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Genomic DNA is under constant attack by environmental factors 
and endogenous metabolic processes. The resulting DNA lesions 
are normally eliminated by various DNA repair mechanisms; 
however, if not repaired before S phase, they could stall replica-
tive DNA polymerases, leading to fork collapse, double-strand 
DNA breaks and cell death. To avoid such lethal events, cells 
have evolved a mechanism called DNA damage tolerance, which 
allows replication across the polymerase-blocking lesions without 
their actual repair.1

The ubiquitin ligase Rad18 is the master regulator of the DNA 
damage tolerance pathway. When DNA polymerases encoun-
ter DNA lesions, Rad18 induces PCNA monoubiquitination, a 
crucial step in DNA damage tolerance.2-4 Two subpathways are 
potentially activated via monoubiquitination of PCNA. One is 
translesion synthesis (TLS), in which specialized TLS polymer-
ases directly replicate past lesions in a damaged DNA template. 
Monoubiquitinated PCNA recruits TLS polymerases via interac-
tions with their PCNA-interacting motif, called a PIP box, and 
ubiquitin-binding domains.4-8 The TLS pathway is potentially 
error-prone, because it employs low-fidelity Y-family polymer-
ases.9 In contrast, the second pathway, template switching (TS), 
is an error-free process. The TS pathway uses the newly syn-
thesized, undamaged strand of the sister chromatid as template 
to bypass lesions.1 Although the underlying mechanism is still 
unclear, the TS pathway is activated through extension of K63-
linked ubiquitin chains from monoubiquitinated PCNA by Rad5 
(HLTF and SHPRH in human).10-12

Uninterrupted replication across damaged DNA is critical to prevent replication fork collapse and resulting double-strand 
DNA breaks. Rad18-mediated PCNA ubiquitination is a crucial event that triggers a number of downstream pathways 
important for lesion bypass. Here, we report characterization of Spartan, an evolutionarily conserved protein containing 
a PCNA-interacting peptide motif, called a PIP box, and a UBZ4 ubiquitin-binding domain. Spartan is a nuclear protein 
and forms DNA damage-induced foci that colocalize with markers for stalled DNA replication. Focus formation of Spartan 
requires its PIP-box and the UBZ4 domain and is dependent on Rad18 and the PCNA ubiquitination site, indicating that 
Spartan is recruited to ubiquitinated PCNA. Spartan depletion results in increased mutagenesis during replication of UV-
damaged DNA. Taken together, our data suggest that Spartan is recruited to sites of stalled replication via ubiquitinated 
PCNA and plays an important role to prevent mutations associated with replication of damaged DNA.
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Ubiquitin-binding domains play critical roles in DNA dam-
age response.13,14 In particular, ubiquitin-binding zinc-finger 4 
(UBZ4) is commonly found in proteins that localize to sites of 
DNA damage.15-26 To find potential regulators of DNA damage 
response, we performed a bioinformatics search for uncharacter-
ized proteins containing UBZ4 domains. We noted that a human 
protein C1orf124 (NP_114407), which was recently named 
Spartan,27 contains a PIP box and UBZ4, similarly to TLS poly-
merases. In this paper, we report that Spartan is recruited to ubiq-
uitinated PCNA via the PIP box and UBZ4 domain. At sites of 
stalled replication, Spartan plays an important role in suppressing 
mutagenesis associated with replication of damaged DNA.

Results

Spartan is an evolutionarily conserved protein. A homology 
search using the human Spartan protein sequence revealed puta-
tive Spartan orthologs in higher eukaryotes, including mouse 
(NP_001104611), chicken (XP_419571), fish (XP_696486), 
frog (AAI60677), fly (NP_573032) and worm (NP_505853) 
(Fig. 1A). Although Spartan is not widely conserved in fun-
gus, its orthologs are found in several plant pathogens of fungal 
origin such as Pyrenophora teres. Spartan contains a conserved 
N-terminal domain that shares homology with an uncharacter-
ized protein SprT from E. coli.28 The UBZ4 domain of Spartan 
is also highly conserved in eukaryotes and is duplicated in some 
species (Fig. 1A and B). We noted that human Spartan contains 
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for other UBZ4 domains,20 alanine substitution of the highly 
conserved Asp473 (D473A) (Fig. 1B) abolished the ubiquitin 
interaction. Furthermore, full-length Spartan interacted with 
ubiquitin in GST pull-down assays, and again the D473A muta-
tion disrupted the interaction (Fig. 1E). These results indicate 
that Spartan interacts with ubiquitin through its UBZ4 domain.

The conserved PIP box in Spartan is also functional. GST 
pull-down assays using recombinant proteins revealed that the 
C-terminal portion of Spartan (Spartan-C) containing the PIP 
box interacted with PCNA in vitro (Fig. 1F). Importantly, this 
interaction was abolished when two aromatic residues in the PIP 
box were mutated to alanines (YFAA). These results suggest that 
Spartan interacts with PCNA via the PIP box.

a potential PIP box that matches with the consensus sequence 
Qxxhxxaa (h: hydrophobic residue; a: aromatic residue; x: any 
amino acids)29 (Fig. 1A and C). Although some of the residues 
deviate from the consensus sequence, the PIP box appears to be 
conserved in Spartan orthologs in other species (Fig. 1C). This 
high degree of conservation suggests that Spartan plays a fun-
damental role in eukaryotes. Importantly, the Spartan orthologs 
in other organisms are mostly uncharacterized except for the C. 
elegans homolog T19B10.6, whose knockdown by RNA interfer-
ence (RNAi) caused sterility.30,31

Spartan interacts with ubiquitin and PCNA. Using in vitro 
GST pull-down assays, we first confirmed that the Spartan UBZ4 
domain interacts with ubiquitin (Fig. 1D). As has been shown 

Figure 1. Spartan interacts with ubiquitin and PCNA. (A) Domain structure of Spartan and conservation across species. Putative homologs containing 
both SprT and UBZ4 domains are shown. (B) Multiple alignment of the UBZ4 domains from Spartan homologs in selected species. Zinc-coordinating 
residues are highlighted with asterisks. The conserved aspartate residue mutated in this study is indicated by an arrow. (C) Multiple alignment of 
the PIP boxes from Spartan homologs in selected species. Conserved aromatic residues that were mutated to alanines in this study are indicated by 
arrowheads. (D) Interaction of the Spartan UBZ4 domain with ubiquitin. In vitro GST pull-down assays were performed using indicated recombinant 
proteins produced in E. coli. MBP-Ub was examined by western blotting against MBP, and GST-fusion proteins in the precipitates were visualized by 
Coomassie staining. (E) Interaction of full-length Spartan with ubiquitin. In vitro GST pull-down assays were performed as in (D), except that GST fusion 
proteins were mixed with 293T cell lysates expressing indicated Spartan proteins. Spartan proteins were examined by western blotting against HA 
tag, and GST-fusion proteins in the precipitates were visualized by Coomassie staining. (F) Interaction of the Spartan C-terminal fragment with PCNA. 
In vitro GST pull-down assays were performed using the indicated recombinant proteins produced in E. coli. PCNA was examined by western blotting, 
and GST-fusion proteins in the precipitates were visualized by Coomassie staining.
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HU-induced foci of EGFP-Spartan colocalized with single-
strand DNA (ssDNA) (Fig. 2C). Moreover, UV- or HU-induced 
EGFP-Spartan foci colocalized with RPA foci, which mark sites 
of stalled replication (Fig. 2D). In agreement with its ability to 
interact with PCNA, Spartan foci colocalized with that of PCNA 
in response to HU treatment (Fig. 2E). Collectively, these data 
indicate that Spartan localizes to the sites of stalled replication.

Spartan focus formation is dependent on Rad18 and PCNA 
Lys164. The similarity in domain structure between Spartan 
and TLS polymerases prompted us to test whether Spartan focus 
formation is dependent on Rad18. EGFP-Spartan foci induced 
by UV or HU treatment were drastically diminished in Rad18-

/- cells (Fig. 3A and B), indicating that Rad18 participates in 
recruitment of Spartan to sites of stalled replication.

Rad18 monoubiquitinates PCNA at Lys164 to recruit down-
stream effectors in response to stalled replication. Therefore, we 
next explored the possibility that ubiquitinated PCNA is a signal 
for Spartan recruitment. To address this, we established cells that 
express the PCNA K164R mutant in which the ubiquitination 

Spartan localizes to sites of stalled replication. Considering 
that previously reported UBZ4-containing proteins localize to 
damaged DNA,20-22 we tested whether Spartan changes its local-
ization in response to DNA damage. We expressed EGFP-tagged 
Spartan and monitored its localization after treatment with UV. 
In an unperturbed condition, EGFP-Spartan was evenly distrib-
uted in nuclei (Fig. 2A). In contrast, after treatment with UV, 
EGFP-Spartan localized to nuclear speckles (Fig. 2A and B). 
Because cell cycle profiles are largely unchanged 3 h after UV 
exposure (Fig. S1A), it is unlikely that the focus formation of 
Spartan is due to enrichment of UV-exposed cells in a particular 
phase of the cell cycle. These EGFP-Spartan foci were resistant 
to TX-100 extraction, a procedure that eliminates cytoplasmic 
and nucleoplasmic proteins (Fig. 2A), suggesting that EGFP-
Spartan was loaded onto chromatin in response to DNA damage. 
Because Spartan formed foci after treatment with hydroxyurea 
(HU), which stalls replication forks via dNTP depletion (Fig. 2A 
and B), it appears that Spartan foci are primarily formed in 
response to stalled DNA replication. Consistent with this notion, 

Figure 2. Spartan localizes to sites of stalled replication. (A) Focus formation of EGFP-Spartan in response to DNA damage or replication stress. 
U2OS cells stably expressing EGFP-Spartan were treated as indicated. Cells were fixed 3 h after UV (20 J/m2) or 6 h after HU (10 mM) treatment. Where 
indicated, TX-100 extraction was performed to visualize EGFP-Spartan on chromain. (B) Quantitation of cells containing EGFP-Spartan Foci. Cells were 
treated as in (A), and percentage of cells containing more than ten EGFP-Spartan foci is presented as mean ± SD (n = 3). (C) Colocalization of EGFP-
Spartan with ssDNA. Flag-Spartan was transiently expressed in U2OS cells prelabeled with BrdU for two doubling times. Cells were treated with 10 mM 
HU for 6 h and coimmunostained with anti-Flag and anti-BrdU in non-denaturing conditions. (D) Colocalization of EGFP-Spartan with RPA. U2OS cells 
stably expressing EGFP-Spartan were fixed 3 h after UV (20 J/m2) or 6 h after HU (10 mM) treatment and immunostained for RPA. (E) Colocalization of 
EGFP-Spartan with PCNA. U2OS cells stably expressing EGFP-Spartan were treated with 10 mM HU for 6 h and immunostained for PCNA.
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As expected, DNA damage-induced PCNA ubiquitina-
tion was abolished in the PCNA K164R cells, while it 
was intact in PCNA wild-type cells (Fig. S2B). By using 
these cells, we examined focus formation of EGFP-
Spartan following UV-induced DNA damage. As shown 
in Figure 3C and D, cells expressing the PCNA K164R 
mutant formed far fewer EGFP-Spartan foci after UV 
exposure, providing evidence that PCNA ubiquitination 
participates in Spartan recruitment.

Spartan focus formation requires both the PIP box 
and the UBZ4 domain. Monoubiquitinated PCNA 
recruits TLS polymerases via interactions with two 
defined elements, PIP boxes and ubiquitin-binding 
domains, in TLS polymerases.1 Both interactions are 
necessary for TLS polymerases to form DNA damage-
induced foci. Accordingly, we tested whether the PIP 
box and UBZ4 of Spartan are required for Spartan focus 
formation. As shown in Figure 4A and B, mutations in 
either the PIP box (YFAA) or the UBZ4 domain (D473A) 
greatly diminished focus formation of EGFP-Spartan fol-
lowing UV or HU treatment.

Collectively, these experiments demonstrated that 
Spartan focus formation after DNA damage is not only 
regulated by Rad18 and PCNA ubiquitination, but 
requires the PIP box and UBZ4 domain of Spartan. 
These results confirm and extend the recent suggestion 
that Spartan is recruited to sites of DNA damage through 
its interaction with ubiquitinated PCNA.27

Spartan depletion increases damage-induced muta-
genesis. Ubiquitinated PCNA regulates lesion bypass 
through TLS and TS pathways. TLS is potentially error-
prone and is, therefore, responsible for some of damage-
induced mutagenesis. To examine the impact of Spartan 
depletion on DNA damage-induced mutagenesis, we 
measured the frequency of UV-induced mutations dur-
ing DNA replication using a shuttle vector system that 
scores mutations in a SupF tRNA gene.32 Knockdown 
of Spartan by RNAi was confirmed by western blotting 
(Fig. 5A). Endogenous Spartan proteins were detected as 
a doublet, of which the top band is likely a monoubiq-
uitinated form (data not shown and ref. 27). As shown 
in Figure 5B, UV-induced mutagenesis was increased 
in Spartan-depleted cells. Sequencing of the mutated 
SupF genes confirmed that the mutation spectrum in the 
Spartan-depleted cells was consistent with UV-induced 
mutagenesis, in which the major mutation types are C:G 
to T:A transitions (Table 1). These results indicate that 
Spartan plays an important role in suppression of DNA 
damage-induced mutagenesis during replication.

Discussion

In this study, we demonstrate that Spartan is recruited 
to ubiquitinated PCNA via its PIP box and the UBZ4 domain 
(Figs. 1, 3 and 4) and that Spartan is important for prevention 
of damage-induced mutagenesis (Fig. 5). While this manuscript 

site Lys164 was mutated to arginine. In these experiments, 
endogenous PCNA was depleted by RNAi and replaced with 
exogenously expressed wild-type or K164R PCNA (Fig. S2A). 

Figure 3. Focus formation of EGFP-Spartan is dependent on Rad18 and PCNA 
ubiquitination. (A) Focus formation of EGFP-Spartan in response to DNA damage. 
EGFP-Spartan was stably expressed in HCT116 cells (Rad18 +/+ and -/-) and visual-
ized 3 h after UV (20 J/m2) or 6 h after HU (10 mM) treatment. (B) Quantitation of 
cells containing EGFP-Spartan foci. Cells were treated as in (A), and percentage 
of cells containing more than ten EGFP-Spartan foci is presented as mean ± SD 
(n = 3). (C) Focus formation of EGFP-Spartan in response to UV. EGFP-Spartan 
was stably expressed in HCT116 cells expressing wild-type or the K164R mutant 
PCNA and visualized 3 h after UV (20 J/m2) treatment. See also Figure S2. (D) 
Quantitation of cells containing EGFP-Spartan Foci. Cells were treated as in (C), 
and percentage of cells containing more than ten EGFP-Spartan foci is presented 
as mean ± SD (n = 3).



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com	 Cell Cycle	 3399

441–489) spanning the UBZ4 domain was expressed as a GST-
fusion protein from pGEX-6P-2. cDNA for PCNA was cloned 
in pET28a (Novagen) for expression of His

6
/T7-tagged PCNA. 

Recombinant ubiquitin proteins were expressed from pGEX-6P-2 
or pMAL-c2x (New England Biolabs). Site-directed mutagenesis 
was performed using pfu Turbo (Agilent Technologies), and all 
introduced mutations were confirmed by sequencing. shRNAs 
were expressed from lentiviral vector pSIH1-H1-Neo.

Cell culture and RNAi. Human osteosarcoma cell line U2OS 
and colon cancer cell line HCT116 were obtained from American 
Type Culture Collection (ATCC) and cultured in McCoy’s 5A 
medium supplemented with 10% FBS. HCT116 Rad18-/- has 
been reported previously.36 Human embryonic kidney cell line 
293T (ATCC) was maintained in RPMI1640 containing 10% 
FBS. Recombinant lentiviruses were produced by cotransfection 
of viral and packaging plasmids in 293T cells. For virus infection, 

was in preparation, Zou’s group independently demonstrated that 
Spartan is recruited to sites of UV damage in a manner depen-
dent on the PIP box, UBZ4 domain and Rad18.27 Our data con-
firm and extend this study. In particular, we demonstrated that 
Spartan focus formation is dependent not only on Rad18, but also 
lysine 164 of PCNA, the site for Rad18-mediated ubiquitination, 
demonstrating that PCNA ubiquitination is indeed crucial for 
Spartan recruitment. In addition, our study showed that Spartan 
forms foci in response to HU-induced stalled DNA replication 
(Fig. 2). We presented evidence that HU treatment induces colo-
calization of Spartan to ssDNA and RPA, the markers for sites of 
stalled DNA replication (Fig. 2C and D). Because Spartan colo-
calizes with RPA foci after UV treatment as well (Fig. 2D), it is 
likely that Spartan foci seen after UV exposure represent sites of 
stalled replication. Finally, our data demonstrated that Spartan-
depleted cells exhibit increased mutation frequencies during rep-
lication of UV-induced DNA damage (Fig. 5), supporting the 
conclusion that Spartan plays a role at sites of stalled replication.

How does depletion of Spartan cause increased mutagenesis 
during replication of UV-damaged DNA? PCNA ubiquitina-
tion plays a central role in lesion bypass through the TLS or TS 
mechanisms. Because TLS is potentially error-prone, whereas TS 
is error-free, one possibility is that Spartan might regulate the 
choice between TLS and TS, favoring TS over TLS. However, 
given that TLS is the major mechanism for lesion bypass in mam-
malian systems,33 a more likely possibility is that Spartan deple-
tion effects fidelity of TLS. Recent study from Zou’s group27 is in 
agreement with this possibility. The authors demonstrated that 
Spartan interacts with Rad18 and forms a feedforward loop to 
enhance PCNA ubiquitination. PCNA ubiquitination and focus 
formation of DNA polymerase η, a high fidelity TLS polymerase 
for UV-induced cyclobutane pyrimidine dimers, are diminished 
in Spartan-depleted cells.27 Thus, it is possible that reduced 
PCNA ubiquitination underlies the increased mutation fre-
quency observed after Spartan depletion in our study. However, 
a recent report demonstrated that mutation frequencies during 
TLS across UV-induced DNA damage are unchanged or even 
reduced in cells lacking PCNA ubiquitination,34 suggesting that 
defects in PCNA ubiquitination by itself may not cause increased 
mutagenesis. Further studies of how Spartan depletion causes 
increased mutagenesis will be necessary to fully understand the 
role of Spartan in the DNA damage response.

Materials and Methods

Plasmids. Full-length Spartan cDNA was amplified by RT-PCR 
using LA Taq (Takara Bio) from MCF10A mRNAs, cloned into 
the transient mammalian expression vectors pEFF-N (for an 
N-terminal Flag tag) and pEF4H (for an N-terminal 4HA tag), and 
a lentiviral expression vector pLVX6-IRES-Neo (for an N-terminal 
EGFP tag). cDNAs encoding wild-type or the K164R mutant of 
PCNA were subcloned from pSPC (a gift from Larry Karnitz)35 
and expressed from pLVX-IRES-puro. For production of recom-
binant proteins in E. coli, cDNAs encoding Spartan-C (amino 
acids 212–489) were cloned in pGexHis (an N-terminal GST-tag 
and a C-terminal His

6
 tag). A C-terminal fragment (amino acids 

Figure 4. Focus formation of EGFP-Spartan is dependent on its PIP box 
and UBZ4 domain. (A) Focus formation of EGFP-Spartan in response to 
DNA damage. Wild-type or indicated mutants of Spartan were stably 
expressed as a fusion protein with EGFP in U2OS. Localization of EGFP-
Spartan was visualized 3 h after UV (20 J/m2) or 6 h after HU (10 mM) 
treatment. (B) Quantitation of cells containing EGFP-Spartan Foci. Cells 
were treated as in (A), and percentage of cells containing more than ten 
EGFP-Spartan foci is presented as mean ± SD (n = 3).
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immunostained as described above with rabbit anti-Flag (Sigma) 
and mouse anti-BrdU (Roche) antibodies in non-denaturing 
conditions. For visualization of EGFP-tagged proteins, cells were 
fixed with 4% paraformaldehyde and permeabilized. Where indi-
cated, cells were extracted for 10 min with CSK buffer (10 mM 
Hepes-KOH pH7.4, 300 mM sucrose, 100 mM NaCl and 3 mM 
MgCl

2
) supplemented with 0.5% Triton X-100 before fixing. For 

quantitation of EGFP-Spartan focus formation, cells containing 
at least 10 foci were considered positive for focus formation, and 
at least 100 cells were counted in each sample.

Western blotting. Cells were lysed in NP-40 lysis buffer (50 
mM TRIS-HCl pH7.4, 150 mM NaCl, 0.1% Nonidet P-40, 
5 mM EDTA, 50 mM NaF, 1 mM Na

3
VO

4
, 10% Glycerol) 

supplemented with protease inhibitor mix (Sigma). For western 
blotting, 30 μg of proteins were separated by SDS-PAGE, trans-
ferred to nitrocellulose membrane and probed with antibodies. 
Mouse monoclonal anti-Spartan antibody (IgG

2a
, clone 11A) was 

produced at the Mayo Clinic Monoclonal Antibody Core using 
GST-Spartan-C as an antigen. Anti-PCNA and anti-HA anti-
bodies were from Santa Cruz Biotechnology. Anti-β-actin and 
anti-MBP antibodies were purchased from Sigma-Aldrich and 
New England Biolabs, respectively.

Recombinant proteins and GST pull-down assays. All 
recombinant proteins were produced in E. coli BL21(DE3) and 
purified on glutathione beads (Sigma-Aldrich; for GST-tagged 
proteins), TALON metal affinity resins (Novagen; for His

6
-

tagged proteins) or amylose resins (New England Biolabs; for 
MBP-tagged proteins). For in vitro GST pull-down assays, GST-
fusion proteins (5 μg) were incubated with glutathione beads 
in GST binding buffer (20 mM TRIS-HCl (pH7.4), 150 mM 
NaCl, 1.0% Nonidet P-40, 25 μg/ml BSA 1 mM DTT) for 1 h 
at 4°C. Beads were then incubated for 2 h at 4°C with 1 μg of 
recombinant PCNA in GST binding buffer or cell lysates con-
taining 1 mg proteins. Beads were washed five times with GST 
binding buffer and bound proteins were eluted by boiling in 2 × 
SDS-PAGE sample buffer. After SDS-PAGE, GST-proteins were 
visualized by Coomassie brilliant blue staining while coprecipi-
tated proteins were detected by western blotting.

SupF mutation assays. Mutation frequencies were measured 
using the SupF shuttle vector system as described previously (Parris 
et al., 1994). 293T cells were transfected with siRNAs for 24 h 
and then with 2 μg pSP189 that were unirradiated or irradiated 
with 1,000 J/m2 UVC (XL-1000; Spectroline) in a 40 μl droplet. 

cells were incubated with supernatants containing viruses in the 
presence of 4 μg/ml polybrene (Sigma-Aldrich) and selected 
with 1 μg/ml puromycin (Sigma-Aldrich) or 400 μg/ml G418 
(Sigma-Aldrich). For RNAi, cells were transfected with siRNA 
oligos using RNAiMAX (Invitrogen) for 48–72 h. For stable 
knockdown, cells were infected with lentiviruses expressing shR-
NAs. The target sequences of siRNAs and shRNAs are: siCon-
trol, CGU ACG CGG AAU ACU UCG A; siSpartan.664, GAC 
CCU GUG UGC UGG GAU A; siSpartan.915, ACG AUG 
AGG UGG AUG AGU A; shControl, ACA AGA UGA AGA 
GCA CCA A; shPCNA, GGA GGA AGC UGU UAC CAU A.

Immunocytochemistry and microscopy. For immunostain-
ing, cells cultured on coverslips were fixed with 4% paraformal-
dehyde for 10 min at room temperature (for anti-RPA32 staining) 
or with methanol/acetone mixture (3:1) for 10 min at -20°C (for 
anti-PCNA staining) and permeabilized in 0.2% TX-100 in PBS 
for 10 min. After blocking with PBS containing 3% BSA for 
1 h, cells were incubated with primary antibodies anti-RPA32 
(Santa Cruz Biotechnology, 1:200) or anti-PCNA (Santa Cruz 
Biotechnology, 1:200) at room temperature for 1 h. After wash-
ing, cells were incubated with Alexa fluor 594-conjugated goat 
anti-mouse IgG (Invitrogen) in a 1:2,000 dilution for 30 min. 
Cells were mounted with VectaShield containing 4',6-diamid-
ino-2-phenylindole (Vector Laboratories) and viewed and pho-
tographed on a Carl Zeiss fluorescent microscope. Detection 
of ssDNA was performed as described elsewhere.37 Briefly, cells 
were prelabeled with 10 μM BrdU for two doubling times and 

Figure 5. Spartan depletion increases UV-induced mutagenesis. (A) 
Knockdown of Spartan by RNAi. 293T cells were transfected with the 
indicated siRNA oligos and Spartan levels were examined by western 
blotting. β-actin is shown as a loading control. (B) Increased mutagen-
esis in Spartan-depleted cells. UV-induced mutagenesis was measured 
using the SupF shuttle vector system in 293T. Cells were transfected 
with indicated siRNA oligos and then transfected with SupF plasmids 
after 24 h. Forty-eight hours later, plasmids were recovered and assayed 
for mutations in the SupF gene. Mutation frequencies are presented as 
percentage of mutant SupF genes. Experiments were performed in trip-
licate and results are shown as mean ± SD. Mutations were not detected 
in undamaged plasmids. (*, p < 0.0005, two-tailed Student’s t-test.)

Table 1. Mutation spectrum of SupF mutants (%)

siControl (n = 57) siSpartan.664 (n = 75)

Transitions

C:G to T:A 77.2 76.0

T:A to C:G 3.5 4.0

Transversions

C:G to A:T 8.8 9.3

C:G to G:C 1.8 1.4

T:A to A:T 8.8 4.0

T:A to G:C 0.0 5.3
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After 48 h, plasmids were recovered by a miniprep kit (Qiagen) 
and treated with DpnI for 4 h to eliminate unreplicated plasmids. 
Plasmid DNA was purified by phenol/chloroform extraction, 
concentrated by ethanol precipitation, and electroporated into E. 
coli MBM7070. Transformed E. coli cells were grown on LB agar 
plates containing 200 μM isopropyl β-D-1-thiogalactopyranoside 
(Sigma-Aldrich), 100 μg/ml Bluo-gal (Invitrogen), and 100 μg/
ml ampicillin. Blue (wild-type SupF) and white (mutant SupF) 
colonies were counted and mutation frequencies were presented 
as a percentage of white colonies over total colonies. Experiments 
were performed in triplicate and typically 10,000 colonies were 
screened in each experiment. To verify mutations, SupF genes in 
white colonies were sequenced as described previously.32
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