PBS to permeabilize. Pellets were washed once with 

0.5% BSA/PBS and once with PBS prior to the click reaction. An equal number of light 

and heavy SILAC-labeled cells were mixed and resuspended in a homemade click reaction 

buffer (10 µM biotin-PEG-azide, 2 mM CuSO4, 10 mM sodium L-ascorbate in PBS, freshly 

prepared) and incubated for 1h at RT. After cell lysis by sonication, biotinylated chromatins 

were captured using streptavidin-coupled C1 magnetic beads for 1h at RT, then washed with 

lysis buffer (1% SDS in 50 mM Tris-HCl pH 8.0), low salt buffer (1% Triton X-100, 20 

mM Tris-HCl pH 8.0, 2 mM EDTA, 150 mM NaCl), high salt buffer (1% Triton X-100, 

20 mM Tris-HCl pH 8.0, 2 mM EDTA, 500 mM NaCl), lithium chloride wash buffer (100 

mM Tris-HCl pH 8.0, 500 mM LiCl, 1% Igepal), and twice in lysis buffer. Captured proteins 

were eluted in SDS sample buffer by incubating for 30 min at 95°C.

iPOND samples were then processed and analyzed using mass spectrometry as described 

previously.48 For SILAC protein ratios, a minimum of two unique peptides and one or more 

ratio counts were required for protein group inclusion in the analysis. SILAC protein ratios 

for all datasets were analyzed within the Perseus software.105 Only proteins identified in 

both datasets were included in the statistical analysis in Perseus using a two-tailed t-test with 

a p-value set at 0.05.

Immunofluorescent staining and imaging

Cells were seeded in 96 well optical plate and incubated overnight. The next day, 10 µM 

EdU diluted in cell culture media was added to label S phase cells for 30 min. After labeling, 

cells were pre-extracted with ice-cold CSK100 (100 mM NaCl, 300 mM sucrose, 3 mM 

MgCl2, 10 mM MOPS & 0.5% Triton X-100) buffer at 4°C for 5 min, then immediately 

fixed with 4% PFA/PBS for 20 min. After PBS washes, cells were permeabilized with 

0.5% Triton X-100 in PBS for 5 min. A homemade click reaction buffer (10 µM biotin-PEG-

azide, 2 mM CuSO4, 10 mM sodium L-ascorbate in PBS, freshly prepared) was added 

to the cells for 30 min, followed by blocking in 3% BSA/PBS for 20 min at RT. The 

primary antibodies were diluted in 3% BSA/PBS and incubated overnight at 4°C: rabbit 

anti-G4 (clone 1H6, Absolute Antibody ab00389-23.0, 1:500), goat anti-G4 (clone 1H6, 

Absolute Antibody ab00389-24.1, 1:500), anti-G4 (clone BG4, Sigma-Aldrich MABE917, 

1:500), rabbit anti-GFP (Abcam ab290, 1:1000), rabbit anti-GFP (Thermo Fisher Scientific 

A-11122, 1:1000), rabbit anti-HLTF (Abcam ab183042, 1:1000), mouse anti-MSH2 (Abcam 

ab52266, 1:1000), mouse anti-RNA polymerase II CTD repeat YSPTSPS (phospho S2) 

(Abcam ab24758, 1:500), rabbit anti-RPA34 (Abcam ab97594, 1:1000). For G4 detection 
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using BG4 antibody, rabbit anti-DYKDDDK (Cell Signalling Technology 14793S, 1:500) 

was diluted in 3% BSA/PBS and incubated for 1 h at RT. After primary antibody incubation, 

cells were washed 3x with PBS. Secondary antibodies (diluted 1:500) and DAPI (2µg/mL) 

were diluted in 3% BSA/PBS and incubated for 1 h at RT. Cells were washed 3x with PBS 

and then submerged in PBS during QIBC image acquisition.

RNA-DNA hybrid detection by GFP-dRNH1 using fluorescent imaging

RNA-DNA hybrid detection by GFP-dRNH1 was performed as described previously.81 Cells 

were seeded in 96 well optical plate and incubated overnight. Next day, 10 µM EdU diluted 

in cell culture media was added to the cells to label S phase cells for 30 min. After labeling, 

cells were fixed with ice-cold methanol for 10 min at −20°C. RNase H diluted (1:100) in 

1× RNase H buffer (New England Biolabs) was added to the cells and incubated for 2 h at 

37°C. Mock-treated cells were incubated in parallel in the same buffers but without RNase 

H added. Following enzyme incubations, cells were washed twice in PBST (0.1% Tween 

20 in PBS), then once in PBS for 5 min each. A homemade click reaction buffer (10 µM 

biotin-PEG-azide, 2 mM CuSO4, 10 mM sodium L-ascorbate in PBS, freshly prepared) 

was added to the cells for 30 min to detect EdU incorporated S phase cells, followed by 

blocking in 3% BSA/PBS for 30 min at RT. GFP-dRNH1 (0.188 mg/ml stock) diluted in 

3% BSA/PBS (1:2000) was added to the cells and incubated overnight at 4°C. Then, cells 

were washed twice in PBST and once in PBS for 5 min each. Streptavidin-conjugated Alexa 

647 (diluted 1:500) and DAPI (2 µg/mL) were diluted in 3% BSA/PBS and incubated for 1 

h at RT. Cells were washed 3x with PBS and then submerged in PBS during QIBC image 

acquisition.

Quantitative Image-Based Cytometry (QIBC)

Images were acquired in an unbiased fashion with the Molecular Devices ImageXpress 

Micro automated inverted epifluorescence microscope. Acquisition times for different 

channels were adjusted to obtain images in non-saturating conditions for all the treatments 

analyzed. After acquisition, the images were analyzed with automated MetaXpress image 

analysis software. At least 2000 cells were analyzed per condition, and each experiment was 

repeated at least 3 times. DAPI signal was used for generating a mask that identified each 

individual nucleus as an individual object. Large RPA foci were identified after applying a 

top hat filter to the RPA staining channel, then a mask was generated after filtering. These 

masks were then applied to quantify pixel intensities in the different channels for each 

individual cell/object. After quantification, the quantified values for each cell or foci (mean 

and total intensities, area, perimeter) were extracted and exported to the proprietary Spotfire 

software. Spotfire was used to visualize key features of individual nuclei for thousands of 

cells and quantify immunofluorescence values at the single cell level. Spotfire filtered data 

was then used to generate plots using GraphPad Prism [version 10.0.1 (218) for Windows 

64-bit, GraphPad Software, La Jolla California USA, https://www.graphpad.com] software.

Whenever cells were labeled with EdU, total DNA content and mean EdU intensities of 

individual cells were used to determine cell cycle phases. Cells with positive EdU staining 

were considered as S phase cells. Total DNA content of the EdU negative cells were used to 

distinguish G1 (2N DNA content) from G2/M (4N DNA content) phase.
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ALT-associated PML body detection

Cells were seeded in 24 well optical plate and incubated overnight. The next day, cells were 

pre-extracted with ice-cold CSK100 (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 

mM MOPS & 0.5% Triton X-100) buffer at 4°C for 5 min, then immediately fixed with 4% 

PFA/PBS for 20 min. After PBS washes, cells were permeabilized with 0.5% Triton X-100 

in PBS for 5 min and blocked in blocking solution (0.1% BSA, 3% goat serum, 0.1% Triton 

X-100,1 mM EDTA, pH 8.0 in PBS) for 30 min at RT. The primary antibodies were diluted 

in 3% BSA/PBS and incubated overnight at 4°C: rabbit anti-RPA34 (Abcam ab97594, 

1:1000), mouse anti-PML (Santa Cruz Biotechnology sc-966, 1:200). After the primary 

antibody incubation, cells were washed 3x with PBS. Secondary antibodies (diluted 1:500) 

were diluted in 3% BSA/PBS and incubated for 1 h at RT. A second fix was performed 

with 2% PFA/PBS for 10 min at RT. After PBS washes, samples were then serial dehydrated 

with 70%, 95% and 100% ethanol for 5 min each and let air dry. Biotin-tagged TelC probe 

(PNA Bio F2001) was diluted (1:200) in hybridization solution [70% formamide, 1 mg/mL 

Blocking Reagent (Roche 11096176001), 10 mM Tris-HCl pH 7.2, in ddH2O]. Samples and 

the diluted probe were both incubated at 80°C for 5 min, before the probe was added to the 

sample and incubated at 80°C for another 10 min, followed by incubation at RT for 2 h. 

Samples were then washed twice with washing solution (70% formamide, 10 mM Tris-HCl 

pH 7.2, in ddH2O) and twice with PBS, 3 min each wash. Streptavidin conjugated Alexa 

647 (diluted 1:500) and DAPI (2 µg/mL) were diluted in 3% BSA/PBS and incubated for 1 

h at RT. Cells were washed 3x with PBS and then coverslips were mounted using ProLong 

Glass antifade (Thermo Fisher Scientific P36984). Random views were selected and imaged 

using a Zeiss OBSERVER.Z1 INVERTED microscope and a Plan-APO 40x/1.4 Oil DIC 

(UV) VIS-IR objective. Fluorescent images were acquired using an Axiocam 506 mono 

camera (conversion = 0.1135) connected to the microscope. Images were analyzed using 

ImageJ Fiji106 to count the number of PML and telomere FISH foci that colocalize per in 

each cell.

In situ single-stranded telomeric C-strand (ssTelo-C) detection

Cells were seeded in a 24 well optical plate and incubated overnight. The next day, cells 

were fixed with 4% PFA/PBS for 20 min. ssTelo-C was stained as described previously.91 

Briefly, samples were incubated with 500 µg/mL RNase A (Thermo Fisher Scientific 

EN0531) diluted in blocking solution (0.1% BSA, 3% goat serum, 0.1% Triton X-100, 1 

mM EDTA, pH 8.0 in PBS) for 1h at 37°C. Samples were then washed once with PBS, 

then serial dehydrated with 70%, 95% and 100% ethanol for 5 min each and let air dry. 

FAM-tagged TelG probe (PNA Bio F1005) was diluted (1:100) in hybridization solution 

[70% formamide, 1 mg/mL Blocking Reagent (Roche 11096176001), 10 mM Tris-HCl pH 

7.2, in ddH2O] and added to the samples to incubate for 2 h at RT. Samples were washed 

twice with washing solution (70% formamide, 10 mM Tris-HCl pH 7.2, in ddH2O) and 

twice with PBS, 3 min each wash. Nuclei were counterstained with DAPI (2 µg/mL) diluted 

in PBS and incubated for 1 h at RT. Cells were washed 3x with PBS and then coverslips 

were mounted using ProLong Glass antifade (Thermo Fisher Scientific P36984). Random 

views were selected and imaged using a Zeiss OBSERVER.Z1 INVERTED microscope and 

a Plan-APO 40x/1.4 Oil DIC (UV) VIS-IR objective. Fluorescent images were acquired 

using an Axiocam 506 mono camera (conversion = 0.1135) connected to the microscope. 
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Images were analyzed using ImageJ2 Fiji to count the number of single-stranded TelC foci 

per cell.

ChIP-seq with spike-in normalization (ChIP-Rx)

For each ChIP-Rx sequencing experiment, 6x107 cells per immunoprecipitation condition 

were fixed with 1% formaldehyde (Fisher Chemical, F79-500) for 5 min at RT. Fixation 

was stopped by adding 125 mM glycine for 5 min. Cells were harvested in ice-cold 

PBS containing protease (Sigma-Aldrich, 11836170001) and phosphatase inhibitors (Roche, 

4906837001). All further used buffers also contained these inhibitors. As exogenous control 

(spike-in), murine ESC cells expressing MPP8-GFP (gift from Wysocka Lab107) were added 

at a 1:10 ratio during cell lysis. Cell lysis was carried out for 20 min in lysis buffer I 

(5 mM PIPES pH 8.0, 85 mM KCl, 0.5% NP-40 in nuclease-free water) and nuclei were 

collected by centrifugation at 500 g for 20 min at 4 °C. Crosslinked chromatin was prepared 

in lysis buffer II (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 

1% sodium deoxycholate, 0.1% SDS in nuclease-free water) and fragmented by using the 

Covaris Focused Ultrasonicator E220 for 20 min (10% duty factor, 140 PIP, 200 CPB) 

per mL lysate. Fragment size of 150-300 bp was validated by agarose gel electrophoresis. 

Chromatin was centrifuged for 20 min at 14,000 rpm at 4 °C before IP. For each IP reaction, 

100 µl Dynabeads Protein A and Protein G (Thermo Fisher Scientific, 10002D and 10004D) 

were pre-incubated overnight with rotation in the presence of 5 mg/ml BSA/PBS (Thermo 

Fisher Scientific, BP1600-100) and 15 µg antibody GFP (Abcam, ab290). Chromatin was 

added to the beads, and IP was performed for at least 6 h at 4 °C with rotation. Beads were 

washed three times each with washing buffer I (20 mM Tris-HCl pH 8.1, 150 mM NaCl, 2 

mM EDTA, 1% Triton X-100, 0.1% SDS in nuclease-free water), washing buffer II (20 mM 

Tris-HCl pH 8.1, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS in nuclease-

free water), washing buffer III (10 mM Tris-HCl pH 8.1, 250 mM LiCl, 1 mM EDTA, 

1% NP-40, 1% sodium deoxycholate in nuclease-free water), and once with TE buffer 

(Invitrogen). Chromatin was eluted twice by incubating with 150 mL elution buffer (100 

mM NaHCO3, 1% SDS) for 15 min with rotation at RT. Input samples and eluted samples 

were de-crosslinked overnight at 65 °C. Protein and RNA were digested with proteinase 

K (Thermo Scientific, 25530049) and RNase A (Thermo Scientific, EN0531), respectively. 

DNA was isolated by phenol-chloroform extraction and ethanol precipitation and analyzed 

by qPCR using Light Cycler Real-Time PCR System (Roche) and iTaq Universal SYBR 

Green Supermix SYBR Green Master Mix (BioRad, 1725122) to perform ChIP qPCR or 

before library preparation followed by high throughput sequencing on a Novaseq 6000. See 

Key Resource Table for qPCR primer details.

For ChIP-Rx sequencing, DNA was quantified using the Quant-iT™ dsDNA HS Assay Kit 

(Invitrogen, Q32851). DNA library was prepared using the NEBnext Ultra II DNA Library 

Prep Kit (New England Biolabs, E7645) and NEBNext Multiplex Oligos for Illumina (NEB, 

E7600) following the manufacturer’s instructions. Cycle number was determined by qPCR 

(Thermo Scientific, S11494). Quality and Quantity of the library were assessed on the 

QUBIT using the Quant-iT™ dsDNA HS Assay Kit, the 2100 Bioanalyzer (Agilent) using 

the High Sensitivity DNA Assay and NEBNext Library Quant Kit for Illumina (NEB, 
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E7630). Finally, libraries were subjected to cluster generation and base calling for 150 

cycles paired-end on the Illumina Novaseq 6000 platform.

Bioinformatics analysis

For HLTF ChIP-seq samples, FASTA files of human (hg38) and mouse (mm39) reference 

genome were downloaded from RefSeq (https://www.ncbi.nlm.nih.gov/datasets/genome/). 

Both FASTA files were used in bowtie2-build to generate an indexed “hybrid” reference 

genome. Raw FASTQ reads from HLTF ChIP-seq were aligned to the hybrid reference 

genome using bowtie2108 (2.2.5) –local mode using paired inputs with default parameters. 

Duplicates were identified using Picard (2.27.5) MarkDuplicates. Samtools109 (1.16.1) was 

used to filtered the reads: reads aligned to the chromosomes were kept; unmapped, pairs 

with only one mate aligned, duplicates and reads aligned to the ENCODE blacklist regions 

were excluded.110 After filtering, the reads are parsed into human versus mouse aligned 

reads. The total number of mouse aligned reads for each sample were taken to calculate the 

spike-in normalization factors as previously described.74 Deeptools111 (3.5.1) bamCoverage 

was used to generate bigwig files with the signals scaled using the spike-in normalization 

factor. The resulting bigwig files were used in deeptools computeMatrix, followed by 

plotHeatmap and plotProfiles to generate the heatmaps and aggregate plots respectively. 

For G4 ChIP-seq (GSE162299) and MSH2 ChIP-seq (GSE205043) in the mouse embryonic 

stem cells (mECSs, E14), raw reads in FASTQ files were downloaded and aligned to 

human (hg38) or mouse (mm10) reference genome using bowtie2 (2.2.5) –local mode 

with default parameters. The aligned reads were deduplicated and filtered as mentioned 

above. Deeptools (3.5.1) bamCoverage was used to generate bigwig files with the signals 

normalized to 1x genome size, using the reads per genome content (RPGC) method. Bed 

files of the G4 CUT&Tag peaks (GSE181373), DRIP peaks (GSE115957) identified in the 

U2OS cells and in vitro G4 forming motifs in the human genome under PDS+, K+ condition 

(GSE110582) were downloaded and used to calculate HLTF ChIP-seq signal enrichment. 

Bed files of the G4 CUT&Tag-seq (GSE70189), DRIP-seq (GSE173103) in the mESCs 

were downloaded and used to calculate MSH2 ChIP-seq signal enrichment. Liftover (https://

genome.ucsc.edu/cgi-bin/hgLiftOver) was used to convert genome coordinates to those in 

the hg38 assemblies. MACS2112 (2.2.7.1) was used to identify HLTF ChIP-seq peaks with 

default settings using FDR=0.05 as cutoff. The peaks were further filtered based on the 

average ChIP-seq signal intensity within the peak regions following ENCODE guidelines 
113: at least a 2-fold signal enrichment in the control versus HLTF knockdown ChIP-seq 

sample was used as cutoff. Bedtools114 (2.30.0) was used to intersect G4 CUT&Tag, G4 

motifs, DRIP and HLTF ChIP-seq peaks. HOMER115 (4.11) was used to analyze the basic 

genome ontology of G4 CUT&Tag and HLTF ChIP-seq peaks.

DNA fiber analysis with triple nucleotide labeling

Cells were seeded in 24 well plate and incubated overnight. Unless otherwise stated in 

the figure legends, on the next day, cells were labeled consecutively with 50 µM IdU, 

100 µM EdU and 200 µM CldU for 30, 30 and 20 min each. Warm PBS was applied to 

wash cells between each labeling. Drug or mock treatment was performed during the EdU 

labeling. After the CldU labeling, cells were trypsinized and harvested. Chromatin fibers 

were spread on glass slides and then fixed with freshly prepared fixative (75% methanol, 
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25% acetic acid) for 10 min at RT. To detect nucleotide analogue labeled fibers, slides were 

denatured with 2.5N HCl for 30 min at RT. A homemade click reaction buffer (100 µM 

biotin-PEG-azide, 2 mM CuSO4, 10 mM sodium L-ascorbate in PBST, freshly prepared) 

was added to the slides and incubated for 30 min at RT. Primary antibodies were diluted in 

3% BSA/PBST (0.1% Triton X-100 in PBS) and incubated with the samples at 37°C for 1 h: 

mouse anti-BrdU (BD Biosciences 347580, 1:75, for IdU detection), rat anti-BrdU (Abcam 

ab6326, 1:100, for CldU detection), rabbit anti-biotin (Cell Signaling Technology 5597, 

1:100, for biotinylated EdU detection after click reaction). PBST was used to wash the slides 

3 times. Secondary antibodies diluted in 3% BSA/PBST were incubated with the samples at 

37°C for 1 h: goat anti-rat IgG (H+L) (Thermo Fisher Scientific A11006, 1:100), goat anti-

rabbit IgG (H+L) (Thermo Fisher Scientific A21244, 1:100), goat anti-mouse IgG1 (Thermo 

Fisher Scientific A21124, 1:100). Samples were then washed with PBST and let air dry, 

before mounted with Fluoroshield (Sigma-Aldrich F6182) using 1.5N coverglass. Random 

views were selected and imaged using a Zeiss OBSERVER.Z1 INVERTED microscope and 

a Plan-APO 40x/1.4 Oil DIC (UV) VIS-IR objective. Fluorescent images were acquired 

using an Axiocam 506 mono camera (conversion = 0.1135) connected to the microscope. 

To evaluate the replication fork progression rate, EdU tract lengths were measured only 

when preceded by IdU labeling and followed by CldU labeling. For quantification, at 

least 2 slides per sample were prepared for each experimental repeat. To avoid bias, after 

immunodetection, each pair of slides was blinded, and we randomly selected at least 5 fields 

of view from each slide and acquired images. Hence, for each experiment, we acquired at 

least 10 images for each sample. DNA fiber length was measured using an ImageJ plug-in. 

We randomly scored a similar number of fibers (~15) from each image. Measurements from 

at least 3 repeats were pooled, resulting in at least 200 replication tracts per sample.

Protein purification

UBC13/MMS2 were expressed and purified as described previously.116 Human HLTF 

proteins used in ATPase, fork regression, ubiquitin ligase, binding and unwinding of G4 

in ssDNA assays were expressed and purified as described previously.56 UBA1 (ab271808) 

and ubiquitin (ab269109) were purchased from Abcam. HLTF WT and HIRAN (N90A, 

N91A, or NANA) mutant proteins used in the dsDNA G4 unfolding assay were expressed 

and purified as described previously.117

ATPase assay

The ATP hydrolysis rate of HLTF was determined using a NADH-coupled enzymatic 

assay.118 Briefly, the reactions were carried out in solution containing 20 mM Tris-HCl 

pH 7.76, 2 mM MgCl2, 10 mM KCl, 1 mM DTT, 2 mM ATP, 3 mM phosphoenolpyruvate, 

0.044 mM NADH, 12 U pyruvate kinase, and 17 U lactate dehydrogenase, supplemented 

with 100 nM HLTF, and 300 nM fork DNA (assembled from oligos 40, F20.40, 

LEAD20.20, and LAG20.20; see Key Resource Table). The A340 was monitored for 60 

min (1 min intervals) at 37°C in a 96-well plate (Corning) using a Synergy H1 Hybrid 

Reader (Biotek). Data were analyzed using GraphPad Prism and rates were corrected for 

background NADH decomposition from a no-enzyme control.
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Fork regression assay

Fork regression was performed as previously described.56 Reactions containing 5 nM HLTF 

and 1 nM 32P-labeled fork DNA assembled from oligos 48, 50, 52, and 53 (see Key 

Resource Table) were incubated at 37°C in reaction buffer (20 mM Tris-HCl pH 7.76, 2 mM 

MgCl2, 10 mM KCl, 1 mM DTT, 2 mM ATP, 100 µg/mL BSA).

Ubiquitin ligase assay

DNA oligonucleotides Bio-31 and Bio-75 (see Key Resource Table) were annealed in 

annealing buffer (10 mM Tris pH 7.5, 50 mM NaCl, 1 mM EDTA) to create a duplex with 

a 5’-ssDNA overhang. Reactions were carried out in ubiquitylation buffer (40 mM Tris pH 

7.76, 8 mM MgCl2, 10% glycerol, 50 mM NaCl) and contained 0.1 µM UBA1, 40 µM 

ubiquitin, 0.2 µM UBC13/MMS2, 0.2 µM HLTF, 0.05 µM Bio-31/Bio-75 DNA, and 0.5 mM 

ATP. Reactions were incubated at 30°C for 15 minutes and stopped by the addition of 2X 

Laemmli buffer followed by incubation at 70°C for 5 minutes. Samples were analyzed by 

western blot using anti-ubiquitin antibody (P4D1, Cytoskeleton AUB01-HRP, 1:1000) and 

visualized with Clarity Western ECL Substrate (BioRad).

Protein binding to G4 in ssDNA

10 nM ssDNA was incubated in a buffer containing 40 mM Tris-HCl pH 8.0, 50 mM 

KCl, 5 mM MgCl2, 2 mM AMP-PNP, 1 mM TCEP and 0.1 mg/mL BSA. Two types of 

ssDNA were used: “Tel 8” ssDNA that contains 8 telomeric repeats and a control “No 

G4” ssDNA that contains equal number of scrambled telomeric repeats (see Key Resource 

Table). Purified HLTF protein was added to a final concentration of 0-500 nM in a final 

reaction volume of 10 µL. After incubation at 37°C for 10 min, glycerol was added to a final 

concentration of 10%. Electrophoresis was performed using a 0.7% agarose TBE gel at 70 

volts for 1 h at 4°C. Gels were imaged on a ChemiDoc fluorescent imager. The intensities of 

the bound vs. unbound bands were quantified using ImageJ.

ssDNA G4 unfolding assay

The ssDNA G4 unwinding assay was modified from a previous report.119 Briefly, 2 nM 

of Tel 8 ssDNA was incubated at 4°C in a buffer containing 40 mM Tris-HCl pH8.0, 50 

mM KCl, 5 mM MgCl2, 2 mM ATP, 1 mM TCEP and 0.1 mg/ml BSA. For Phen-DC3 G4 

stabilization experiments Phen-DC3 was added to a final concentration of 50 nM. 50 nM 

of HLTF or yeast Pif1120 and 5 nM G4 probe (see Key Resource Table) were added in a 

final reaction volume of 120 µL to initiate G4 unwinding. The reaction was incubated at 

room temperature. At 0, 1, 2, 5 and 10 min after the reaction was initiated, 20 µL of the 

reaction mixture was taken and combined with 6x Stop Solution (60 mM EDTA pH 8.0, 

40% Glycerol, 0.6% SDS, 0.5 mg/ml Proteinase K) and kept at 4 °C. Samples were analyzed 

by electrophoresis in a native 10% polyacrylamide TBE Gel run in 1 x TBE buffer at 100 

volts for 2 h at 4 °C. Both the gel and the running buffer contain 50 mM KCl. Gels were 

imaged on a ChemiDoc fluorescent imager. The intensities of the folded vs. unfolded bands 

were quantified using ImageJ.
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DNA substrate preparation for the dsDNA G4 unfolding assay

The pUC19-Random inverted repeats vector (pUC19-RIR, or No G4-DNA)73 was modified 

as follows: ssDNA containing a CEB25 minisatellite G4-forming sequence121 was modified 

to include an EcoRI restriction site, then annealed to its complementary ssDNA and 

inserted between the XbaI and SacI site on pUC19-RIR to create pUC19-G4 (or G4-DNA, 

see Key Resource Table). pUC19-G4 was linearized by ScaI-HF (New England Biolabs) 

and distributed into PCR tubes to include 1.5 µg of DNA, 3 µM pyridostatin (Sigma, 

SML2690), 50 mM KCl, 10 mM Tris-HCl pH 8.0, 1 mM MgCl2, and 100-fold excess of 

a complementary RNA in molecules (see Key Resources Table), in a total volume of 30 

µL. The reaction mix was incubated at 95°C for 5 min followed by slow cooling (0.01 

°C/sec). RNaseH (2.5 U, New England Biolabs) was used to digest RNA at 37°C for 30 

min, followed by heat inactivation. The solutions were pooled and used for the dsDNA 

G4 unfolding assay without any further purification. The efficiency of G4 formation was 

tested by digestion with EcoRI-HF or T7 Endonuclease I (New England Biolabs). 100 ng 

of DNA was digested with either 5 U of EcoRI-HF (New England Biolabs), or 2 U of T7 

Endonuclease I, diluted in 2.1 buffer (New England Biolabs) in a 10 µL reaction incubated 

at 37°C for 60 min. The products were separated by electrophoresis on a 1% native agarose 

gel. pUC19-RIR was used as a control. The inverted repeats does not form secondary 

structure in linearized pUC19-RIR.73

dsDNA G4 unfolding assay

The assay was carried out in a reaction buffer containing 10 mM Tris-HCl pH 7.5, 2 mM 

ATP, 2 mM dithiothreitol (DTT), 0.25 mg/mL BSA, 2 mM MgCl2, 50 mM KCl and 100 

ng of linearized G4-DNA in a 15 µL reaction. ATP was omitted in certain reactions as 

indicated. WT or HIRAN mutant of HLTF proteins were added to the reaction mix on 

ice and then incubated at 37°C for 30 min. Reactions were subsequently kept at room 

temperature. Unless indicated otherwise, 4 U of EcoRI-HF diluted in CutSmart buffer (New 

England Biolabs) was added followed by incubation at 37°C for 30 min. The reactions were 

terminated by the addition of 1 µL Proteinase K (14-22 mg/ml, Roche) and 5 µL 0.2% stop 

solution (150 mM EDTA, 0.2% SDS, 30% glycerol, bromophenol blue), and incubated at 

37°C for 10 min. The products were separated by electrophoresis in 1% native agarose gels 

and imaged. The intensities of the bands were quantified using ImageJ. EcoRI-cleaved DNA 

present in the no protein control reaction was considered as background and subtracted from 

all the other samples. Reactions with T7 Endonuclease I were carried out similarly.

Drug dose response assay

500 RPE1 cells were seeded per well in a 96 well plate. After growth for 24 h, PDS 

was added at the indicated concentration. To monitor proliferation, cells were grown in 

an IncuCyte Zoom live cell imager (Essen/Sartorius) with images recorded every 4 h for 

6 d after addition of the drug. PDS containing media was refreshed 3 d after initial drug 

addition. The confluence percentage for each image was calculated using the IncuCyte 

Zoom software over the course of the experiment for each well. For viability measurement, 

the confluence level at each time point was first normalized to the initial confluence level of 

the cells before the addition of PDS to account for different initial cell plating density. About 
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5 d post drug addition, the relative cell proliferation is calculated by dividing the normalized 

growth of drug treated cells to that of untreated cells. The resulting relative percentage 

of proliferation and the corresponding drug concentration were fitted to a 4-parameter 

dose-response curve to calculate IC50 values.

Western blot analysis

Cells were collected and resuspended in lysis buffer [50 mM Tris-HCl pH 7.5, 150 

mM NaCl, 1 mM EDTA, 1% Triton X-100, supplemented with 1x protease inhibitor 

cocktail (Sigma 11836170001)]. After vortexing at 4°C for 15 min, the lysate was further 

sonicated using a probe sonicator. Supernatant was collected after high-speed centrifugation. 

Protein concentration was determined using BCA assay (Thermo Scientific 23227). Equal 

amounts of total proteins were boiled in Laemmli sample buffer supplemented with 5% 

beta-mercaptoethanol for 5 min. Proteins were separated by SDS-PAGE and transferred to a 

PVDF membrane (Millipore IEVH85R). Primary antibodies were: rabbit anti-HLTF (Abcam 

ab183042 1:5000), mouse anti-MSH2 (abcam ab52266 1:1000), mouse anti-alpha-tubulin 

(Sigma T9026 1:5000). Secondary antibodies were goat anti-rabbit HRP (Molecular Probes 

G21234) and goat anti-mouse HRP (Invitrogen 81-6520). Chemi-luminescence was carried 

out using the Immobilon HRP substrate (Millipore WBKLS0500), and blots were imaged 

with an Azure cSeries (300) Imager from Azure Biosystems.

Quantification and Statistical Analysis

All experiments, if not indicated otherwise in the figure legend, were performed three times 

and representative experiments were depicted. No statistical methods or criteria were used to 

estimate sample size or to include/exclude samples.

Statistical analysis was performed using Prism (GraphPad Software). Details of how data is 

presented, including the definition of center (mean or median) and error bars can be found in 

the figure legends. For all box plots, whiskers indicate the 10th and 90th percentiles, boxes 

span the 25th to 75th percentiles. Lines inside boxes represent medians.

Details of statistical test for each experiment, including the type of statistical tests used and 

the number of repeats, can be found in the figure legends. Statistical test results, presented as 

levels of significance, are shown in the figures. In all cases: ns, not significant; * p < 0.05; 

** p < 0.01; *** p < 0.001; **** p < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• HLTF is enriched at G4s and suppresses G4 accumulation in all cell cycle 

phases.

• HLTF translocase directly resolves G4 structures using its ATPase activity.

• HLTF slows replication forks and suppresses PrimPol in response to G4 

stabilization.

• HLTF protects cells from DNA damage and growth defects induced by G4 

stabilization.
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Figure 1. The cell cycle independent regulation of HLTF chromatin binding by MSH2 and 
transcription.

A. Schematic of iPOND-SILAC-MS. “Heavy” and “light” amino acids labeling of WT or 

HLTF-KO cells was reversed for the two biological repeats.

B. Volcano plots for proteins identified by iPOND-SILAC-MS. p-values are calculated based 

on two biological repeats. Protein abundance changes with at least 50% decrease (green) or 

increase (red) are highlighted. Significance cutoff for protein enrichment was set at p=0.05 

(horizontal dotted line).

C. HLTF-KO/WT SILAC ratio for proteins from B. For CMGs, RFCs, RPAs, and replicative 

polymerases, mean ± SEM is calculated from the normalized SILAC ratio of each subunit 

comprising the complex. For MSH2, 3 and 6, the normalized SILAC ratio is used to 

calculate the mean ± SD (n=2).
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D. Representative immunofluorescence (IF) images of U2OS cells expressing GFP-HLTF 

after sgRNA-mediated knockdown. GFP-HLTF is detected using a GFP antibody.

E. Mean intensity of chromatin-bound MSH2 as shown in D. See also Figure S1E.

F. Mean intensity of chromatin-bound GFP-HLTF as shown in D. See also Figure S1G.

G. Representative IF images of U2OS cells expressing GFP-HLTF after mock or DRB 

treatment (100 µM, 4h). GFP-HLTF is detected using a GFP antibody.

H. Mean intensity of chromatin-bound GFP-HLTF from G. See also Figure S1K. Mann-

Whitney tests were performed for all data shown in this figure.
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Figure 2. HLTF suppresses G4 accumulation in cells and is enriched at G4 structures in the 
human genome.

A. Representative IF images in WT and HLTF-KO U2OS cells. G4s are detected using the 

1H6 antibody.

B. Mean G4 intensity from A. See also Figure S2C.

C. Mean G4 intensity in WT and HLTF-KO U2OS cells after sgRNA-mediated knockdown. 

See also Figure S2G. Mann-Whitney tests were performed in B and C.

D. Representative browser tracks of G4 ChIP-seq (GSE162299) and HLTF ChIP-seq at the 

MYC and KRAS loci.
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E. Heatmaps showing ChIP-seq coverage for G4 and HLTF at G4 CUT&Tag peaks in U2OS 

cells (n=35,104) (GSE181373). The x-axis represents the distance from the peak in kb. 

Heatmaps were sorted by G4 ChIP-seq signal intensity for all ChIP-seq samples. Spearman 

correlation coefficient between G4 and HLTF sgCON ChIP-seq signal was 0.74.

F. Aggregate plot showing HLTF ChIP-seq coverage (y-axis) relative to the distance (x-axis, 

in kb) from G4 CUT&Tag peaks, related to E.

G. Distribution of HLTF ChIP-seq peaks within each genomic compartment. TTS, 

transcription termination site.

H. Relative enrichment of G4 CUT&Tag and HLTF ChIP-seq peaks within each genomic 

compartment. * indicates compartments where both G4 and HLTF showed significant 

enrichment.

I. Frequency distribution of the number of G4 motifs within G4 CUT&Tag peaks. G4 peaks 

are segregated based on overlap with HLTF ChIP-seq peaks: G4 peaks that overlap with 

HLTF peaks are HLTF+ or otherwise HLTF-. See also Figure S2J.

J. Aggregate plot showing HLTF ChIP-seq coverage (y-axis) relative to the distance (x-axis, 

in kb) from G4 CUT&Tag peaks. G4 peaks are segregated based on whether they are within 

the promoter or 5’UTR (G4 in promoter/5’UTR or promoter/5’UTR+, n=17,620; G4 out of 

promoter/5’UTR or promoter/5’UTR-, n=17,484). Promoters are identified as ±1kb of the 

annotated transcription start site. See also Figure S2K.
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Figure 3. HLTF is enriched at RNA-DNA hybrids stabilized by G4s.

A. Heatmaps showing ChIP-seq coverage for HLTF at RNA-DNA hybrid peaks identified 

in U2OS cells by DRIP-seq (GSE115957). The x-axis represents the distance from the 

DRIP peak in kb. DRIP peaks are segregated based on whether they overlap with G4 peaks 

identified by G4 CUT&Tag: DRIP peaks that overlap with G4 peaks are G4+(n=11,499) or 

otherwise G4- (n=59,090).

B. Aggregate plot showing HLTF ChIP-seq coverage (y-axis) relative to the distance in kb 

(x-axis) from DRIP peaks. Related to A. See also Figure S3A.

C. Representative IF images of RNA-DNA hybrids in WT and HLTF-KO U2OS cells after 

mock or RNase H digestion. Hybrids are detected using purified, recombinant GFP-dRNH1.

D. Mean nuclear hybrid intensity, as shown in C. See also Figure S3D.

E. Mean nuclear hybrid intensity in WT and HLTF-KO U2OS after sgRNA transfection. See 

also Figure S3E. Mann-Whitney tests were performed in this figure.
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Figure 4. HLTF suppresses G4s in an ATPase-dependent manner in cells.

A. Schematic of HLTF domain structures. Arrowheads represent position of mutations.

B. Western blot of HLTF-dependent Ub chain formation by UBC13/MMS2 using a ubiquitin 

antibody.

C. ATPase rates of HLTF WT and mutant proteins measured using an NADH-coupled assay. 

Rates were corrected for background NADH decomposition in a no-enzyme control. Data 

are plotted as the mean ± SD (n=3). See also Figure S4B.
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D. Denaturing PAGE showing the separation of DNA substrate (fork) and product (duplex), 

as a measurement of the in vitro fork reversal activity of HLTF WT and mutant proteins.

E. Quantification of the in vitro fork reversal activity of HLTF WT and mutant proteins. 

Related to D. Data are plotted as the mean ± SD (n=3).

F. Mean G4 intensity in U2OS WT and HLTF-KO cells constitutively expressing HLTF WT 

or mutant proteins. Two clones of each cell line were analyzed separately. The median of 

the mean G4 intensity of the two clones is averaged to calculate the mean ± SEM (n=3). 

One-way ANOVA was performed followed by Dunnett’s test.

G. Mean G4 intensity in U2OS WT and HLTF-KO cells inducibly expressing HLTF R890Q 

mutant, after dox induction (24 h, 500 ng/mL). Two clones of R890Q expressing HLTF-KO 

cell lines were analyzed separately. The median of the mean G4 intensity of the two clones 

is averaged to calculate the mean ± SEM (n=3). T-test was performed.
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Figure 5. HLTF promotes ATP-dependent G4 unfolding in dsDNA.

A. Schematic of ssDNA G4 unfolding assay.

B. Native gel images showing ssDNA G4 unfolding by HLTF (top) or S. cerevisiae Pif1 

(bottom).

C. Quantification of ssDNA G4 unfolding by HLTF or S. cerevisiae Pif1. Related to B.

D. Schematic of dsDNA G4 unfolding assay.

E. Representative native gel image showing the dsDNA G4 unfolding by HLTF WT or a 

HIRAN (N90A,N91A) mutant. DNA substrate in all lanes was digested with EcoRI.

F. Quantification of dsDNA G4 unfolding by HLTF WT or a HIRAN (N90A,N91A) mutant. 

Lane numbers correspond to those shown in E. Data is presented as mean ± SEM (n=3).
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Figure 6. HLTF suppresses ALT activity in an ATPase-dependent manner.

A. Representative IF images of ALT-associated PML body (APB) detection in WT and 

HLTF-KO U2OS cells. Arrowheads mark APBs.

B. Percentage of cells with at least five APBs. Related to A. Data are represented as mean ± 

SEM (n = 3).

C. Representative IF images of in situ ssTelo-C foci detection in WT and HLTF-KO U2OS 

cells.

D. Quantification of ssTelo-C foci/cell (n=3). Related to C.

E. Quantification of ssTelo-C foci/cell (n=4) in WT and HLTF-KO U2OS cells, after 

transfection with the indicated sgRNA.

F. Percentage of cells with at least 5 APBs in WT and HLTF-KO U2OS cells, and HLTF-KO 

cells expressing HLTF WT, R71E or C760S mutant proteins. Data are represented as mean ± 

SEM (n ≥ 3).

G. Percentage of cells with at least 5 APBs after dox induction (500 ng/mL, 24 h) in WT 

and HLTF-KO U2OS cells, and HLTF-KO cells expressing the R890Q mutant. Data are 
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represented as mean ± SEM (n = 3). All statistical tests in this figure are one-way ANOVA 

followed by Dunnett’s test.
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Figure 7. HLTF restrains replication fork progression and protects cells from DNA damage and 
growth defects in response to G4-stabilization.

A. Experimental setup for replication fork progression assay.

B. EdU tract lengths (n=3) in mock or PDS-treated U2OS cells.

C. EdU tract lengths (n=3) in U2OS cells 72 h after siRNA transfection. In B & C, line 

represents the median. ns, not significant, by Kruskal-Wallis test; **** p < 0.0001, by 

Mann-Whitney test.
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D. Percentage of RPE1 cells with at least 15 γH2AX foci with mock or PDS treatment 

(5 µM, 24 h) after sgRNA transfection. Data are represented as mean ± SEM (n=3). T-test 

results comparing the sgCON and sgHLTF PDS-treated samples are shown.

E. PDS-response curve in RPE1 cells transfected with the indicated sgRNAs. sgRNAs 

against both HLTF and MSH2 are transfected in the sgDKO sample. Data are represented as 

mean ± SEM (n=4).

F. IC50 of RPE1 cells after sgRNA transfection and PDS treatment. Related to E. Data 

are represented as mean ± SEM (n=4). ** p < 0.01; *** p < 0.001; ns, not significant, by 

one-way ANOVA followed by Dunnett’s test compared to sgCON; * p < 0.05 by t-test.

G. Proposed model for the dual roles of HLTF in regulating G4s to maintain genome 

stability. In its first role (left), HLTF acts in all cell cycle phases and uses its ATPase-

dependent dsDNA translocase activity to travel on dsDNA. Upon encounter of the G4, the 

translocation activity of HLTF may destabilize the structure, allowing the structure forming 

sequence to reanneal to its complementary strand. MutS complexes can also bind and 

regulate G4s in a distinct pathway that is independent of HLTF. In a second role (right), 

HLTF slows DNA synthesis in response to G4 stabilization. G4s may be resolved by other 

resolution factors as fork reversal occurs. In HLTF’s absence, G4s at the replication fork are 

bypassed by PrimPol-mediated repriming.
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