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REVIEW

CST/Polα/primase-mediated fill-in synthesis at DSBs
Zachary Mirmana,b, Sarah Caia,c, and Titia de Lange a

aLaboratory for Cell Biology and Genetics, The Rockefeller University, New York, NY, USA; bDepartment of Genetics, Harvard Medical School, 
Division of Genetics, Brigham and Women’s Hospital, HHMI, Boston, MA, USA; cLaboratory for Molecular Electron Microscopy, The Rockefeller 
University, New York, NY

ABSTRACT
DNA double-strand breaks (DSBs) pose a major threat to the genome, so the efficient repair of 
such breaks is essential. DSB processing and repair is affected by 53BP1, which has been proposed 
to determine repair pathway choice and/or promote repair fidelity. 53BP1 and its downstream 
effectors, RIF1 and shieldin, control 3’ overhang length, and the mechanism has been a topic of 
intensive research. Here, we highlight recent evidence that 3’ overhang control by 53BP1 occurs 
through fill-in synthesis of resected DSBs by CST/Polα/primase. We focus on the crucial role of fill- 
in synthesis in BRCA1-deficient cells treated with PARPi and discuss the notion of fill-in synthesis 
in other specialized settings and in the repair of random DSBs. We argue that – in addition to 
other determinants – repair pathway choice may be influenced by the DNA sequence at the break 
which can impact CST binding and therefore the deployment of Polα/primase fill-in.
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Introduction

DSBs can be repaired by multiple pathways whose 
engagement is influenced by the structure of the 
DNA ends (Figure 1a). Blunt or minimally- 
processed DNA ends can be repaired throughout 
the cell cycle by classical non-homologous end 
joining (cNHEJ), a pathway mediated by Ku70/ 
80, DNA-PKcs, DNA Ligase 4 (Lig4), and several 
accessory factors [1]. Resected DNA ends with a 3’ 
single-stranded (ss) overhang can undergo error- 
free Rad51-dependent homology-directed repair 
(HDR) when the sister chromatid can be used as 
a donor [2]. However, DNA ends with long 3’ 
overhangs can also be processed by the Rad52- 
dependent single-strand annealing (SSA) pathway 
[3]. Since SSA is prone to deletions, excessively 
long 3’ overhangs threaten the integrity of the 
genome.

The terminal structure of DSBs is affected by 
53BP1, which localizes to damaged chromatin in 
response to ATM or ATR signaling [4]. 53BP1 
limits the formation of long 3’ overhangs through 
its downstream effector RIF1 and its associated 
shieldin complex (SHLD1–3 and REV7) (see 
Box 1; Figure 1(b,c)). Shieldin can bind ssDNA 
in vitro and has been proposed to block 5’ end 

resection [21]. However, there is currently no data 
on the ability of shieldin to bind DNA templates 
with recessed 5’ ends, nor is there data showing 
that shieldin prevents nucleases from degrading 5’ 
ends in vitro. Importantly, shieldin also recruits 
a second ssDNA-binding complex, CST (CTC1, 
STN1, TEN1) and its associated DNA Polymerase 
alpha/primase (hereafter Polα/primase) (see Box 2; 
Figure 1(b,c); Figure 2), which can limit 3’ over-
hangs through fill-in synthesis [8,55].

This review summarizes recent evidence that 
fill-in synthesis by CST/Polα/primase counteracts 
5’ end resection at DSBs, thereby avoiding the long 
3’ overhangs that could engender SSA-mediated 
deletions [4,9,56]. This fill-in synthesis plays 
a crucial role in the efficacy of PARPi in BRCA1- 
deficient cells and, as we argue here, is likely to 
contribute to the structure of DSBs, and thus DSB 
repair, in other settings.

The role of CST/Polα/primase in limiting 3’ 
overhangs at DNA ends

53BP1, together with RIF1 and shieldin, deter-
mines PARPi efficacy in BRCA1-deficient cells, 
affects the processing of dysfunctional telomere 
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ends, and promotes immunoglobulin class 
switch recombination (CSR) (Figure 1c). In 
each context, 53BP1 limits the formation of 
ssDNA at DNA ends, but whether 53BP1 acts 
by blocking 5’ end resection through the agency 
of shieldin or by mediating CST/Polα/primase- 

dependent fill-in of resected ends has been 
a matter of debate. Importantly, inhibition of 
CST, like 53BP1, RIF1, and shieldin, improves 
the survival of BRCA1-deficient cells after treat-
ment with PARPi [8]. Assuming that CST func-
tions with Polα/primase, this finding implicates 

Figure 1. The 53BP1 pathway controls DNA end structure at DSBs. a, Schematic of the DNA end structures acted upon by the 
primary DSB repair pathways. DSB: double-strand break; cNHEJ: classical non-homologous end-joining; HDR: homology-directed 
repair; SSA: single-strand annealing. b, Top, overview of 53BP1, RIF1, shieldin, and CST/Polα/primase interactions. Bottom, Two 
models for how the 53BP1 pathway limits 3’ overhang length. c, Three context-dependent repair reactions where 53BP1 activity has 
been studied. Check marks indicate a requirement for a 53BP1 downstream effector or function. Question marks and reduced opacity 
cartoons denote uncertainties based on the current data.
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fill-in synthesis as a determinant of PARPi 
efficacy.

CST/Polα/primase has diverse roles in genome 
maintenance, including its critical role in main-
taining the C-rich telomeric repeat strand at chro-
mosome ends [29,34–40], resolving G4 structures 

that hinder replication at telomeres and other sites 
in the genome [26,29–31,57], and was proposed to 
mediate fill-in synthesis at DSBs [8] (see Box 2 and 
Figure 2). Data published in the past year now 
provide strong support for CST/Polα/primase- 
mediated fill-in synthesis at resected DSBs.

Box 1 
53BP1 as a fidelity factor. 53BP1 has three main effects at DSBs. 53BP1 limits the formation of long 3’ overhangs, increases the mobility of 

damaged DNA ends [5,6], and promotes synapsis of DNA ends [7] (Figure 1b). Overhang control is mediated by RIF1, which recruits the 
shieldin complex [8–18]. 53BP1 activity is prominent in three contexts which have been used as surrogates for understanding how 53BP1 
acts at DSBs (Figure 1c): 1. BRCA1-deficient cells treated with PARPi; 2. Telomeres that are recognized as DSBs when shelterin is 
compromised; and 3. Immunoglobulin class-switch recombination. In these three contexts, 53BP1 promotes cNHEJ, which has led to the 
view that 53BP1 governs DSB repair pathway choice generally, favoring cNHEJ at the expense of HDR, presumably by keeping DNA ends 
blunt. The binding of shieldin to ssDNA – and the discovery of fill-in synthesis at DSBs which is the subject of this review – leads to the 
surprising conclusion that downstream effectors of 53BP1/RIF1 most likely act on DNA substrates which have already been resected. The 
architecture of DNA damage foci is complex, and the spatiotemporal aspects of recruitment of 53BP1 and its downstream factors and the 
status and position of the DNA end within the foci are not yet known. 

We recently argued that rather than controlling the “choice” between cNHEJ and HDR, 53BP1 promotes the fidelity of DSB repair by 
averting illegitimate recombination [4]. Briefly, long 3’ overhangs containing homologous or repetitive sequences raise the danger of the 
mutagenic SSA pathway (Figure 1a). CST/Polα/primase fill-in synthesis suppresses long overhang formation but may be unable to 
reconstitute a blunt end. By analogy to the telomeric overhang which invades the telomeric duplex to form a t-loop [19], it is plausible 
that at DSBs, the overhang control function of the 53BP1 pathway leaves a moderately-sized overhang competent for HDR. Its mobility and 
synapsis functionalities also make 53BP1 well-suited to favoring high fidelity repair over illegitimate recombination (for in-depth discussion 
see Mirman and de Lange [4]). 

The notion that 53BP1 evolved simply to promote cNHEJ is also doubtful because shieldin recruits the XPG-related nuclease, ASTE1, 
which contributes to CSR and PARPi efficacy in BRCA1-deficient cells [20]. As ASTE1 can remove part of the 3’ overhang, its 53BP1- and 
shieldin-dependent recruitment is predicted to create deletions at DSBs that are shuttled into cNHEJ. It is difficult to imagine how such 
a mutagenic pathway could have been selected for as a mechanism to promote cNHEJ. Perhaps the actual utility of ASTE1 in general DSB 
repair is to remove crosslinked proteins or other blocks from 3’ ends, allowing high-fidelity repair through HDR. In summary, although 53BP1 
and its downstream factors can tilt the balance toward cNHEJ in the specialized scenarios favored by current research, their role in general 
DSB repair is likely to be more complex (and more interesting) than promoting cNHEJ.   

Box 2 
CST and CST/Polα/primase. synthesis is executed by Polα/primase in complex with the trimeric CST (Figure 2a), which was first observed as 
a Polα/primase accessory factor that stimulates both the polymerase and primase activities of the enzyme [22,23]. CST is related to the 
abundant ssDNA-binding factor RPA [24,25]. It binds a range of ssDNA and junction substrates with a preference for ssDNA with G-runs [26– 
28] (Figure 2b) and these broad DNA-binding activities appear to underlie CST’s diverse functions in genome maintenance (Figure 2c). CST 
binds numerous loci containing G-rich repeats, at telomeres and genome wide, where it can facilitate replication and fork restart in part by 
unwinding G-quadruplex (G4) structures [29–31]. Whether Polα/primase participates in this non-canonical replication function is unknown. 
At telomeres, CST contributes to the regulation of telomerase [32] but its primary role (for which CST is thought to have evolved with Polα/ 
primase [33]) lies in the maintenance of the C-rich telomeric repeat strand [29,34–40]. 

The telomere-specific functions of CST rely on its recruitment by the TPP1 and POT1 subunits of shelterin (Figure 2c), which, like CST, are 
needed for reconstituting the 5’-ended C-strand after DNA replication [32,34,38,41–47]. Cryo-EM studies showed that CST/Polα/primase is 
recruited to telomeres in a compact, auto-inhibited state (recruitment complex (RC); Figure 2(c-e)), where the POLA1 active site is occluded 
[48]. In ways that are not understood, the complex then transitions into an extended, active state, where the POLA1 catalytic core is 
accessible for catalysis [49] (pre-initiation complex (PIC); Figure 2f). 

Deficient telomeric fill-in synthesis results in the severe developmental disorder Coats plus syndrome (CP [50]) which is proposed to 
involve stochastic telomere truncations resulting from unmitigated C-strand resection [38]. CP patients generally are compound hetero-
zygous, bearing one allele of CTC1 that is nonfunctional with the second allele carrying a hypomorphic point mutation or small deletion [50] 
(Figure 2a). Mutations in STN1, TEN1, and POT1 have also been reported [38,51,52]. Some of the CP mutations map to interfaces between 
CST subunits [25] or to the interface between CST and Polα/primase in the recruitment state [38] but for most CP mutations the molecular 
basis of their effect is not yet clear.   
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Figure 2. CST and CST/Polα/primase structure and function. a, Domain schematics for CST and Polα/primase subunits. OB: 
oligosaccharide/oligonucleotide-binding fold; wH: winged helix-turn-helix; 3 H: 3-helix bundle; N: POLA1 flexible N-terminal region; 
NTD: N-terminal domain; EXO: exonuclease domain, inactive; CTD: C-terminal domain; CRL: CTC1-Recognition Loop; PDE: phospho-
diesterase domain. Colors from domain schematics are consistent in all figures. CP mutations in fill-in components are indicated with 
markers. Colors indicate mutants reported to disrupt Polα/primase association (red), ssDNA-binding (cyan), or CST complex formation 
(orange). Black markers represent mutants with other or uncharacterized defects. b, Summary of CST substrates and reported 
affinities (order of magnitude). c, Cartoon summary of CST and CST/Polα/primase cellular functions. RC: recruitment complex; PIC: 
pre-initiation complex. d, Structural models of CST in ssDNA-bound (top) and apo (bottom) conformations. Composite models were 
generated from cryo-EM structures (PDB-6W6W [25], maps (EMD -21,56346), and AlphaFold models of individual subunits (AF- 
Q54WQ3/Q9H668/Q86WV5 [53,54]. e, Cryo-EM structure of CST/Polα/primase in the recruitment complex conformation [48]. The 
model is scaled and rotated about CST relative to (d) as indicated. f, Cryo-EM structure of CST/Polα/primase in the pre-initiation 
complex conformation [49]. The model is rotated about CST relative to (e) as indicated.
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Fill-in synthesis was directly visualized based on 
the incorporation of BrdU at DSBs generated by 
FOKI cutting of a LacO array [55]. 53BP1, shieldin, 
CST, Polα, and primase are required for most of the 
observed BrdU incorporation. (In the absence of 
these factors, some residual BrdU signal is expected 
from DNA synthesis accompanying other repair 
pathways.) Similarly, shieldin- and Polα/primase- 
dependent fill-in synthesis was documented using 
a proximity ligation assay for coincidence of BrdU 
with γH2AX at PARPi-induced chromosome 
breaks in BRCA1-deficient cells [55].

Further evidence for fill-in synthesis at DSBs 
came from a combination of sequencing methods: 
END-seq which captures resection endpoints after 
removal of the 3’ overhang prior to adaptor liga-
tion and sequencing [58]; RPA ssDNA sequencing; 
and SAR-seq which maps nascent DNA synthesis 
through EdU incorporation [59]. These methods 
were used to monitor hundreds of AsiSI-induced 
DSBs in v-abl-transformed murine B cells. Most 
resection endpoints captured by END-seq in wild- 
type cells map close to the AsiSI site, yet SAR-seq 
detected nascent DNA incorporation around these 
sites, indicative of post-resection fill-in synthesis 
[60]. In cNHEJ (Lig4)-deficient cells, both END- 
seq and SAR-seq reads span kilobases surrounding 
the DSB. This fill-in synthesis depends on Polα/ 
primase but is only mildly affected by 53BP1 or 
shieldin loss [60], suggesting that some Polα/pri-
mase recruitment is independent of 53BP1 and 
shieldin. This is potentially due to the ability of 
CST to bind to G-rich DNA without the aid of 
53BP1 (Box 2; Figure 2; and see discussion below). 
When Polα is inhibited with Aphidicolin (which 

does not affect primase), the 3’ overhangs gener-
ated at AsiSI sites could template in vitro DNA 
synthesis by prokaryotic or phage DNA poly-
merases. In contrast, 3’ overhangs generated in 
cells where both Polα and primase were inhibited 
did not support in vitro DNA synthesis, suggesting 
that the added DNA polymerases used primers 
made by primase. The involvement of primase is 
consistent with the finding that degradation of 
primase (like loss of 53BP1, shieldin, or CST) 
reversed hallmarks of BRCA1-deficiency [55].

CST/Polα/primase fill-in synthesis is also impli-
cated in the generation of short tandem duplica-
tions at Cas9 nickase-induced DSBs bearing 43–50 
nt 3’ overhangs [61]. These duplications were less 
frequent when Cas9 was directed to cut such that 
the 3’ overhang would constitute a “primase 
desert”, where the lack of pyrimidines in the ss 
template curbs the ability of primase to initiate 
RNA synthesis [62]. Similarly, inhibition of Polα 
or loss of 53BP1, shieldin, or CST led to reduced 
incidence of the short tandem duplications [61].

Testing the role of shieldin in 
BRCA1-deficient cells

A key question was whether CST/Polα/primase- 
mediated fill-in synthesis and shieldin function 
(presumably blocking 5’ end resection) contribu-
ted separately to PARPi efficacy, or whether shiel-
din primarily serves to recruit CST. This question 
was addressed with a SHLD1 separation of func-
tion mutant (SHLD1∆ [55] see Box 3) that retains 
the ability to interact with other shieldin subunits 
but lacks its CTC1 binding site and is deficient in 

Box 3. 
SHLD1∆. A yeast two-hybrid screen identified residues important for the interaction between SHLD1 and CTC1 [55]. This allowed generation 

of a mutant version of SHLD1 (SHLD1∆; deletion of amino acids 18–21), which shows diminished interaction with CTC1 and inability to 
recruit CST to DNA damage foci [55]. Remarkably, the AlphaFold-multimer protein structure prediction tool [53,63,65] identified the same 
CTC1 interaction site in SHLD1 with high-confidence (Figure 3). According to AlphaFold-multimer, SHLD1 uses a helix and an ordered loop 
(containing aa 18–21) in its flexible N-terminal extension to bind CTC1. The CTC1-SHLD1 interface is primarily hydrophobic and supple-
mented with solvent-exposed polar interactions, exemplified by the amphipathic helix in SHLD1 (aa 22–31) that buries a hydrophobic cleft in 
CTC1 (Figure 3c). Strikingly, this helix is not predicted in the AlphaFold model of SHLD1 alone (AF-Q8IYI0 [53,54,64]); in silico ordering of the 
helix is only observed upon binding CTC1. Of the residues deleted in SHLD1Δ, L18, L20, and P21 are involved in hydrophobic interactions 
with a core formed by CTC1 residues Y244, V237, I246, and I291, and SHLD1 residue D19 forms salt bridges with CTC1 residues K242 and 
R292. This interaction was robust to 25 models predicted using five random seeds for each of five AlphaFold model parameters (Figure 3d). 
Although interactions between other subunits of CST and shieldin have been detected in yeast two-hybrid assays [8], the CTC1-SHLD1 
interaction was the only one detected with high confidence by AlphaFold-multimer. However, shieldin contains many long, flexible linkers 
that may also become ordered upon binding other factors and/or post-translational modifications.   
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CST recruitment to DSBs. BRCA1-deficient cells 
that express SHLD1∆ resemble cells lacking 
SHLD1 indicating that SHLD1∆ behaves as a null 
mutant. Importantly, when the link between 
SHLD1∆ and CTC1 was restored (using chemi-
cally-induced SNAP-HALO interaction) SHLD1∆ 
behaved like wild-type SHLD1 [55]. These experi-
ments argue that shieldin depends on its interac-
tion with CST for its function. Conversely, 
tethering an FHA-tagged version of STN1 to sites 

of DNA damage allows CST to function at DSBs in 
a 53BP1- and shieldin-independent manner [55].

Is there any possibility, then, that shieldin 
blocks resection in BRCA1-deficient cells? The 
data argue against a separate function for shieldin 
blocking resection, as the entire effect of shieldin 
loss on radial chromosome formation and RAD51 
loading can be reinstated by restoring CST recruit-
ment. These data do not exclude the possibility 
that CST itself helps to block resection when 

Figure 3. CST-shieldin interactions. a, Domain schematics for CST and shieldin subunits, with interacting regions mapped in gray. 
Abbreviations as in Figure 2A. EIF4E-l: eukaryotic translation initiation factor 4E-like. HORMA: HOP1, REV7, MAD2-like. SHLD3 interacts 
with two copies of REV7 in a 1:2 stoichiometry [67]. b, Composite structural model of CST-shieldin complex generated from the cryo- 
EM structure of ssDNA-bound CST (PDB-6W6W [46]) superposed with AlphaFold-multimer models [61,62] (default settings, 
max_template_date=2022-07-01, AMBER relaxed) of CTC1-SHLD1, SHLD1-SHLD2-SHLD3, and the crystal structure of SHLD2- 
C-REV7-O-REV7-SHLD3 (O-REV7: open conformation; C-REV7: closed conformation; PDB-6KTO [67]). Flexible, unstructured regions 
predicted with low confidence (pLDDT < 30) are shown with dashed lines. Models were aligned in PyMOL (Schrödinger) and 
visualized in ChimeraX [68]. c, Top, zoom-in of the CTC1-SHLD1 interface with interacting residues labeled. Residues highlighted in 
bold face (L18, D19, L20, and P21) are deleted in the SHLD1D mutant. Bottom, SHLD1 N-terminus sequence, adapted from [7]. 
Asterisks indicate residues which, upon mutation, weaken the interaction between CTC1 and SHLD1. Red asterisks indicate loss of 
interaction due to a single amino acid substitution or deletion. Residues deleted in SHLD1D and the alpha helix (residues 23-32) are 
indicated. d, Predicted aligned error (PAE) plots of the top six ranked CTC1-SHLD1 Alphafold-multimer models. Domain schematics 
the same as in a. Green arrows indicate high-confidence in the position prediction of SHLD1 N-terminus relative to CTC1.
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bound to shieldin. In vitro, CST can bind sub-
strates with a recessed 5’ end [26] and therefore 
could potentially occlude the 5’ end from nucleases 
in vivo. However, such a block to resection by 
shieldin-bound CST is not consistent with the 
major effects of Polα and primase inhibition on 
DSB processing and PARPi-induced radial forma-
tion [8,55].

The role of the shieldin-CST link in CSR and at 
dysfunctional telomeres

Whereas the work with the SHLD1∆ mutant 
established that shieldin requires CST in the 
context of BRCA1-deficient cells, definitive 
data is lacking for how shieldin functions in 
CSR or at dysfunctional telomeres. 
Furthermore, evidence for Polα/primase- 
dependent DNA synthesis is hard to obtain for 
either CSR or the control of ssDNA at telo-
meres. In general, shieldin appears to function 
similarly downstream of 53BP1 in all three set-
tings despite differences in cell type, chromatin 
context, DDR signaling, and DNA break sub-
strate. Like shieldin, CST minimizes the length 
of the 3’ overhang at dysfunctional telomeres 
[8], and there is some evidence that CST con-
tributes to CSR [66]. Unexpectedly, however, 
SHLD1∆ behaves like a wild-type allele in CSR 
and 3’ overhang control at dysfunctional telo-
meres [55].

This context-dependent behavior of SHLD1∆ 
is not easily explained from differences such as 
ATM versus ATR signaling, cell cycle phase of 
the repair events, cell type differences, or the 
presence or absence of BRCA1 (see Mirman 
et al [55] for details). What might account for 
the discordant behavior of the SHLD1∆ mutant 
in CSR and at telomeres versus at random DSBs 
in BRCA1-deficient cells? A notable shared fea-
ture of CSR and telomeres is the unusual DNA 
sequence of the processed DNA ends. At dys-
functional telomeres, the fill-in reaction copies 
the [TTAGGG]n sequence of the 3’ overhang. 
Similarly, tandem G-rich repeats are present 
near the AID-induced breaks in the CSR switch 

regions. For instance, the mouse IgA locus used 
in standard CSR assays contains over 60 copies 
of tandem 5 nucleotide repeats containing GG 
or GGG [67]. These sequences are predicted to 
be good substrates for CST, as are the telomeric 
repeats [27]. We therefore speculated [55] that 
at genomic regions with optimal binding sites 
such as telomeres or IgA switch regions, CST is 
less dependent on shieldin for its recruitment 
and/or persistence at such sites, explaining the 
lack of effect of the SHLD1∆ mutant.

To test this idea, we performed electrophoretic 
mobility shift assays (EMSA) with purified CST 
[48] and 5’ end-labeled 18 nt ssDNA substrates 
(Figure 4). Consistent with previously reported 
results, CST binds telomeric repeats (GGTTAG)3 
with a KD,app of 15 nM and does not detectably 
bind a control substrate (TATATA)3. We then 
measured the affinity of CST for either a G-rich 
(AGAGGAGGAGAGGAGAGG) or the comple-
mentary C-rich (CCTCTCCTCTCCTCCTCT) 
sequence from the core of the IgA locus. As pre-
dicted, the KD,app of CST on the IgA G-rich strand 
was 16 nM, similar to the telomeric repeats 
whereas the KD,app of CST on the IgA C-rich 
strand is moderately lower (about 4-fold; 63 nM) 
(Figure 4). The 53BP1/shieldin-independent fill-in 
synthesis [60] may therefore be explained by the 
ability of CST to stably bind G-rich regions and 
initiate fill-in synthesis. Similarly, CST can help 
facilitate replication of genome-wide G-rich sites 
[30,31], presumably localizing to such sites 
because of its innate preference for G-rich DNA 
(Box 2; Figure 2c). In contrast to the CSR or 
telomeric sites with G runs in the ssDNA, CST 
may be more reliant on its SHLD1 binding at 
random PARPi- or IR-induced breaks (Figure 3). 
Structural and biochemical studies of shieldin/CST 
complexes with various DNA substrates will be 
needed to test these ideas.

In summary, the available data are consistent 
with a role for CST/Polα/primase fill-in at all 
DSBs, including those in BRCA1-proficient cells. 
Although the contribution of the shieldin- 
dependent recruitment of CST may vary depend-
ing on the sequence of the DNA ends, there is (as 
yet) no instance where the regulation of ssDNA at 
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DSBs is shown to be independent of fill-in 
synthesis.

Conclusions and perspective

The recent data discussed here provide direct evi-
dence of CST/Polα/primase-mediated fill-in synth-
esis at DSBs. Downstream of 53BP1/shieldin, fill- 
in synthesis plays a crucial role in promoting the 
chromosomal aberrations that underlie PARPi 
efficacy in BRCA1-deficient cells. Additionally, 
fill-in synthesis likely plays a role in counteracting 
excessive resection at dysfunctional telomeres and 
in CSR, although further work is needed in these 
areas. Fill-in synthesis also occurs in various 
experimental settings where DSBs are induced 
outside of these elaborate and specialized DSB 
repair reactions. Yet several outstanding questions 
remain to be resolved.

First, we propose CST recruitment may be 
affected by the availability of optimal CST binding 
sites at resected DSBs, explaining the 53BP1/shiel-
din-independent fill-in synthesis by Polα [60] and 
the wild-type behavior of SHLD1∆ in some con-
texts [55]. Site-specific breaks generated by Cas9 
and nt-resolution sequencing could be used to 

evaluate the hypothesis that the sequence context 
around the break affects shieldin-mediated recruit-
ment of CST. Second, recent structural studies 
have uncovered major conformational differences 
in the recruitment and active states of CST/Polα/ 
Primase presumed to be present at telomeres 
[48,49], but the state in which CST or CST/Polα/ 
Primase is recruited (by shieldin or on its own) to 
DSBs remains unknown. Third, it remains to be 
determined how the state of CST/Polα/Primase, 
with or without associated shieldin, dictates 
where fill-in synthesis begins. An important ques-
tion to resolve is whether fill-in can begin at the 
very 3’ end as has been proposed [61], or whether 
a moderate 3’ overhang remains uncopied, as in 
the case of fill-in synthesis at telomeres. The issue 
of where fill-in synthesis starts is pertinent to the 
question of whether CST/Polα/Primase can pro-
mote cNHEJ or is more likely to generate DNA 
ends poised for HDR.

There are also important questions regarding 
the fate of the CST/Polα/Primase fill-in product. 
In canonical DNA replication, Polα/Primase only 
generates a short DNA oligo that is elongated 
into the mature Okazaki fragment by Pol . 
Whether the same hand-off occurs at DSBs is 

Figure 4. CST binding to telomeric and CSR sequences. Representative gels from EMSAs measuring CST binding to 0.1 nM 
radioactive 32P 5’ end-labeled substrates: AT rich (TATATA)3, Telomeric (GGTTAG)3, mouse IgA locus G-rich sequence 
(AGAGGAGGAGAGGAGAGG), and mouse IgA locus C-rich sequence (CCTCTCCTCTCCTCCTCT). A serial dilution of purified CST [48] 
(shown left) was incubated at room temperature for 30 min with labeled substrate in binding buffer (20 mM HEPES-KOH pH 7.5, 150  
mM KCl, 1 mM MgCl2, 0.1 mM TCEP, 0.05 mg/ml BSA, and 6% v/v glycerol) in 10 μl reactions. 0.1 nM (TATATA)3 was mixed in as 
a non-binding loading control for quantification. Samples were electrophoresed on 4–20% TBE gels (Invitrogen) at 250 V for 30 min 
in cold 0.5x TB buffer, exposed to phosphor screens, and imaged with an Amersham Typhoon scanner (GE Life Sciences). Right, 
quantification of three independent experiments. Signal intensity was measured with ImageJ (NIH) and normalized to intensity of 
the loading control. Because the intensity of the bound species was lost due to trapping in the sample well, binding was quantified 
using depletion of the free probe. KD,app values were calculated using the “One site – Specific binding” model in Prism 9 (GraphPad). 
Error bars represent standard error of the mean.

8 Z. MIRMAN ET AL.



not known. It is possible that there is no hand-off 
and that CST provides sufficient processivity to 
Polα/primase for extensive fill-in synthesis. It is 
also unclear how the product of fill-in synthesis 
becomes ligated to the 5’ end of the original 
resected DNA. Does this ligation involve the 
canonical Okazaki fragment processing machin-
ery or does it use a specialized mechanism such as 
the PARP1-dependent maturation pathway [68]? 
CST has emerged from the far ends of the gen-
ome, but no longer remains on the sidelines of 
the field. Having joined the 53BP1 team as an 
exciting new recruit, CST/Polα/primase is fast 
becoming a key playmaker.
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