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Mechanisms contributing to disease-associated trinucleotide
repeat instability are poorly understood. DNA ligation is an
essential step common to replication and repair, both potential
sources of repeat instability. Using derivatives of DNA ligase I
(hLiglI)-deficient human cells (46BR.1G1), we assessed the effect
of hLigl activity, overexpression, and its interaction with prolif-
erating cell nuclear antigen (PCNA) upon the ability to replicate
and repair trinucleotide repeats. Compared with LigI*'*, repli-
cation progression through repeats was poor, and repair tracts
were broadened beyond the slipped-repeat for all mutant
extracts. Increased repeat instability was linked only to hLiglI
overexpression and expression of a mutant hLigl incapable of
interacting with PCNA. The endogenous mutant version of
hLigl with reduced ligation activity did not alter instability. We
distinguished the DNA processes through which hLigl contrib-
utes to trinucleotide instability. The highest levels of repeat
instability were observed under the hLigl overexpression and
were linked to reduced slipped-DNAs repair efficiencies. There-
fore, the replication-mediated instability can partly be attrib-
uted to errors during replication but also to the poor repair of
slipped-DNAs formed during this process. However, repair effi-
ciencies were unaffected by expression of a PCNA interaction
mutant of hLigl, limiting this instability to the replication proc-
ess. The addition of purified proteins suggests that disruption of
Ligl and PCNA interactions influences trinucleotide repeat
instability. The variable levels of age- and tissue-specific trinu-
cleotide repeat instability observed in myotonic dystrophy
patients and transgenic mice may be influenced by varying
steady state levels of DNA ligase I in these tissues and during
different developmental windows.
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More than 40 hereditary diseases are caused by gene-specific
repeat instability (1). Changes at trinucleotide repeats (TNRs)?
constitute the largest component of this group, causing at least
15 different human diseases, including myotonic dystrophy
(DM1), Huntington disease, and fragile X syndrome (FRAXA).
Repeat changes in humans are expansion-biased and occur
both in parent-to-offspring transmissions and in somatic tis-
sues. The formation of unusual DNA structures during DNA
replication and/or aberrant repair of these intermediates has
been postulated as the likely source for the development of
repeat tract changes (1-3), although the exact molecular mech-
anisms are unclear. Various proteins have been identified as
players in the mutagenic process of TNR instability, including
FEN1 (4-6), OGG1 (7), and some mismatch repair factors,
such as MSH2, MSH3, and PMS2 (8-13). All processes sug-
gested to be involved in repeat instability require a nick located
within or proximal to the repeat tract, which ultimately must be
ligated. Importantly, many proposed mechanisms of repeat
instability involve slippage at the nick (1, 2, 7).

Ligation is an essential step in DNA replication, repair, and
recombination (14, 15). Human DNA ligase I (hLigl) is consid-
ered the main replicative ligase and plays an important role in
the joining of Okazaki fragments during lagging strand syn-
thesis (16—18). hLigl is also involved in repair processes
including base excision repair (18 —23), nucleotide excision
repair (24, 25), and possibly in mismatch repair (26). In both
replication and repair, hLigl modulates DNA polymerase
activity (21, 27, 28). Thus, the recruitment of hLigl to spe-
cific replication and repair processes plays an important role
in DNA metabolism and might accommodate particular
requirements to DNA stability.

In a yeast model for CTG/CAG repeat instability that is
prone to contractions, disruption of the hLigl homologue (cdc9
gene) further increased this effect (5, 29-31). Although these
yeast studies did not reveal whether the effect of Ligl was via
DNA replication or repair, it highlighted a potentially active
role of the enzyme in TNR instability. Some of these studies
suggested that a proper Ligl-PCNA interaction is required.

3 The abbreviations used are: TNR, trinucleotide repeat; PCNA, proliferating
cell nuclear antigen; hPCNA, human PCNA; hLigl, human DNA ligase |;
STRIP assay, stability of trinucleotide repeats by individual product analy-
sis; DMEM, Dulbecco’s modified Eagle’s medium; wt, wild type.
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Ligl activity is strongly linked to PCNA. The interaction
between both factors is essential for the recruitment of hLigl to
replication foci and sites of DNA damage (22). In addition, this
interaction indirectly up- and down-regulates DNA synthesis
by polymerases 6 and €, respectively (21, 27), and is crucial for
coordinating molecular events during Okazaki fragment proc-
essing and long patch base excision repair (18).

Mutations in the human LI/GI gene have been described in a
patient with symptoms similar to Bloom syndrome, including
growth delay, immune deficiency, and hypersensitivity to sun-
light (32). The mutant allele expressed in SV40-immortalized
fibroblasts established from this patient (46BR.1G1) encodes a
version of hLigl (hemizygous or homozygous for the Arg-771 to
Trp) which maintains only 3-5% of ligase activity compared
with the non-mutant hLigI (16). The hLigl-deficient 46BR.1G1
cells are hypomutable by DNA damage (33) but are hypersen-
sitive to killing by DNA alkylating agents (34 —39). In addition,
these cells exhibit abnormal DNA processing mechanisms,
such as replication fork errors, slowed Okazaki fragment join-
ing, and reduced double strand breaks repair (17, 18,40 —42). In
this study we have used derivatives of the deficient 46BR.1G1
cells expressing wild type and mutant versions of hLigl to gain
insight into the role of this factor in regulating stability of TNRs.

EXPERIMENTAL PROCEDURES

Cell Culture, Extract Preparation, and DNA Extraction—
Three different 46BR.1G1 derivative cell lines (46BRLigl) were
used in our in vitro assays, created from stable transfected pRC/
RSV plasmids (Invitrogen) into the original patient cell line
(18); they are (i) 46BRLigI™™ carrying an empty vector, (ii)
46BRLigl™™"* expressing a wild type hLigl cDNA mutant, and
(iii) 46BRLigl™™"*PNA expressing a hLigl cDNA mutant in
PCNA binding. 46BRLigI™™"* and 46BRLigI™™"*PNA are
complemented hLigl cell lines but not truly corrected because
the endogenous hLigl mutation is still present in all derivative
cell lines. Additional attempts to produce more isogenic 46BR
variants have not succeeded. Cells were cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, and 300 ug/ml Geneticin as
described (18). Functional protein extracts were prepared as
described (43). DNA extractions from 46BRLigl cell lines were
performed by proteinase K lysis and phenol/chloroform/etha-
nol procedure from 2—4 million cells. As a Ligl *’" control, the
proficient HeLa S3 human cell line was used (43, 44).

Arg-771 to Trp Mutation and cDNA hLigl Sequencing—Se-
quencing the endogenous Arg-771 to Trp mutation in the
46BRLigl cells was performed using a pair of primers specific
for the intronic portions of the LIGI gene (Gene ID 3978; for-
ward in intron 23 and reverse in intron 24) to amplify only
genomic hLigl DNA and to avoid amplification from hLigl-
transfected cDNAs. Sequencing from a non-46BR.1G1 deriva-
tive DNA was used as a control. To sequence hLigl cDNA from
transfected cell lines, we designed four pairs of primers over the
exonic hLigl gene sequence. Expected PCR fragments from
c¢DNA were discriminated from genomic DNA products. Our
internal PCR control was no amplification from the empty
hLigl cDNA-transfected cell line (46BRLigI™™). Primer
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sequences and amplification conditions are described in the
supplemental “Experimental Procedures.”

Protein Level and Phosphorylation Status of hLigl—Protein
analysis of Ligl ™/* and 46BRLigl functional extracts was per-
formed by Western blot. Protein levels were compared by run-
ning on 7.5 or 12% acrylamide SDS-PAGE gels based on protein
molecular weight, transferred onto a nitrocellulose filter, and
probed depending on the blot performed against Ligl (5H5,
MBL; 1:5,000), actin (Ab-5, BD Biosciences; 1:5,000), PCNA
(PC-10, Santa Cruz; 1:40,000), FEN-1 (B-4, Santa Cruz; 1:500),
MSH2 (Ab-2, Calbiochem; 1:1,000), and MSHS6 (clone 44, BD
Biosciences; 1:500). Equal protein loading was performed in
each blot. Phosphorylation status of hLigl was assessed by prior
dephosphorylation by alkaline phosphatase (New England Bio-
labs) treatment of the functional extracts (4 h at 37 °C). Samples
before and after the alkaline phosphatase treatment were then
compared by running on 7.5% acrylamide SDS-PAGE gel and
probed with anti-ligase I antibody (5H5, MBL; 1:5,000). To
ensure reproducibility, each Western blot analysis was per-
formed three times using independent extract preparations.

Replication Templates, in Vitro Replication, and Replication
Efficiencies—The non-repeat template (pKN16), the (CTG).y
(CAQG),, templates (pDM79EF and pDM79HF), and the in vitro
replication reactions were performed as described (44). In brief,
DNA templates (150 ng) were replicated in reactions contain-
ing final concentration of dATP, dGTP, dTTP, and dCTP (100
uM each), GTP, UTP, and CTP (200 uM each), ATP (4 mm),
creatine phosphate (40 mm) (Roche Applied Science); creatine
kinase, (100 mg/ml; Roche Applied Science); 1 mg of SV40
T-antigen (Chimerx); 150 ug of protein extract. For direct anal-
ysis of the replication products, 0.033 um = 0.099 Ci of
[@-3?P]dCTP (3000 Ci/mmol, PerkinElmer Life Sciences) was
included in each 50-ul reaction. Reactions were incubated for
4 h at 37 °C and terminated with 50 ul of stop solution (2 mg/ml
proteinase K, 2% SDS, and 50 mm EDTA, pH 8.0) with a further
incubation of 1 h at 37 °C. Carrier tRNA (1.5 mg) was added,
and protein was extracted twice with phenol/chloroform. Rep-
lication products were ethanol-precipitated, resuspended in
water, and divided in two aliquots. Equal quantities of reaction
products were digested with BamHI only or with BamHI+Dpnl
to discriminate between total and completely replicated mate-
rial, respectively. Finally, digestion products were resolved by
electrophoresis on a 15-cm 1% agarose gels. Gels were run for
16 hat4V/cmin Tris-buffered EDTA buffer, dried and exposed
to Kodak film. Replication amounts were determined by auto-
radiography and quantified using ImageQuant GE Healthcare
Version 1.2 software. Replication efficiency results were based
on the average of three independent experiments.

Mutation Analysis (STRIP Assay)—Mutation analysis was
performed using the stability of trinucleotide repeats by indi-
vidual product analysis (STRIP assay) as described in detail (44).
Replication reaction mix was the same as used to measure rep-
lication efficiency but without including radioactive nucleo-
tides. Replication products were digested with Dpnl to elimi-
nate un-replicated parental and partially replicated material.
Dpnl-digested material was transformed into Escherichia coli
DH5a cells, and individual bacterial colonies picked, each rep-
resenting an individual product of completed primate replica-
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tion, were cultured for less than 6 h. Repeat length analysis was
performed on high resolution 4% polyacrylamide gels. Stable/
unstable molecule frequencies were based on two independent
experiments for each template-extract pair, each analyzed sep-
arately (there were no significant differences between these)
and then pooled (a total of 100-200 colonies were scored) to
facilitate presentation. Instability differences were quantified
by Fisher’s exact test (p < 0.05).

Slipped-DNA Substrates and Repair Reactions—A set of pre-
viously characterized human DM1 mutagenic intermediates
containing pure (CTG),:(CAG), repeats where x = 30 or 50 and
y = 50 or 30 have been used to perform slipped-strand repair
reactions (50 ul) as described (43). Briefly, 5-10 ng of each
slipped substrate was incubated in 30 mm Hepes-KOH, pH 7.8,
100 pg/ml creatine kinase, 40 mm creatine phosphate, 4 mm
ATP, 200 um CTP, GTP, and UTP, 33 mm each cold ANTP, and
150 ug of extract at 37 °C for 30 min. Extracts, reaction termi-
nation, and protein extraction were performed as described in
the replication assay. Finally, after releasing the repeat-contain-
ing fragment (EcoRI/HindIII digestion) and resolving on native
4% acrylamide gels, products were electrotransferred to mem-
brane and hybridized with a radiolabeled EcoRI/HindIII frag-
ment-containing 17 repeats. Repair efficiencies were deter-
mined on a molar level by Southern blot probing of reaction
products that had been generated in the presence of nonradio-
active dNTPs and measured as the proportion of radio intensity
of the repeat-containing product (ImageQuant GE Healthcare
Version 1.2) relative to all repeat-containing fragments. All
starting unprocessed substrates were assessed simultaneously.
Repair levels for each substrate were based on the average of
three independent experiments. Repair tract sizes were
assessed by mapping radio-incorporation levels in slipped-
strand reaction products derived with radioactive ANTPs and a
final EcoRI-Ddel digestion (43). To determine the radiographic
intensity of EcoRI-Ddel fragments, specific incorporation is
reported as relative amounts of incorporation per base pair nor-
malized to the juxtaposed 540-bp fragment (ImageQuant GE
Healthcare 1.2).

Protein Purification—Human DNA ligase I and PCNA pro-
teins were prepared and purified as per published protocols
(45, 46).

RESULTS

Different hLigl Protein Backgrounds in 46BRLigl Extracts—
Toward assessing a potential role of hLigl in the processing of
CTG/CAG repeats, we first characterized the three derivatives
of hLigl-deficient 46BR.1G1 cells (18). DNA sequence, protein
levels, and post-translation modifications were analyzed.

Sequence polymorphisms of the hLigl gene, even synony-
mous variations, could affect ligation activity, varying the tran-
scription, transcript stability, or translation of hLigl and, in
turn, influence its DNA replication or repair capacities (47).
Sequencing the endogenous LIGI gene from genomic DNA
confirmed that all 46BR.1G1 variant cells contained the
described homozygous/hemizygous 46BR mutation (Arg-771
to Trp; CGG to TGG) (16) (Fig. 1). However, we found that
hLigl ¢cDNAs used to complement the original low activity
46BR.1G1 cell line had differences among them, depending on
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the transfection source. Sequencing the integrated hLigl cDNA
sequences in the stably transfected 46BRLigI™™"* and
46BRLigI™™WEPCNA cell lines revealed two (640 and 802
amino acids) and one base pair change (802 amino acids),
respectively, relative to LIGI gene sequence (GenelD 3978) (Fig.
1). Although the 802 variant (rs20581) has previously been
identified (snp500cancer.nci.nih.gov) and may predispose to
lung cancer (47), both DNA changes did not alter the hLigl
amino acid sequence. Finally, we also confirmed the presence of
the DNA sequence changes that replace adjacent phenylalanine
residues with alanine residues within the conserved PCNA
interaction motif encoded by the mutant hLigl ¢cDNA from
46BRLigl™ ™t PENA cell line (Fig. 1) (18).

Because it has been suggested that the steady state levels of
hLigl protein may affect replication or repair pathways (40) and
hLigl is frequently overexpressed in human malignant pro-
cesses (48), we also examined its levels in the three 46BRLigl
cell lines (18). Interestingly, different levels of hLigl were
observed (Fig. 24). The amount of hLigl in the mutant lines
46BRLigI™™ and 46BRLigl™ ™" PNA wag similar but lower
than that present in Ligl /" cells, which contains only wild type
hLigl. The 46BRLigI™ ™" cells contained considerably higher
levels of hLigl protein than either of the other cell lines; specif-
ically it harbored 8- and 14-fold more hLigl protein than its
precursor 46BRLig or its sister line 46BRLigl™ ™™ PeNA
and 3-fold more than the Ligl"/* cells. The variability in hLigl
protein expression between the hLigl-transfected cell lines is
likely because of variable gene copy number and/or transcrip-
tional activity arising from different hLigl-vector integration
sites (18, 49). The altered protein expression appeared to be
limited to hLigl, as the levels of other proteins, including
PCNA, FEN-1, MSH2, or MSH6, were identical between the
extracts (Fig. 24). Thus, in addition to being a 46BR.1G1 line
variant expressing a fully functional wild type hLigl, the
46BRLigI™™" extract contained considerable increased
amounts of hLigl protein (overexpression feature). The hLigl
protein levels were comparable in the 46BRLigI™™ and
46BRLigl™ ™"t PCNA Jines, both containing the defective hLigl,
with the latter also containing a functional hLigl that is incapa-
ble of interacting with PCNA.

The levels of protein phosphorylation were also assessed, as
this hLigl post-translation modification has been linked to vari-
able levels of replication and repair activity (50-53). It is
unknown if the mutant 46BR.1G1 protein displays an altered
ability to be phosphorylated, an effect that may contribute to its
altered ligation activity. The levels of hLigl phosphorylation did
not vary between any of the 46BR.1G1 derivatives and were
identical to those in the Ligl */* cells (Fig. 2B). Thus, the ability
of hLigl to be phosphorylated is unaltered by coding mutations
that reduce ligation activity. Additionally, this phosphoryla-
tion is not dependent upon an interaction with PCNA (51).
Together, our 46BRLigl cell line characterization results
established that in addition to the previously genetically
defined variables, including the severely reduced ligation
activity (46BRLigI™™) and the wild type hLigl, which is inca-
pable of interacting with PCNA (46BRLigI™ ™"t PCNA) (18),
the overexpressed hLigl levels of the complemented
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FIGURE 1. hLigl mutations and polymorphisms between different 46BR.1G1 derivatives. Upper, human hLigl protein schematic outlining various func-
tional motifs including the PCNA-interacting protein box (PIP box) that mediates the interaction with PCNA. Ser-51,-66,-76,and -91 are the amino acid positions
phosphorylated during the cell cycle (50-53). Lower, sequencing results. Broken arrow, intronic primers (46BR-F and 46BR-R) were used to check the Arg-771 to
Trp 46BR mutation at genomic hLigl sequence (16). Solid arrows, a set of four pairs of exonic primers were used to check possible polymorphisms in cloned wild
type hLigl cDNAs used to stably supplement 46BR.1G1 cells (18). The 8—9-amino acid mutation in the 46BRLigI™™"*PNA ce|| line that abolish binding to PCNA

was also confirmed (18).

46BRLigI™™™"! line must also be considered as an experi-
mental variable.

Replication Efficiency Is Reduced on CTG/CAG Templates
with a Defective hLigl—Based upon the critical role of hLigl in
DNA metabolism and taking advantage of the functional
extracts prepared from the three distinct hLigl backgrounds
present in the 46BRLigl cell lines, we first assessed their effi-
ciencies to replicate through repeat DNAs. We combined the
SV40 in vitro DNA replication system (see “Experimental Pro-
cedures”) with plasmid templates that either contained
(CTG),5(CAG),q repeats (pDM79EF and pPDM79HF) or a tem-
plate without TNRs (pKN16) (Fig. 3A4). Replication efficiencies
were quantitated as the proportion of completely replicated
(Dpnl-resistant) material relative to the total amount of incor-
poration (before Dpnl digestion). To facilitate visualization,
equal amounts of replication reactions were linearized with
BamHI only or with BamHI + Dpnl and electrophoretically
resolved on agarose gels. A representative gel is shown in Fig.
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3B, and the quantification of replication efficiencies is plotted
in Fig. 3C.

Replication efficiency producing a fully replicated product
(Dpnl-resistant material) was clearly affected by the alter-
ation of the normal hLigl status in all templates, either con-
taining or not-containing CTG/CAG repeats (Fig. 3B, even
lanes). Thus, extracts from all 46BR.1G1 derivatives exhib-
ited reduced replication compared with Ligl */* extract (Fig.
3C). Efficiencies from the altered hLigl extracts were also
sensitive to the DNA template, as the presence of the repeat
tract led to lower replication levels (Fig. 3C). In general, a
greater reduction of replication efficiency by all ligase I var-
iant extracts compared with the Lig ™/ * extract was observed
for the template using CAG as the lagging strand template
(Fig. 3C). Together the results showing the presence of a
slower replication process indicate that the ability to yield
completely replicated material was influenced mainly by
changes in hLigl. In general, the low hLigl activity extract
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(46BRLigI™™) and the extract containing the PCNA inter-
action-defective version of hLigl (46BRLigI™ ™" PNA) had
the lowest replication efficiencies. The extract containing
high levels of wild type hLigl (46BRLigI™™"*) approached
the replication efficiency of the HeLa (Ligl ™’ ™).

Increased Instability after Replication with 46BRLig"™ """
and 46BRLig"™"™ " PNA Extracts—The observed DNA repli-
cation disruption under different hLigl conditions may be
linked to varying (CTG),:(CAQG), instability levels. Replication-
mediated repeat instability was assessed using an established
assay (44) and the same SV40 in vitro system and templates with
79 CTG/CAG repeats used to assess replication efficiencies
(STRIP assay). This assay determines the repeat instability
incurred in fully replicated material (even lanes in Fig. 3B, see
“Experimental Procedures” for significance analysis).
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The instability observed after replication using HeLa
(LigI*/*) extracts is sensitive to replication direction, with both
orientations yielding instability (Fig. 4). The template using
CTQG as the lagging-strand template yielded more expansions
relative to the length heterogeneity in the starting parental tem-
plates, whereas the template using CAG as the lagging-strand
template yielded more contractions. These results confirm
what we previously published with Ligl™/* (HeLa) extracts
(44). We next proceeded to address the effect of ligase in this
instability after 100 —200 replicated molecules counted for each
template/extract pair.

For templates with 79 repeats, mutation frequencies did not
show differences between a full activity hLigl extract (Ligl */*)
and the reduced ligase activity extract (46BRLigI™™) (p = 0.21
and p = 0.87 in pDM79EF and pDM79HF, respectively). These
results indicate that low ligation activity does not affect CTG/
CAG instability regardless of replication direction (Fig. 4).
Moreover, they separate alterations in the efficiency to yield
fully replicated molecules from the levels of repeat instability
they will incur.

In contrast to the absence of altered instability by the reduced
ligase extract, replication mediated by the ligase overexpression
or by the PCNA-interacting mutant presented significantly
increased repeat instability mutation profiles compared with
Ligl ™" (46BRLigI™™"*, p = 1.16 X 10~ > and p = 0.0012, in
pDM79EF and pDM79HF, respectively; 46BRLig[™/™"t-PCNA,
p = 0.0055 and p = 0.0045, in pDM79EF and pDM79HF,
respectively) (Fig. 4). Increased levels of expansions and con-
tractions were observed for both these extracts regardless of
replication direction. Mutation profiles were also significantly
different in three of four cases compared with 46BRLigl™™
results (46BRLigI™ ™", p = 0.0086 and p = 0.016, respectively;
46BRLigl™™WtPCENA Ly = 0.32 and p = 0.016, respectively)
with a strong degree of confidence, as the three cell lines were
derived from the same 46BR.1G1 source (18). Quantification
showed drops from 8 to 19% in the number of 46BRLigl™ ™""
and 46BRLigI™™"*"PNA gtable molecules, yielding significant
gains in contracted (less than 79 repeats) and expanded (greater
than 79 repeats) molecules (Fig. 4). Changes in the repeat tract
lengths were mostly limited to short repeat gains or losses (sup-
plemental Fig. 1). The repeat stability modulation by hLigl
seems to be limited to long repeat-disease tract lengths, as anal-
ysis with short repeat templates containing only 17 CTG/CAG
repeats (non-disease length) did not show altered instability in
any case (data not shown).

Together, these results suggest that increased replication-
mediated instability was linked specifically to hLigl overexpres-
sion and expression of a PCNA-interaction mutant of hLigl but
not by reduced ligase activity. These effects were observed as
increased expansions and contractions in fully replicated mol-
ecules for both replication directions without an obvious rela-
tion to replication efficiency.

Repair Synthesis Tract Size Is Affected by Ligl—We cannot
exclude a possible contribution of DNA repair to the perturbed
instabilities obtained after replication, as repair can occur
simultaneously in the in vitro replication reactions. For
instance, the processing of slipped-DNAs formed during repli-
cation through repeat sequences may cause mutations. Such
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FIGURE 4. Repeat template stability levels mediated by replication under different hLigl conditions. Schematic diagram showing molecule frequencies
with repeat traces that are less than 79, 79, more than 79 after STRIP assay using the two 79-repeat templates (pDM79EF and pDM79HF). Parental frequencies
(bottom bar in each panel) represent the starting repeat tract length distribution in the replication templates assessed after transformation in the DH5«
bacteria. Ligl ™" (HeLa) extract showed the contraction (pDM79EF) and expansion (pDM79HF) biases previously published with these templates (44). Signif-
icant statistical differences (*) compared with Ligl*’* frequencies were obtained in the 46BRLigl™ ™" and 46BRLigI™™"*PNA extracts (Fisher test, p < 0.05)
after 100-200 colonies scored in total for each template-extract pair experiment.

repair processes may be perturbed by altered ligase deficiencies,
particularly at excision and closing of excision tracts, as shown
previously (17, 18, 40 —42).

Toward addressing an effect of ligase upon slipped-DNA
repair, we first assessed if the repair excision and synthesis
process was affected by the different hLigl environments on
slipped-DNAs. We mapped repair incorporation on eight dif-
ferent slipped-CTG/CAG repeat substrates, which lack the

SV40-ori and, thus, cannot replicate (supplemental Fig. 2).
These substrates have been structurally characterized and
modeled as intermediates of contraction and expansion events
formed during DNA metabolism (54). Expansion substrates
contained nicks in the same strand as the slip-out, whereas
contraction substrates contained nicks in the opposite strand
(supplemental Fig. 2). All three altered hLigl extracts spread the
radio-incorporation out to considerable lengths into regions

FIGURE 3. Replication efficiencies under different hLigl backgrounds. A, schematic diagram of replication templates (44). pDM79 circular plasmids contain
the DM1 (CTG),4*(CAG),, repeats in the stable orientation relative to the unidirectional bacterial origin of replication (ColET). The bold lanes indicate flanking
non-repetitive sequences from the human DM1 locus. Location of SV40-ori determines the replication direction and which strand will serve as the leading or
lagging strand template. The direction of replication fork progression for pPDM79E initiates 3’ of the CAG and pDM79H initiates 5’ of the CAG tract. The pKN16
template contains the SV40-ori but no the repeat tract. B, total (lanes 1, 3, 5,and 7) and complete replication (lanes 2, 4, 6, and 8) templates under different hLigl
conditions. Templates were resolved in a 1% agarose gels after digestion with BamHI or both BamHI and Dpnl, and radio-incorporation was detected by
autoradiography. C, complete replication efficiencies are presented as the ratio of completely replicated (BamHI and Dpnl) material as a percentage of the total
incorporation (BamHI only) for each template and extract. Efficiencies of multiple independent experiments were quantified using ImageQuant software.
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FIGURE 5. Repair patch sizes detected under different hLigl backgrounds.
A, EcoRI-Ddel (E and D) map of slipped-DNA substrates, with fragment sizes
(nucleotides) indicated. B, reaction products of substrate 3 produced by the
different extracts were digested with EcoRI-Ddel and resolved on native acryl-
amide, with each fragment indicated. C, assessment of the relative incorpo-
ration/bp into the fragments upstream (1124 bp) and downstream (709 bp)
of the repeat tract, normalized to the 540-bp fragment (opposite the repeat)
by densitometric analysis. Three independent experiments were performed
for this substrate. The same analysis for all eight slipped-DNA substrates is
shown in supplemental Fig. 3.

beyond the slip-out to be repaired, extending from the nick
away from the slip-out, in most substrates (Fig. 5, supplemental
Fig. 3). In some cases the amount of repair incorporation into
the downstream flank was even greater than that occurring in
the repeat tract (data not shown), indicating that the excision
gap (and hence synthesis tract) was considerably larger into the
flank than required to repair the slip-out. This repair-gap wid-
ening was consistently observed for altered Ligl extracts but
never when repair was mediated by the Ligl /" extract (Fig. 5,
supplemental Fig. 3). Thus, similar to the perturbed replication
efficiencies detected above, we also observed that DNA repair
excision tract size was altered by all the different 46BRLigl
extracts. Results reproducibility was achieved by three inde-
pendent experiments in some chosen substrates (Fig. 5, supple-
mental Fig. 3). Anomalously long repair patch sizes have previ-
ously been observed in other studies for 46BR.1G1 but not with
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added functional hLigl (17, 55). Such altered repair tract sizes
for slipped-DNAs may reflect aberrant repair that may lead to
instability.

Role of Repair in Repeat Stability in the 46BR Extracts—The
length mutational changes in (CTG),4(CAG),, templates aris-
ing by in vitro replication can occur through errors of repair.
We were able to distinguish repair-mediated instability from
replication-mediated events by assessing repair levels from the
same set of eight slipped-CTG/CAG repeat substrates used to
assess repair tract lengths (supplemental Fig. 2). Repair efficien-
cies using the same extract preparations and reaction condi-
tions were quantified on a molar level by identifying repaired
products by Southern blotting. The various slipped-DNA sub-
strates showed the same relative repair behavior as previously
reported (43), with CAG slip-outs repaired better than CTG
slip-outs and with 5'-nicked substrates repaired better than
3'-nicked substrates (supplemental Fig. 4). Three independent
experiments for each substrate/extract pair assured the repro-
ducibility of the results (supplemental Fig. 4). Assessment of the
effect of distinct hLigl variations in repair levels was facilitated
by comparing results normalized against Ligl ™/ * levels (Fig. 6).
Interestingly, both extracts that initially had shown increased
repeat instability after replication (46BRLigI™™"* and
46BRLigI™™ Wt PENAY now expressed different slipped-DNA
repair efficiencies. The overexpressed extract (46BRLigI™™"*)
was the worst at repairing most substrates (7 of 8 cases), with a
mean of a 30% reduction compared with Ligl"/* levels (Fig. 6).
Conversely, the inability of hLigl to interact with PCNA
(46BRLigI™™WtPCNA extract) showed similar repair levels
compared with Ligl*’" (Fig. 6). The generally poor repair by
the overexpressing 46BRLigl™™"" extract suggests that many
slipped-DNAs escaping repair and that DNA repair may also be
involved in the increased number of length changes observed in
replication assays. The absence of an effect of the PCNA bind-
ing mutant on repair efficiency indicates that the increased
repeat instability in the replication assay by these extracts is
limited to replication fork events.

Ligl and PCNA Protein Levels Change the Adjustment of
CTG/CAG Template Processing—The above results indicate
that the increased steady state level of wild type hLigl present in
the 46BRLigI™ ™" cell line can contribute to altered repeat
instability by both replication- and repair-dependent processes.
However, the altered levels of instability between the overex-
pressing line 46BRLigI™™"* and the wild type (Ligl*’") HeLa
line may be because of other genetic or regulatory differences
between the cells. To directly address these possibilities, we
took two approaches, which were diluting the overexpres-
sion feature and mimicking it through the addition of puri-
fied hLigl or PCNA. First, we modulated the level of hLigl in
the 46BRLigI™™™"* context by diluting this extract with
46BRLigl™ ™ extract until hLigl protein levels were comparable
with the Ligl /™ extract (Fig. 7A). In this manner we eliminated
the anomalously high levels of hLigl while maintaining both the
level and genetic isoforms of other proteins known to be
involved in repeat instability (MSH2, MSH6, FEN1). This
“hLigl-diluted” extract was used to measure replication-medi-
ated instability and repair efficiency. The results showed levels
of CTG/CAG stability and repair similar to the 46BRLigI™™
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FIGURE 6. Normalized slipped-DNA repair levels under different hLigl backgrounds. Repair levels are reported relative to the repair efficiency mediated by

the Ligl™" (Hela) extract for each template.

extract (p = 0.73 and p = 0.27; pPDM79EF and pDM79HF,
respectively), closer to the patterns yielded by the Ligl ™" extract
and distinct from the initial overexpressed 46BRLigI™™"" levels
(p = 0.05 and p = 0.06; pDM79EF and pDM79HF, respec-
tively) (Fig. 7B). Likewise, after dilution, repair efficiency
increased close to levels observed in 46BRLigI™™ extract
(Fig. 7C). The hLigl-diluted extracts yielded levels of repli-
cation and repair that only approached the levels attained by
the 46BRLigI™™ extract even though they contained levels
of functional wild type hLigl similar to those in the HeLa
cells. This incomplete recovery may allude to other effects
(see “Discussion”).

We followed an alternative approach to eliminate possible
cell-type differences between the hLig overexpressing
46BRLigI™™"* and control Ligl™’" HeLa extracts; the addi-
tion of high levels of purified hLigl protein to either HeLa or
46BRLigI™ ™ extracts would be expected to have parallel effects
upon replication- or repair-mediated CTG/CAG instability as
the overexpressing 46BRLigI™ ™" extracts. We added titrated
amounts of purified hLigl (data not shown) to HeLa and
46BRLigI™™ extracts to resemble the hLigl overexpression fea-
ture observed in the 46BRLigI™™"* extract and used these for
replication. Supplementing these extracts with high levels (0.9
pg) of wild type hLigl increased replication-mediated instabil-
ity (p = 0.07 and p = 0.01, Ligl*™/* and 46BRLigI™™, respec-
tively) to levels similar to the overexpressing 46BRLigI™™"*
extract (Fig. 7B). Thus, the overexpression of hLigl protein does
in fact appear to be responsible for the altered instability. This
“add back protein” approach allowed us to draw similar conclu-
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sions in different cell types (HeLa and 46BR.1G1), suggesting it
as a general phenomenon affecting CTG/CAG repeat stability
independently of the cell source used. Finally, the use of a spe-
cific in vitro inhibitor of hLigl activity (56) able to further
reduce hLigl activity in 46BRLigl backgrounds (supplemental
Fig. 5A) did not cause significant changes in replication-medi-
ated instability nor in repair efficiency levels (supplemental Fig.
5, Band C), consistent with the absence of a link between liga-
tion activity and instability, as mentioned above. Together
these results support the notion that perturbation of instability
by hLigl overexpression may not be because of altered ligase
activity but may be the result of altered protein dynamics due to
saturating protein interactions by the overexpressed hLigl
(possibly with PCNA).

To directly address a protein-protein dynamic effect for PCNA,
whose free levels might be depleted by saturating interactions
with the overexpressed ligase, we added high levels (1.8 ug) of
purified hPCNA to the extract with this feature and assessed its
capacity for instability. Instability was reduced by supplementing
the hLigl-overexpressed (46BRLigI™™"")-mediated replication
with hPCNA (Fig. 7B). The effect approached a level of signifi-
cance (p = 0.07). Additional PCNA availability in the reaction,
restoring the Ligl-PCNA balance, appeared to recover repeat-
instability to levels of the non-overexpressing state. Similarly,
increased repair efficiencies were observed when hPCNA was
added to the hLigl-overexpressed reactions (Fig. 7C).

Overall, the modification of hLigl and available hPCNA
protein levels in functional protein extracts demonstrated
the importance of Ligl, linked to its proper interaction
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http://www.jbc.org/cgi/content/full/M109.034405/DC1
http://www.jbc.org/cgi/content/full/M109.034405/DC1
http://www.jbc.org/cgi/content/full/M109.034405/DC1
http://www.jbc.org/cgi/content/full/M109.034405/DC1

Repeat Instability Modulation by Different hLigl Backgrounds

46BRLigl

A

L
3
X
Ligl
actin
B O
m/m |

|
mmwt[ ]
/miwt T

m/m + Ligl |

p=0.07
m/mwt+PcNA[— N ] | p-005"

p=0.01*
_

. m/m;wtm/m 2 >
“x_ 14 1:81:16 3 3é
T

- -

W W R e -—

m/m [ T
m/mwt[ TN 1
p=0.06

it (1:16) [ I
Hela [ ]

p=0.07
mmwt:1e)___ T | Hela+ Ligil_______ 1IN
0% 20% 40% 60% 80% 100% 0% 20% 40% 60% 80% 100%
% molecules
[]<79 | IRE []>79
C m/m
CcTG
&
)
m/m;wt
m/m;wt (1:16)
1= 5 \V(CTG30) 3 m/m:wt+
3 u (GAC50) 5'
ol ) PCNA
0 02 04 06 08 1

Normalized repair efficiency

FIGURE 7. Repeat length distribution and repair levels after changing Ligl or PCNA amounts into the in vitro reactions. A, Western blot confirms dilution
of hLigl levels in 46BRLigI™™"* diluted with 46BRLigl™™ extract at a ratio of 1:16. This dilution was used for in vitro replication and repair reactions. B, repeat
tract length distributions after replication (¥, statistical significance, p < 0.05, Fisher’s exact test) after 100-200 colonies scored in total for each experiment.
C, repair levels after 46BRLigl™ ™" dilution or added hPCNA protein. Repair results were normalized against the 46BRLigl™™ levels.

and/or balance with PCNA, in repeat instability modulation.
The importance of this is supported by either hLigl overex-
pression (46BRLigI™™"") or loss of Ligl-PCNA interaction
(46BRLigIm/m;wt7PCNA).

DISCUSSION

hLigl is not only the major ligase active at DNA replication
forks but also participates in various forms of DNA repair. The

26640 JOURNAL OF BIOLOGICAL CHEMISTRY

involvement of DNA nicks in replication, repair, and recombi-
nation and the potential for repeat strand slippage at nicks pres-
ent this step as one through which DNA mutations at repeat
sequences may occur. Cell lines harboring distinct hLigl back-
grounds (18, 32) lead to anomalous DNA replication and repair
processes. In agreement with published studies, DNA replica-
tion efficiency was dependent upon having enough ligation
activity and the ability of hLigI to interact with PCNA (16 -18,
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33, 57-59). Expression of wild type hLigl mostly corrected the
replication defect of hLigl-deficient 46BRLigI™™ extract (17,
18, 40). These results are also consistent with PCNA coordinat-
ing the action of hLigl during Okazaki fragment processing and
ligation and the essential role of PCNA in efficient fork progres-
sion (17, 40). At the same time, replication was slightly hindered
by the presence of CTG/CAG repeats in the template, an effect
further exacerbated by hLigl-altered backgrounds. Reduced
replication across repeats may reflect frequent replication
pauses and increased duration of mutant hLigl upon the DNA
due to the presence of highly stable secondary structures
formed by CTG/CAG repeats (60— 62). Likewise, hLigl altered
backgrounds resulted in larger, polar repair tracts that, unlike
those generated by HeLa (Ligl*/"), extended beyond the slip-
outlesion. Similar increases in repair tracts resulting from hLigl
deficiency have been described for base excision repair, nucle-
otide excision repair, and double-strand-break repair (17, 21,
55) and in yeast extracts deficient for the cdc9 gene (20). The
widened and polar repair tracts are likely the result of strand
displacement DNA synthesis under hLigl-deficient back-
grounds (17). hLigl inhibits the strand displacement activity of
DNA polymerase 8 in long-patch base excision repair through
an interaction with PCNA (21, 27). Similarly, polymerase &
strand displacement can be modulated in Okazaki fragment
processing by PCNA, FEN-1, and RPA (64). Coordination of the
ligation step with DNA repair excision and synthesis and repli-
cation fork progression clearly involve proper ligation activity
and PCNA binding. A contribution of the mutant 46BR hLigI to
the altered metabolism cannot be discarded, as this mutation
was present in all 46BRLigl cell lines. This hypothesis is sup-
ported by the incompletely recovered replication-mediated
instabilities by the hLigl-diluted extracts, which only ap-
proached the levels attained by the 46BRLigI™™ extract. It is
also supported by the disconnect between the aberrant tract
sizes and the altered repair efficiencies by all 46BR.1G1 cell
variants. This might suggest the possibility that the endogenous
mutant hLigl (Arg-771 to Trp mutation) (32) may have a dom-
inant negative effect on these processes (53).

The contribution of hLigl to genetic instability may not be
linked to its DNA sealing activity but, instead, to its involve-
ment in dynamic protein-protein interactions. We did not
observe any significant change in CTG/CAG repeat instabil-
ity because of reduced hLigl activity even after further
reduction of this activity by drug inhibition. In accordance
with our results, high levels of DNA instability have not been
linked to deficiencies in ligase I activity (patient cells, trans-
genic mice, or yeast) (1618, 30-41, 57-59). Only limited
chromosomal genetic instability was observed in the 46BR
mouse model, characterized by unusual epithelial tumors
rarely seen in mice (59). In contrast, CTG/CAG instability

was markedly increased in a replication direction-indepen-
dent manner by extracts containing either high levels of wild
type hLigl or a mutant version that is unable to bind PCNA.

On several points our results agree with previous yeast
studies (30, 31) and extend them by revealing specific con-
tributions of replication- or post-replication repair to repeat
instability; (i) mutant low activity ligase did not affect insta-
bility, (ii) overexpression of wt-Ligl increased instability, and
(iii) a dependence upon PCNA interaction was observed in
both studies. Although the yeast study observed a replication
direction dependence on these effects, we observed effects
for both directions. These differences may be because of the
different types or levels of instability occurring in our pri-
mate system compared with the yeast model used. Although
we did not test an effect of overexpression of a PCNA-inter-
acting mutant ligase, as done in the yeast studies, we were
able to distinguish the processes through which the PCNA-
interacting mutant and the overexpressed functional ligase
contribute to instability; the PCNA-interacting mutant con-
tributes primarily through replication, whereas ligase over-
expression was through repair and possibly replication.
Although the yeast study did not distinguish these processes,
the effects they observed may be similar to those we observe.
Replication-induced repeat instability through loss of PCNA
binding may be the result of a failure of hLigl to localize
properly at replication foci (18, 46, 65— 67) and/or modulate
the appropriate DNA polymerases (21, 27).

hLigl and PCNA form a functional complex (68, 69) critical
for efficient ligation of DNA (70) as well as other DNA pro-
cesses (18,22, 41, 71). The coordination between both factors is
extremely complex, as secondary Ligl-PCNA interactions
points outside the consensus sequence (PCNA interaction pro-
tein box (PIP box)) (46, 67) have been described (69, 70, 72, 73).
In addition, changes in DNA structure might be crucial in
switching among the protein factors bound to PCNA (74).
Many variables affecting the dynamics of the switching process
between PCNA factors remain unknown at the molecular level.
Specifically, the binding of PCNA with hLigl is exclusive with
its interaction with either FEN-1 (31, 46, 69, 72, 75) or DNA
polymerase & (76, 77), both of which have been implicated in
CTG/CAG instability (5, 6, 31, 78, 79). Polymerase 8 is involved
in replication, synthesizing Okazaki fragments (81), and in var-
ious forms of DNA repair including damaged and unpaired
DNAs (82-84). Inhibition of polymerases with aphidicolin
treatment in DM1 patient cells with large expansions causes
enhanced CTG expansions (85). On the other hand, overex-
pression of hLigl either by internal steady high expression of
wild type hLigl or simulating the overexpression feature by the
addition of purified hLigl to in vitro reactions increased repeat
instability frequencies. This anomalous hLigl condition

FIGURE 8. Model proposed. A, during replication, the coordination between Ligl, PCNA, and other factors (i.e. DNA polymerase (red circle)/FEN-1 (blue circle))
is not affected by normal levels of wt-Ligl or low activity Ligl (HeLa or 46BRLigI™™ (yellow circle)). However, the inability to bind with PCNA (46BRLig|™mWtPCNA
(yellow square)) in a ligation replication step may affect Ligl-PCNA coordination, as the presence of Ligl would be demanding by the process of Okazaki
fragments to be sealed. Similarly, high levels of Ligl (46BRLigI™™"!) may hinder the coordination with other factors. B, repair coordination is not affected by the
binding between Ligl and PCNA (46BRLigI™™"tPN4) either by a low demanding nick ligation step (covered by the Ligl™™ presence) or by alternative repair
pathways involving additional Ligl partners (i.e. 9-1-1 sliding clamp), not affected by the specific Ligl-PCNA mutation. On the contrary, Ligl overexpression may
affect PCNA-other partner repair-coordination by sequestration, but at the same time may also disturb the alternative repair pathways where Ligl has a role.
Pink background, altered repeat DNA processing steps. Blue and red lines, repeat tracts.
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involved both replication and post-replication repair processes,
displaying a more severe impact in repeat size changes (higher
instability frequencies) than observed by a hLigl mutation
that prevents PCNA binding. Recovered stability and repair
levels after adding hPCNA in reactions with 46BRLigI™ ™™
extract suggested that hLigl overexpression disturbs pro-
cesses coordinated by PCNA by limiting the availability of
this factor for necessary protein-protein interactions with
other partners such as FEN-1 and polymerase 8. At the same
time, overexpression might also disturb the interaction of
other important hLigl partners (23, 86 —88). To provide fur-
ther support for this hypothesis, we were able to change both
CTG/CAG-length distributions and repair levels, similar to
observed when hLigl binding to PCNA is intact (Ligl */* and
46BRLigI™™), by reducing the relative internal level of hLigl
in the overexpressed extract.

Several other studies support our imbalance proposal. (i)
In yeast, abolishing the interaction between Ligl and PCNA
increased TNR instability levels (30). Likewise, overexpres-
sion of yeast Ligl also increased repeat instability. This
increase was dependent upon the presence of a functional
PCNA interaction motif but not linked to ligation activity
(31). (ii) An excess of hLigl, either full-length or its amino-
terminal region (required for PCNA interaction) but not the
catalytic domain, inhibited in vitro SV40 DNA replication by
HeLa cell extracts (40). This disruption by the non-catalytic
domain of hLigl was interpreted to be because of an imbal-
anced availability of hLigl-interacting partners, like PCNA.
This highlights the problems that might arise in conditions
of hLigl overexpression. (iii) Deficiencies of PCNA or genes
encoding enzymes that interact directly with this factor in
coordinated processes, such as FEN-1 or DNA polymerases,
yield similar unstable repeat phenotypes (4, 5, 29, 89-92).
The similar effects upon repeat instability suggest that these
factors work together to maintain or mutate repeat lengths.
(iv) The process of V(D)J recombination is critical to immu-
noglobin diversity and, like TNR instability, is a tissue- and
site-specific genetic alteration. Cellular disruptions in the
expression levels of various proteins including down- and
up-regulation of hLigl and polymerase & coincided with
advanced steps of V(D)] recombination in pre-B lympho-
cytes (93). Interestingly, in a cell-free V(D)J recombination
system, the addition of hLigl, but not other ligases, enhanced
mutagenesis by increasing V(D)] coding junction diversity
by affecting the levels of insertions and deletions (94). Both
the coincident protein expression changes and the sensitiv-
ity of the genetic outcome of the V(D)] system reflect upon
the results we observed for hLigl overexpression upon TNR
instability. Whether similar alterations in protein expression
and activity coincide with repeat expansions is unknown.

In conclusion, our results show that repeat instability is
not linked to perturbed DNA metabolic processes widely
detected under different hLigl alterations. However, they
indicated that maintaining CTG/CAG repeat stability is
linked specifically to the functional coordination existing
between Ligl and PCNA factors, as shown in the model pro-
posed (Fig. 8). Our data indicate that hLigl protein levels may
be important for maintaining CTG/CAG stability. Other
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findings suggest that the amounts of hLigl protein can
increase under distinct cellular situations, as differentiating
processes (63), human tumors (48), or UV irradiation (63,
80). Considering the Ligl concentration sensitivity in CTG/
CAQG instability with the high levels of tissue-specific CTG/
CAQG instability in TNR patients and mouse (Ref. 1 and ref-
erences therein), we hypothesize that variations in hLigl
levels among different tissues or cell types as well as at dis-
tinct developmental windows could be linked to the high
degree of tissue-specific somatic repeat instability observed
in some of the TNR diseases. Mice show strong tissue-spe-
cific variations in Ligl protein levels (data not shown). Curi-
ously, the tissue in which increased genetic instability was
reported (spleen) in the 46BR mouse model (59) was one that
normally shows high Ligl levels (data not shown). It would be
of interest to know if tissue-specific hLigl protein levels cor-
relate with tissue-specific and development-specific levels of
CTG/CAG instability.
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