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In eukaryotes, the origin recognition complex (ORC) is required for the initiation of
DNA replication. The smallest subunit of ORC, Orc6, is essential for prereplication
complex (pre-RC) assembly and cell viability in yeast and for cytokinesis in metazoans.
However, unlike other ORC components, the role of human Orc6 in replication
remains to be resolved. Here, we identify an unexpected role for hOrc6, which is to pro-
mote S-phase progression after pre-RC assembly and DNA damage response. Orc6 local-
izes at the replication fork and is an accessory factor of the mismatch repair (MMR)
complex. In response to oxidative damage during S phase, often repaired by MMR,
Orc6 facilitates MMR complex assembly and activity, without which the checkpoint
signaling is abrogated. Mechanistically, Orc6 directly binds to MutSα and enhances
the chromatin-association of MutLα, thus enabling efficient MMR. Based on this, we
conclude that hOrc6 plays a fundamental role in genome surveillance during S phase.
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Accurate duplication of genetic material and faithful transmission of genomic informa-
tion are critical to maintain genome stability. Errors in DNA replication and repair
mechanisms are deleterious and cause genetic aberrations leading to malignant cellular
transformation and tumorigenesis. Origin recognition complex (ORC) proteins are
critical for the initiation of DNA replication (1), and the individual subunits of ORC
also play vital roles in several non–prereplication complex (pre-RC) functions, includ-
ing heterochromatin organization, telomere maintenance, centrosome duplication, and
cytokinesis (2, 3). Mutations within several ORC genes, including ORC1, ORC4, and
ORC6, have also been linked to Meier-Gorlin syndrome, a rare genetic disorder in
children, characterized by primordial dwarfism (4–6).
ORC serves as the landing pad for the assembly of the multiprotein pre-RC at the

origins of replication during G1 (7). The smallest subunit of ORC, Orc6, is highly
dynamic with respect to its association with the other ORC components (8–10). Orc6
is an integral part of ORC in yeast and Drosophila (1, 11), but only weakly associates
with ORC in human and Xenopus (8, 10, 12, 13). Orc6 possesses DNA binding ability
and is believed to be critical for DNA replication initiation in all eukaryotes (14–18);
however, human Orc6 and Orc1-5 can bind to DNA independently (19). There is evi-
dence that hOrc6 protein directly binds to the Orc3 subunit and integrates as a part of
ORC in vivo in human cell lines (9). However, a substantial fraction of hOrc6 is not
associated with the ORC, and depletion of other ORCs does not alter hOrc6 chroma-
tin association, suggesting that hOrc6 is involved in ORC-independent functions
within the cell (10, 13, 20). In support of this, metazoan Orc6 is also required for cyto-
kinesis (17, 21, 22). In yeast, Orc6 is dispensable for progression through mitosis and
cytokinesis, but the depletion of Orc6 after pre-RC assembly has been shown to impair
replication origin firing (15). However, to our knowledge, no such role for Orc6 has
been evaluated in higher eukaryotes.
Accurate duplication of the genetic material and correction of errors during S phase

are efficiently coordinated with the machinery that ensures genomic integrity (23).
Mismatches occurring during DNA replication are recognized and removed by the
mismatch repair (MMR) system. The key components of the MMR system that have
been identified to date are MutSα (MSH2-MSH6 complex), MutSβ (MSH2-MSH3
complex), MutLα (MLH1-PMS2 complex), RFC-loaded PCNA, and exonuclease
1 (EXO1) (24). The association of MMR machinery to the replication fork is facili-
tated by PCNA, an essential replication factor that is also required for MMR (25–29).
In eukaryotes, MMR is active throughout the cell cycle, with the highest activity
observed during S phase (30–32). Several replication accessory factors, chromatin-
associated factors, and epigenetic regulators also influence MMR (33–38), yet the
functional relevance of these interactions has not been well understood.
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We report that hOrc6 associates with the replication fork
and is primarily required for DNA replication progression but
not for G1 licensing. During S phase, Orc6 forms an integral
component of the MMR complex and controls MMR complex
assembly and activity. Loss of Orc6 results in defective MMR
activity, resulting in loss of ATR signaling. Based on our
results, we conclude that hOrc6 has a fundamental role in
genome surveillance during S phase.

RESULTS

Orc6 Is a Component of the Replication Fork. Using isolation
of proteins on nascent DNA (iPOND), we found that hOrc6
associates with the replication fork in vivo. Nascent DNA was
labeled with EdU, conjugated with biotin, and proteins associated
with biotin-EdU–labeled DNA were pulled down. Thymidine
chase was also performed to allow EdU labeling to move past
nascent DNA, away from the replication fork and into mature
DNA. Therefore, thymidine chase was used to label the mature
chromatin as a control. Orc6 accumulated on nascent DNA,
whereas it did not enrich on the mature DNA (Fig. 1A). Orc2, a
component of the core ORC, was found both on nascent and
mature chromatin, consistent with it being a chromatin-
associated factor. To confirm the association of Orc6 with the
replication fork and gain quantifiable results, we performed quan-
titative in situ analysis of protein interactions at DNA replication
forks (SIRF) (39). Nascent DNA was labeled with EdU, conju-
gated with biotin, and then proximity ligation assay (PLA) was
performed to determine the association between hOrc6 and
biotin-EdU–labeled DNA. Thymidine chase was also done to
distinguish the association of hOrc6 with nascent versus mature
DNA. SIRF experiments also showed that hOrc6 associated with
nascent DNA (Fig. 1B). Similar to our observation, hOrc6 was
found in proteomic screens of proteins enriched in nascent DNA
by nascent chromatin capture (stable isotope labeling of amino
acids in cell culture log2 ratio = 0.76 ± 0.45) (40) as well as by
iPOND (log2 ratio = 1.28) (41), suggesting its association with
replication forks in human cells. Furthermore, immunoprecipita-
tion experiments (Fig. 1C) and single-molecule pull down assays
(SI Appendix, Fig. S1 A and B) demonstrated that hOrc6 inter-
acted with several replication-fork components, including the
single-stranded DNA (ssDNA) binding protein RPA, the
DNA clamp PCNA, and the clamp loader RFC. These results
demonstrate that hOrc6 is enriched at the replication fork
and associates with the fork components, implying that Orc6
in human cells could be involved in functions downstream of
pre-RC assembly.

Orc6 Is Required for Accurate S Phase Progression. In Saccha-
romyces cerevisiae, when Orc6 was depleted during late G1,
MCM proteins were displaced from chromatin, and cells failed
to progress through S phase, suggesting that efficiency of repli-
cation origin firing was compromised (15). However, a similar
role has not been evaluated for Orc6 in higher eukaryotes, to
our knowledge. The depletion of Orc6 in human cells with an
intact p53-mediated checkpoint status caused a decrease in
S-phase population with a concomitant reduction in the chro-
matin association of PCNA (Fig. 1D and SI Appendix, Fig.
S1C); however, this could be either due to a role in S phase or
to the role of Orc6 during G1. Since we observed the associa-
tion of hOrc6 with nascent DNA (Fig. 1 A and B), we assessed
the role of hOrc6 in post-G1 cells. We utilized a degron
system, which allows degradation of Orc6 by ubiquitin-
proteasomal degradation at any specific time point during the

cell cycle (42). We tagged hOrc6 with a destruction domain
(DD); the DD tag is recognized by the proteasomal machinery
and facilitates the rapid degradation of the DD-Orc6. In the
presence of Shield1, a molecule that masks the DD tag,
DD-Orc6 is prevented from degradation (Fig. 1E). DD-Orc6
could substitute for endogenous Orc6, as the tagged-hOrc6 res-
cued the cell-cycle defects observed in cells depleted of endoge-
nous hOrc6 (compare samples 2 and 3 in SI Appendix, Fig. S1
D and E). We depleted the endogenous Orc6 using small inter-
fering RNA targeting the 30–untranslated region of Orc6 in
U2OS cells stably expressing DD-Orc6 and carried out the
experiment in the presence of Shield1. We then synchronized
the cells at the G1/S boundary, degraded DD-Orc6 by remov-
ing Shield1, and evaluated the effect of hOrc6 loss in post-G1
cells on progression through S phase (Fig. 1F). The degradation
of hOrc6 in post-G1 cells resulted in defects of progression
through S phase. The propidium iodide (PI) flow profile at the
4- to 8-h time point after thymidine release revealed that more
cells progressed through S phase in control cells than in Orc6-
depleted cells (Orc6-si1 and -si2 lack endogenous as well as
DD-Orc6; Fig. 1G). The BrdU-PI profile further corroborated
these results demonstrating the defects in S-phase progression
of thymidine-released post-G1 cells in the absence of hOrc6
(Fig. 1H).

Since Orc6 is part of the ORC and studies from yeast
and Drosophila all point to its involvement in origin licensing
(6, 43), we also utilized our degron system to examine the pre-
sumed function of hOrc6 in G1 licensing. We synchronized
the DD-Orc6–expressing cells depleted of endogenous Orc6
into early G1 phase (SI Appendix, Fig. S1F) and degraded
DD-Orc6 by removing Shield1. By determining the loading of
pre-RC components onto chromatin in G1 cells lacking Orc6,
we monitored the chromatin association of pre-RC components
(Orc2, Cdt1, MCM3). Surprisingly, the chromatin loading of
these factors remained unaffected in the cells depleted of
hOrc6, suggesting that Orc6 might be dispensable for replica-
tion licensing in human cells or the small levels of Orc6 left in
cells were sufficient to load MCMs (SI Appendix, Fig. S1G).

To confirm this further, we used flow cytometry to measure
MCM licensing status, in conjugation with cell-cycle analysis
(44). Cells were extracted using detergent before fixing to
remove soluble MCMs. The chromatin-bound MCMs served
as an indicator of origin licensing and were detected by immu-
nostaining with MCM3 antibody (SI Appendix, Fig. S1H).
Strikingly, hOrc6-depleted cells had a similar amount of
chromatin-bound MCMs in the G1 population to control cells,
again suggesting that the depletion of Orc6 did not alter
the MCM association to the chromatin (SI Appendix, Fig. S1 I
and J). In contrast, Orc1 knockdown showed a severe licensing
defect, as indicated by a dramatic reduction of chromatin-
bound MCMs (SI Appendix, Fig. S1 I and J). However, even
with proper licensing, hOrc6-depleted cells were unable to effi-
ciently progress through S phase, indicating a critical role of
hOrc6 in S-phase progression.

Loss of Orc6 Sensitizes Cells to DNA Damage, and Orc6-
Depleted Cells Fail to Activate ATR in Response to Replicative
Stress. Cells with replication defects often show reduced toler-
ance toward replication stress and DNA damage. Because we
observed defects in progression of cells through S phase upon
Orc6 depletion (Fig. 1 G and H), we examined the replication
fork dynamics in hOrc6-depleted cells upon replication-stress
treatment. Cells were first labeled with CldU for 30 min,
treated with hydroxyurea (HU) for 2 h to induce stalling of the
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replication fork, and were subsequently released into fresh
medium containing IdU for another 30 min. DNA combing
assay revealed that the cells lacking hOrc6 had a significant and
consistent decrease in fork restart (Fig. 2A). This result implies
that the S-phase progression defects observed in hOrc6-
depleted cells could be attributed to defects in the fork restart.

To test if the defective progression through S phase resulted in
replication stress and/or DNA damage, we performed a comet
assay to assess the extent of DNA breaks in hOrc6-depleted cells.
There were no obvious double- or single-strand breaks observed
with the comet assay in the absence of hOrc6 under unperturbed
conditions. However, hOrc6-depleted cells in the presence of
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Fig. 1. Orc6 is at nascent DNA and required for proper S-phase progression. (A) Western blot of iPOND. Thymidine chase (0 min) for nascent DNA and
60 min for mature DNA. PCNA as a positive control for nascent DNA. (B) Representative images for SIRF in U2OS cells (Upper). Red foci indicate the associa-
tion between Orc6 and EdU-biotin. PLA of Pol-δ/Edu-biotin served as a positive control; DAPI was a counterstain. Scale bar, 25 μm. (Lower) Quantification
results. Experiments were performed in triplicate and one representative experiment is shown; n > 700 for each group. Data are reported as mean ± SD.
****P < 0.0001 by Mann-Whitney test. (C) Immunoprecipitation of endogenous Orc6 from U2OS cells. (D) Cell cycle profile of Orc6 knockdown in U2OS cells.
(E) Schematic illustration of the DD degron system for controlling the degradation of DD-Orc6. (F) Schematic of the protocol for specifically depleting Orc6 in
S phase. (G) S phase progression determined by PI flow cytometry. (H) S-phase progression determined by BrdU-PI flow cytometry. a.u., arbitrary unit; IP,
immunoprecipitation; MFI, mean fluorescence intensity; Thy, thymidine.

PNAS 2022 Vol. 119 No. 22 e2121406119 https://doi.org/10.1073/pnas.2121406119 3 of 11



DNA damaging agents, including camptothecin and hydrogen
peroxide (H2O2) had increased levels of DNA damage compared
with wild-type (WT) cells, as observed by both alkaline and neu-
tral comet assays (Fig. 2 B and C). Furthermore, hOrc6-depleted
or hOrc6-knockout cells were sensitive to DNA damage, as
observed by significant nuclear fragmentation and decreased cell
survival after H2O2 treatment (Fig. 2 D and E). We reasoned
that in the absence of hOrc6, the cells either fail to repair the
damage or fail to sense DNA damage.
We treated U2OS cells (with or without Orc6) with various

DNA damaging agents, including H2O2 (oxidative damage),
neocarzinostatin (a radiomimetic drug), and HU for 4 h (to
induce ssDNA and replication stress due to fork stalling) or
for 24 h (to induce fork collapse and double-strand breaks
[DSBs]), and monitored the activation of ATR and ATM. The
cells lacking Orc6 failed to activate ATR, as evident by
decreased phospho-Chk1 and phospho-RPA levels, in response
to different DNA damaging agents (Fig. 3 A and B and SI
Appendix, Fig. S2A). However, the ATM remained active, as
evident by intact Chk2 phosphorylation in both control and
hOrc6-depleted cells. On the other hand, ATR activation was
not impaired as dramatically by the depletion of the other
ORC subunits (Orc1 and Orc2) (note * hyperphosphorylation
of RPA32 in Fig. 3B). DNA-damaged cells lacking hOrc6 also
showed reduced chromatin association of RPA, as observed by
immunofluorescence staining using RPA antibodies following
pre-extraction procedures (Fig. 3C).

We next examined if the defects in RPA phosphorylation and
Chk1 phosphorylation in cells lacking hOrc6 are a result of
defective replication or if they are due to a direct role of hOrc6
in the ATR pathway. We synchronized the DD-Orc6–expressing
cells (control cells as well as endogenous Orc6-depleted cells) in
S phase by thymidine block, and we subsequently degraded
DD-Orc6 by removing Shield1 from the medium after the cells
were released into S phase. We then induced DNA damage in
the control and hOrc6-depleted, S phase–synchronized cells
(Fig. 3D) and determined the status of ATR activity. We contin-
ued to observe defective ATR activation, as evident by reduced
pChk1 and pRPA in Orc6-depleted cells that had been accumu-
lated in S phase (Fig. 3D). In addition, we synchronized control
and hOrc6 knockout cells (hypomorph) into G2 phase and
treated them with DNA damaging agents. The control G2 cells
showed robust Chk1 phosphorylation, whereas the Orc6-KO G2
cells failed to activate ATR, suggesting that hOrc6 facilitates
ATR activation and that ATR activation defects in Orc6-
depleted cells are not because of cell-cycle effects (Fig. 3E). These
results support our model that hOrc6 is required for ATR activa-
tion and that the defects observed in Orc6-depleted cells are not
simply a reflection of cell-cycle defects.

The defect in RPA32 phosphorylation in hOrc6-depleted
cells indicates that Orc6 may be involved in the upstream steps
of the ATR signaling pathway. Processing of different DNA
damages by various repair pathways yields ssDNA as a critical
repair intermediate, which also serves to activate ATR. The two
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control and Orc6 knockout cells (Right). Data are reported as mean ± SD; n = 3. *P < 0.05, **P < 0.01, ****P < 0.0001 by unpaired two-tailed Student t test.

4 of 11 https://doi.org/10.1073/pnas.2121406119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121406119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2121406119/-/DCSupplemental


A B

RPA32

α-Tubulin

pChk1
(S345)

Orc6

Chk1

pChk2
(T68)

pRPA32
(S33)

*

H2O2

Orc6

α-Tubulin

pChk1
(S345)
pChk2
(T68)

RPA32

Orc1

Orc2

Ctrl-
si

Orc1
-si

Orc2
-si

Orc6
-si

H2O2

*

D
Orc6 siRNA

Release from 
G1/S boundaryThymidine block

S phase 5h

DNA damage
treatment

24h 18h

Add Shield1 Remove Shield1
DD-Orc6 present in the cell

Ctrl-si Orc6-si
DD-Orc6

shield1 + R + R
H2O2+ ++ + +_

Orc6

RPA32

pChk1

Chk1

α-Tubulin

DD-Orc6

*

Br
dU

(s
sD

N
A)

si
gn

al
in

te
ns

it y
(a

.u
. )

Orc6-siCtrl-si

D
AP

I
Br

dU
(s

sD
N

A)

Ctrl-
si

Orc6
-si

H2O2

C
Ctrl-si Orc6-si

R
PA

D
AP

I
rH

2A
X

F
G

pChk1
(S345)

Chk1

pChk2
(T68)

G2 phase
H2O2

α-Tubulin

Orc6

cyclin B1

E

CldU IdU 
20min 20min

H2O2

2.5h

Id
U

/C
ld

U
ra

tio

Ctrl-
si

Orc6
-si

75

37

50

100

25

50

75

25

37

50

50

75

37

50

37

37

50

25

50

50

50

H2O2

75

50

50

25

50

50

Ctrl KO Ctrl KO

0.0

0.1

0.2

0.3
***

0.0

0.5

1.0

1.5

2.0 *0

59

118

176

235

0

64

129

193

257

Ctrl KO

H2O2

Ctrl KO

0

20

40

60

80

100

si
gn

al
 in

te
ns

ity
( a

.u
.)

Ctrl-si Orc6-si

***

R
PA

Ctrl-
si

Orc6
-si

1

Orc6
-si

2

Ctrl-
si

Orc6
-si

1

Orc6
-si

2

Fig. 3. Loss of Orc6 leads to compromised ATR signaling pathway due to reduced ssDNA generation. (A) Western blot analysis of the ATM/ATR pathway in
control (Ctrl) and Orc6 knockdown U2OS cells. Hyperphosphorylation of RPA32 is indicated by the asterisk. (B) Western blot for Orc1, Orc2, and Orc6 knock-
down cells. (C) Immunostaining of chromatin-associated RPA and rH2AX in control and Orc6-depleted cells treated with H2O2. Scale bar, 25 μm. Quantifica-
tion of RPA signal is shown at bottom. Data are reported as mean ± SD. ***P < 0.001 by Mann-Whitney test. (D) Schematic of the protocol for specifically
depleting Orc6 in S phase and collecting DNA damage samples (Upper). Shield1 was removed 1 h before H2O2 treatment and cells were collected 1 h after
treatment. (Lower) Western blot for analyzing ATR activation. (E) Western blot of G2 synchronized control and Orc6 knockout (KO) cells. Cyclin B1 as
G2 marker. PI flow profiles show the synchrony of the cells. (F) Native BrdU staining for visualizing ssDNA (Right) and quantification results (Left). Scale bar,
25 μm. PI flow profiles show the synchrony of the cells. A representative experiment (n = 3) is shown. Data are reported as mean ± SD; n > 100 for each
group. ***P < 0.001 by Mann-Whitney test. (G) DNA fiber assay to determine nascent DNA resection or degradation after fork stalling. A higher IdU to CldU
ratio indicates less resection, hence less ssDNA generation. A representative experiment (n = 2) is shown. Data are reported as mean ± SD. ****P < 0.0001
by unpaired one-tailed Student t test. a.u., arbitrary unit; R, removal of Shield1.
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following possibilities could attribute to defects in ATR signal-
ing upon hOrc6 depletion. First, hOrc6 could function in the
recruitment of ATR signaling proteins to the RPA–ssDNA
platform. Second, hOrc6 could play a role in generating
ssDNA after DNA damage. To test if hOrc6 plays a direct
role in ATR activation, we performed an in vitro assay to exam-
ine the recruitment of ATR signaling proteins onto the
RPA–ssDNA platform in the presence or absence of hOrc6.
We preassembled RPA–ssDNA complex by mixing recombi-
nant RPA with 30-biotinylated 70-mer ssDNA. We captured
the complex using streptavidin-coated magnetic beads. These
RPA–ssDNA structures were then incubated with nuclear
extracts from control and Orc6-depleted U2OS cells, and we
retrieved the proteins that bound to the structure. Western
blotting was used to determine the effect of ATR signaling pro-
tein recruitment and activation, including RPA, ATR-
interacting protein (ATRIP) that associates with ATR and
mediates its interaction with RPA, and Chk1 (SI Appendix, Fig.
S2B). We did not observe any defect in the recruitment of all
of the proteins in the Orc6-depleted extract. We also deter-
mined if hOrc6 plays any role in the RPA association with
ssDNA. We performed ssDNA in vitro pull down with hOrc6
first being added to ssDNA and then RPA, or vice versa (SI
Appendix, Fig. S2C). Again, these experiments demonstrated
that hOrc6 did not have a direct role in facilitating RPA associ-
ation with ssDNA. Based on these experiments, we concluded
that hOrc6 does not play any direct role in the recruitment of
signaling proteins to ssDNA and subsequent ATR activation.
Next, we evaluated whether hOrc6-depleted cells compro-

mised the levels of ssDNA in cells. We quantified the levels of
ssDNA in control and hOrc6-depleted cells using BrdU stain-
ing under nondenaturing conditions. The DD-Orc6 cell line
was used to ensure that both control and Orc6 knockdown
cells were synchronized in S phase and had incorporated an
equal amount of BrdU. We observed a significant reduction in
ssDNA in cells lacking Orc6 (Fig. 3F). Based on these results,
we conclude that hOrc6 supports the generation of ssDNA
after DNA damage.
Our results suggest that the inability to generate ssDNA in

hOrc6-depleted cells contributes to the defects in ATR activation.
Many repair pathways require the generation of ssDNA, such as
end resection after DSBs to allow homologous recombination.
During excision repair and MMR pathways, ssDNA is also gen-
erated in a regulated manner by the removal of damaged bases
and strands (45). Since we observed hOrc6 at the replication
fork, we set out to determine the efficiency of ssDNA generation
at the fork in cells lacking Orc6 under DNA-damage conditions.
Cells labeled sequentially with CldU and IdU (20 min each)
were immediately treated with a DNA damaging agent. The
resection or degradation of a nascent DNA strand after DNA
damage was then calculated by measuring the length of the IdU-
labeled fiber in a DNA fiber assay. We observed that DNA-
damaged cells lacking hOrc6 had a higher IdU to CldU ratio
after 40 min, indicating defects in nascent DNA degradation
(Fig. 3G and SI Appendix, Fig. S2D). This result further confirms
that the reduced ability to generate ssDNA in hOrc6-depleted
cells causes defects in ATR activation. However, given the modest
level of ssDNA reduction we observed, there might be other
mechanisms and other factors contributing to the defect in ATR
signaling, and more investigation is needed.

Orc6 Associates with the MMR Complex by Interacting with
MutSα and Supports MMR Phenotypes. To gain mechanistic
insights into the role of hOrc6 in S-phase progression and in

DNA damage response, we identified hOrc6-interacting pro-
teins during S phase (in the presence or absence of DNA dam-
age) by performing immunoprecipitation followed by mass
spectrometry. The hOrc6-interacting proteome revealed known
interactors as well as other previously unreported interactions
(Dataset S1). Strikingly, we found that in S-phase extract,
hOrc6 interacted with all the components of the MutSα
(MSH2 and MSH6) and MutLα (MLH1 and PMS2) com-
plexes that are known to initiate DNA MMR (Fig. 4A). More
importantly, H2O2-treated cells revealed enhanced interaction
between hOrc6 and members of the MMR complex, as well as
increased RFC subunits. Being an essential factor for PCNA
loading, RFC is also an important component of the MMR
pathway (Fig. 4A). By analyzing the Orc6-interacting proteins
using gene ontology enrichment and the Kyoto Encyclo-
pedia of Genes and Genomes pathway, we also observed the
DNA MMR pathway to be the highest-enriched category (SI
Appendix, Fig. S3 A and B). We validated the in vivo associa-
tion between hOrc6 and MSH2 using PLA. The interaction
between hOrc6 and MSH2 was enhanced in oxidative
stress–induced cells (Fig. 4B). Furthermore, the association
between these two proteins became more significant in S-phase
cells (Fig. 4B). To further examine the physical interaction of
Orc6 with MutSα and MutLα, we conducted GST pull-down
using purified proteins. We found that Orc6 directly interacts
with MutSα but not MutLα (Fig. 4C). Moreover, GST pull
down using Orc6 truncations identified that Orc6 interacts
with MutSα through its middle TFIIB (TFIIB-B) domain
(Fig. 4 D and E). To evaluate if Orc6 functions in the MMR
pathway, we conducted a survival assay with cisplatin, since it
is well established that MMR-deficient cells are tolerant to cis-
platin treatment (46, 47). Orc6-depleted cells showed resistance
toward cisplatin to a level similar to that of MSH6 knockdown
(Fig. 4F and SI Appendix, Fig. S3C). Importantly, the double
knockdown of Orc6 and MSH6 did not further increase the
resistance, suggesting that they function in the same pathway.
Moreover, Orc6 depletion also resulted in increased mutation
frequency determined by HPRT assay (Fig. 4G), and the dou-
ble depletion of Orc6 and MSH6 did not further increase the
mutation frequency (SI Appendix, Fig. S3 D and E). Our results
indicate that hOrc6 physically interacts with MutSα complex
during S phase and during oxidative DNA damage, and
supports the MMR.

Orc6 Promotes MutLα Recruitment to MutSα and Facilitates
MMR Activity. The MMR process initiates when MutSα recog-
nizes a mismatch on the daughter strand and recruits MutLα
(48). To determine the role of hOrc6 in the MMR process, we
addressed the association of MutSα and MutLα in cells lacking
hOrc6. Using the PLA approach, we found that the interaction
between members of the MutSα and MutLα was severely com-
promised (MSH6/MLH1 or MSH6/PMS2) in Orc6-depleted
cells (Fig. 5A). However, the interaction between components
of the MutSα complex itself (MSH2-MSH6) remained unal-
tered in cells lacking Orc6 (Fig. 5B). Next, we determined the
status of the chromatin association of individual members of
the MutSα and MutLα complexes in control and Orc6-
depleted cells. DD-Orc6 cells were collected following the same
protocol as shown in Fig. 3D to ensure cells were in S phase.
Components of MutSα (MSH2 and MSH6) loaded onto the
chromatin equally efficiently in control and Orc6-depleted cells
(untreated as well as H2O2-treated cells; Fig. 5C). However,
components of MutLα (MLH1 and PMS2) showed reduced
chromatin association in H2O2-treated cells lacking Orc6
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(Fig. 5C). These data demonstrate that hOrc6 is required for
efficient MMR complex assembly on chromatin during oxida-
tive DNA damage.

To further address the mechanism of how hOrc6 functions
in MMR complex assembly, we tested if the Orc6 promotes
the association between MutLα and MutSα. We performed an
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Fig. 4. Orc6 interacts with MutSα and functions in the MMR pathway. (A) MMR proteins identified by immunoprecipitation–mass spectrometry analysis from
S-phase synchronized U2OS cells expressing T7-Orc6, with or without H2O2 treatment. For each protein, the numbers of unique peptides (Uni) and total peptides
are presented. (B) Orc6 and MSH2 association by PLA (Left). EdU incorporation for determining S-phase cells. Scale bar, 25 μm. (Middle) Quantification of
PLA. The first column represents a negative control (Ctrl) in which the MSH2 antibody was omitted. (Right) Further analysis of the quantification where S-phase
(EdU-positive) and non–S-phase (EdU-negative) cells were separated in both control and H2O2 groups. Data are reported as mean ± SD. ****P < 0.0001 by
unpaired two-tailed Student t test. (C) Direct interaction of Orc6 with MutSα or MutLα examined by GST pull-down assay. Proteins on sodium dodecyl–sulfate
polyacrylamide gel electrophoresis gels were visualized by silver stain (Upper and the input image) or Coomassie stain (Middle). The background smears in GST-
Flag-Orc6 (GF-Orc6; lanes 2 and 4) are nonspecific proteins from the preparation of GF-Orc6 beads. GST was a negative control. (D) Schematic illustration of
Orc6 domains and different truncations. (E) Interaction of different truncations of GF-Orc6 with MutSα by GST pull-down assay. Proteins were visualized by silver
stain (Upper and the input image) or Coomassie stain (Middle). (F) Clonogenic survival assay of cisplatin-treated control, Orc6, MSH6, or Orc6/MSH6 double knock-
down U2OS cells. Data are reported as mean ± SD; n = 3. *P < 0.05 by unpaired two-tailed Student t test. (G) Mutation frequency determined by HPRT assay in
A549 cells. Data are reported as mean ± SD; n = 2. *P < 0.05, **P < 0.01. a.u., arbitrary unit; a.a., amino acid; FL, full length; MFI, mean fluorescence intensity.
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in vitro coimmunoprecipitation assay to determine the level of
MutLα recruitment to immobilized MutSα, using purified pro-
teins in the presence or absence of DNA. We observed that in
the presence of Orc6, MutLα binds more efficiently to MutSα
(Fig. 5D and SI Appendix, Fig. S4A). It is known that the affin-
ity between MutSα and MutLα strongly increases in the pres-
ence of mismatch-containing DNA, which we have observed in
our coimmunoprecipitation. However, the enhanced affinity
between MutSα and MutLα by Orc6 is mismatch independent,
as we found the Orc6 facilitated the binding of MutLα to
MutSα in all the experimental settings containing either hetero-
duplex DNA or homoduplex DNA (Fig. 5D and SI Appendix,
Fig. S4A). Moreover, the TFIIB-B domain of Orc6 is sufficient
to promote MutLα binding to MutSα (Fig. 5E and SI
Appendix, Fig. S4B). Therefore, these data suggest that Orc6 is
an accessory factor which, by binding to MutSα, increases the
affinity of MutLα to MutSα.
Having established that hOrc6 plays a role in MMR complex

assembly and that in the absence of hOrc6, MutLα is recruited
inefficiently, we set out to address if hOrc6 promotes MMR
activity. To this end, we performed the in vivo MMR assay,
whereby we determined the reversion of a mutated codon
within EGFP and quantified the activity by measuring EGFP
signal in the cells (49). We prepared a heteroduplex plasmid
containing a mispairing in the EGFP codon, where the sense
strand is WT EGFP and the antisense strand has a mutation,
which results in a premature stop codon (Fig. 5F and SI
Appendix, Fig. S4C). Therefore, only when cells were able to
repair the mismatch on the antisense strand could they express
full-length WT EGFP and give a fluorescence signal. Using this
assay, we quantified the extent of MMR activity in WT U2OS
cells that were MMR proficient (35) and compared the activity
to that in Orc6-depleted U2OS cells. We observed that deple-
tion of hOrc6 caused significant reduction in EGFP signal
intensity in the T/C heteroduplex (Fig. 5G), suggesting the
important role of hOrc6 in supporting in vivo MMR. More-
over, double depletion of MSH6 and Orc6 did not further
decrease the EGFP signal (Fig. 5 H and I). On the other hand,
depletion of Orc2 did not show significant reduction of EGFP
signal (SI Appendix, Fig. S4D). Future work will address the
biochemical nature of Orc6 function in MMR. Our results col-
lectively demonstrate that hOrc6 bound to MutSα facilitates
the recruitment of MutLα to chromatin and that, in turn, is
required for efficient MMR activity (Fig. 5J).

DISCUSSION

Primarily, based on studies from the yeast model system, Orc6,
the smallest ORC subunit, is believed to function in DNA repli-
cation origin licensing and initiation. However, unlike other
ORC subunits, function of human Orc6 is less clear due to its
poorly conserved nature and conflicting biochemical data among
species. In terms of replication licensing, recent structural studies
have elucidated the requirement of yeast Orc6 in MCM loading
(14, 43). However, it is still uncertain if human Orc6 functions
the same way as in budding yeast. Our findings here suggest that
hOrc6 is required during S phase, indicating divergent roles for
Orc6 in human and yeast licensing processes. Recently, research-
ers using the CRISPR approach to knockout human Orc1,
Orc2, Orc5, and Orc2/Orc5 reported that human core ORC is
dispensable for replication (20, 50). Meanwhile, findings from
another study continue to suggest the essentiality of ORC using
ORC-specific CRISPR screens (51). In human cells, acute deple-
tion of Orc1 and Orc2 resulted in defects in the chromatin

loading of MCMs. Nevertheless, in our experimental system,
Orc6 behaved differently in the sense that its depletion did not
alter MCM loading to the chromatin. Our observations of an
important S-phase phenotype in the same experimental system
strongly argue the important function of Orc6 after origin
licensing.

Yeast Orc6 is also required after the licensing steps, since
depleting Orc6 after pre-RC formation has been shown to
impair replication origin firing by destabilizing pre-RC (15). In
human cells, we demonstrated that Orc6 associates with the
replication fork and interacts with the components of the repli-
cation fork—observations that are also supported by proteomic
data (40, 41). Using the DD-Orc6 to degrade Orc6 at specific
stages of the cell cycle, we found that hOrc6 is essential for
S-phase progression. Our results show that in human cells,
Orc6 definitely functions after pre-RC formation.

MMR is a process that recognizes and fixes errors during
DNA replication. Our results indicate that hOrc6 is an acces-
sary factor of the MMR complex, promoting MMR complex
assembly and activity (Fig. 5H). It is worth noting that
although the structures of MutS and MutL are available, the
interaction between them has been difficult to study (52). Dur-
ing the eukaryotic MMR process, MutSα recognizes the mis-
match and undergoes ATP-dependent conformational changes
that allow the binding of MutLα. This MutSα–MutLα com-
plex is very transient and dynamic. By using site-specific cross-
linking, the transient Escherichia coli MutS–MutL complex was
successfully captured, providing valuable information about the
MutS conformation when interacting with MutL (53). How-
ever, the information about the human MutSα–MutLα struc-
ture is still lacking. It is also unclear if, in vivo, there is any
additional factor influencing the MMR complex assembly. Our
results indicating that the association of Orc6 with MutSα
increases the affinity of MutLα binding to MutSα are, there-
fore, of great importance for the MMR field. It is worth noting,
however, that the TFIIB-B domain of hOrc6, which is required
for MMR function, as we demonstrated in this work, is also
the main region that mediates its DNA binding (18). This
makes it difficult to functionally separate hOrc6’s role in MMR
and S-phase progression. Further investigation is required to
address this question. We propose that the binding of Orc6, as
an accessory factor, stabilizes the MutSα at a conformation that
allows MutLα to bind and function. Structural studies are also
needed to investigate how hOrc6 influences MutSα structure.

During MMR, ssDNA is an important intermediate gener-
ated by EXO1 excision after the incision step (29, 54–56).
More recently, it has been shown that MMR processing of a
methylation-induced DNA lesion behind the replication fork
causes ssDNA accumulation, interrupts fork progression, and
might induce replication stress (57). Thus, inefficient MMR
activity could lead to reduced ssDNA generation. This is con-
sistent with the defects in ssDNA generation that we observed
in hOrc6-depleted cells. This finding is further corroborated by
the fact that cells treated with oxidative or alkylating agents had
increased DNA damage without Orc6. Since there is not an
efficient way to specifically induce mismatch on DNA, most
studies utilize oxidative or alkylating agents. Base excision
repair and nucleotide excision repair are believed to be the two
main pathways that remove these lesions. However, studies sug-
gest that MMR is also critical for the response to oxidative
DNA damage (58). Moreover, defects in MMR activity directly
lead to reduced ATR signaling, as knockdown of MSH2 causes
reduced Chk1 phosphorylation (59). Additionally, recognition
of O6-meG/T mispairings by MutSα and MutLα directly
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recruits and activates the ATR/ATRIP complex independent of
RPA–ssDNA (60). Thus, our finding that ATR is not fully acti-
vated in hOrc6-depleted cells is likely due to a defective MMR
pathway. Moreover, prior proteomic study has pointed to con-
nections between the DNA damage response (including the
MSH module and ATR/FANC module) and DNA replication
(including the ORC module and RFC module) components

suggesting that many repair pathways are part of a larger
network dedicated to DNA replication. Furthermore, MSH
components and ORC subunits were found to be substrates and
potentially regulated by the ATM/ATR signaling network (61).
The connections between DNA repair and DNA replication are
highly complex and remain an area of intense research. Together,
our results point to a regulatory mechanism in human cells

EC D

A B

J

F G H I

Fig. 5. Orc6 facilitates MutLα recruitment to MutSα. (A) Interaction between MSH6/MLH1 and MSH6/PMS2 quantified by PLA in control and Orc6-depleted
U2OS cells. Representative images (Left) and quantification of the interaction in S-phase cells (Right) are shown. Scale bar, 25 μm. Data are reported as
mean ± SD. ****P < 0.0001 by unpaired two-tailed Student t test. (B) Formation of MSH2/MSH6 complex (MutSα heterodimer) examined by PLA; representa-
tive images (Left) and quantification (Right) are shown. Scale bar, 25 μm. Data are reported as mean ± SD. (C) Western blot analysis of chromatin fraction-
ation samples. The samples were prepared following the same protocol as in D. (D) Effect of Orc6 on the in vitro recruitment of MutLα to MutSα in no DNA,
homoduplex DNA, or G/T mismatch DNA. GST as a control (Ctrl). SI Appendix, Fig. S4A shows quantification. (E) In vitro recruitment of MutLα to MutSα using
Orc6 full-length (FL) or different TFIIB-B domains. SI Appendix, Fig. S4B shows quantification. (F) Illustration of the heteroduplex repair during the MMR assay.
(G) Quantification of MMR activity of Orc6-depleted U2OS cells. Mean GFP intensity was measured using flow cytometry. Data are reported as mean ± SD;
n = 3. *P < 0.05, **P < 0.01 by unpaired two-tailed Student t test. (H) Quantification of MMR activity of Orc6 knockdown compared with MSH6 knockdown.
Data are reported as mean ± SD; n = 2. *P < 0.05 by unpaired two-tailed Student t test. (I) MMR activity of MSH6 and Orc6 double knockdown. Data are
reported as mean ± SD; n = 5. (J) Model for Orc6 function in facilitating the assembly of MMR complex for efficient repair and ATR activation. Ab, antibody;
a.u., arbitrary unit; GF-Orc6, GST-Flag-Orc6; MFI, mean fluorescence intensity; N.S., not significant; S, soluble; P, chromatin fraction.
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whereby Orc6 travels along with replisome and acts as an acces-
sory factor of MutSα upon encountering a mismatch, and pro-
motes MMR complex formation to facilitate DNA damage
repair and ATR activation.
It is well known that defects in MMR cause errors during

DNA replication and are linked to a hereditary cancer syn-
drome, Lynch syndrome, often associated with microsatellite
instability (62). Furthermore, colorectal tumors are often asso-
ciated with defects in MMR (63). It is worth noting that Orc6
levels are highly elevated in colorectal cancers (64), and the
reduction of Orc6 sensitizes colorectal cancer cells to chemo-
therapeutic drugs (65). Moreover, ORC6 has been included as
a predictor in three commonly used, prognostic, multigene
expression profiles for breast cancer (66). It has been known for
a long time that the misregulation of Orc6 correlates with
genome instability, yet the molecular details had remained to
be elucidated. Our present studies provide insights into the role
of Orc6 in the maintenance of genome integrity.

Materials and Methods

A detailed description of all the cell lines, plasmids, antibodies, and experimen-
tal procedures can be found in the SI Materials and Methods. Experimental
procedures included iPOND assay, SIRF, PLA, comet assay, DNA fiber analysis,
clonogenic survival assay, GST–pull-down assay, MMR in vivo assay, HPRT assay,

and the single-molecule pull-down assay. Details of quantifications and statistical
analyses are also included.

Data Availability. All study data are included in the article and/or supporting
information.
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