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ABSTRACT
Loss of retinoblastoma protein (RB1) function is a major driver in cancer development. We have recently
reported that, in addition to its well-documented functions in cell cycle and fate control, RB1 and its
paralogs have a novel role in regulating DNA repair by non-homologous end joining (NHEJ). Here we
summarize our findings and present mechanistic hypotheses on how RB1 may support the DNA repair
process and the therapeutic implications for patients who harbor RB1-negative cancers.
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The tumor suppressor retinoblastoma protein (RB1) is a critical
component of proliferation and fate control in cells.1,2 Heritable
mutations in RB1 cause a highly penetrant predisposition to the
childhood cancer retinoblastoma, combined with a substan-
tially increased lifetime risk for other cancers.3 Sporadic muta-
tions are associated with a spectrum of difficult-to-treat cancers
including bone and soft tissue sarcoma, small cell lung cancer,
breast, endometrial, ovarian, and renal carcinoma.

RB1’s functions rely on its interaction with cellular pro-
teins,4 with most known proteins associating with the central
A-B pocket (RB1P; amino acid [aa] 379-792) and the RB1C

domain (aa 792-928). These include proteins containing a Leu-
X-Cys-X-Glu (LXCXE) short linear motif and members of the
E2F family of transcription factors, through which RB1 sup-
presses gene transcription and effects cell cycle control, mitotic
fidelity, and cell fate responses (Fig. 1).5-10 Despite evidence for
involvement of the third functional domain, RB1N (aa 1-379),
in RB1 protein function and tumor suppression,11 the molecu-
lar basis through which this domain contributes to these activi-
ties has hitherto remained undiscovered. Although the
majority of RB1 mutations result in radical protein loss, in both
childhood retinoblastoma (http://rb1-lsdb.d-lohmann.de/) and
major cancers such as small cell lung cancer and bladder cancer
(www.cbioportal.com) some mutations, including small altera-
tions within the RB1N domain, are frame preserving.

Previous work from our laboratory reporting the crystal
structure of RB1N revealed a striking similarity between RB1N

and RB1P, predicting an evolutionary relationship and concep-
tual similarity in function between these 2 RB1 domains.12 Like
RB1P, RB1N contains 2 tandem cyclin-like folds, and significant
amino acid identity within the corresponding cyclin fold helices
suggests that RB1 may have evolved through duplication of an
ancestral cyclin fold pair (Fig. 1). Importantly, a surface iso-
structural to the ‘cyclin wedge’ through which the cellular

cyclins interact with their partner kinase subunits, and which
in RB1P is used for the binding of LXCXE proteins,7 is present
in RB1N and overt residue conservation within this surface sug-
gests that it is involved in the interaction of RB1N with cellular
partner proteins.

Given such structural evidence, together with longstanding
documentation that RB1N has the capacity to bind partner pro-
teins in vitro and carries mutations in tumors, we hypothesized
that RB1N may mediate tumor suppressor functions through
interactions with cellular partner proteins in a similar manner
to RB1P. Building on this notion, in our recently published
study13 we probed cellular nuclear extracts using affinity purifi-
cation mass spectrometry. In this proteomic screen, 34 proteins
across a range of biologic functions were found to selectively
interact with RB1N.13 Among them were several proteins func-
tionally involved in double-strand break DNA repair by non-
homologous end joining (NHEJ), namely X-ray repair comple-
menting defective repair in Chinese hamster cells 5 and 6
(XRCC5 and XRCC6), which are required for the recognition
of DNA double strand breaks (DSBs), and the double-strand
DNA-dependent protein kinase PRKDC (protein kinase,
DNA-activated, catalytic polypeptide).14 Structure-guided
mutations demonstrated that the cyclin wedge homology sur-
face within RB1N is required for binding of XRCC5 and
XRCC6, indicating that this specific RB1N surface, which is pre-
dicted to facilitate protein interactions, is responsible for medi-
ating the interaction with NHEJ components.

NHEJ is a prominent pathway in DSB DNA repair and facil-
itates the rapid joining of broken DNA ends without the need
for a homologous repair template.15 NHEJ is critical for the
faithful repair of DNA damage during GAP1 (G1) and early S
phase of the cell cycle and for the repair of complex DNA dam-
age throughout the cell cycle. Our further functional assess-
ment provides support for the direct functional involvement of
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RB1 in DNA repair by NHEJ with additional evidence that it
shares this function with its paralogs p107 and p130. Notably, 2
RB1 variants that possessed mutations in the cyclin wedge
homology region and were therefore unable to physically inter-
act with XRCC6 could not reinstate NHEJ when expressed in
RB1-negative cells. Neither of these RB1 variants had a detect-
able defect in inhibition of cell cycle progression, reduction of
colony numbers, or suppression of transcription via E2F, indi-
cating that the roles of RB1 in proliferation control and DNA
repair are genetically and functionally separable and indepen-
dent. We further demonstrate that RB loss adversely affects
chromosomal integrity upon irradiation. Specifically, RB loss
increased the frequency of chromosomal aberrations in cells
independent of mitotic transit, a recognized consequence of
defective NHEJ. Together, our data argue that RB1 and its
paralogs act to enable NHEJ through physical interaction with
components of the canonical NHEJ pathway, and that this
activity is unrelated to the canonical cell cycle and transcription
regulatory functions of RB1 family proteins.

Outstanding questions remain regarding the mechanism(s)
by which the RB1 family proteins support the DNA repair pro-
cess. It is thought that RB1 orchestrates the assembly of

multiprotein complexes in cells through coordinate use of pro-
tein binding surfaces. Both RB1P and RB1C interact with chro-
matin modifiers recognized for their contribution in gene
regulation and the regulation of chromatin conformation.10,16

Many of these same modifiers are also known to be involved in
NHEJ. These include histone deacetylase 1 and 2 (HDAC 1 and
2) and the histone methyltransferase SUV4 (suppressor of var-
iegation 4-20 homolog 1), which lead to chromatin condensa-
tion.17-19 A concurrently published report documents
interaction of RB1C with the tudor domain of tumor protein 53
binding protein 1 (TP53BP1),20 which is involved in suppress-
ing the 50 resection of broken DNA ends, in turn discouraging
the use of homology driven repair events (Fig. 1B). Thus, a
tempting mechanistic hypothesis would be that RB1N, RB1P,
and RB1C enable NHEJ DNA repair in a cooperative manner.
In the first stage, RB1 may interact with complexes containing
XRCC6 via the RB1N domain, which then may serves as a plat-
form for the subsequent recruitment of chromatin modifiers to
the sites of damage by RB1P and RB1C.

Since RB1 loss leads to defects in canonical NHEJ, RB1-neg-
ative cancers are likely to be more reliant on other forms of
DNA double-strand break repair, including homologous

Figure 1. Domains and binding partners of retinoblastoma protein (RB1). (A) Domain organization of RB1, a 928-amino acid protein composed of 3 distinct folded
domains, and (B) structural model of RB1 depicting the individual folded domains with annotation of positions of protein binding. Cyclin-like fold pair of the N-terminal
domain, RB1N (2QDJ) is colored green, cyclin-like fold pair of the central pocket domain RB1P (3POM) is colored purple, and the C-terminal domain RB1C (2AZE) is colored
yellow. The relative positioning of RBN and RBP is described in ref. 24.24 The relative positioning of RBC is inferred by the positioning of the RBP COOH-terminus. Proteins
known to bind to distinct regions of RB1 are highlighted in blue boxes. RB1 plays a functional role in transcriptional control of cell proliferation through binding to E2F
and Leu-X-Cys-X-Glu (LXCXE) proteins. In addition, RB1 regulates DNA damage repair through the binding of non-homologous end-joining (NHEJ) proteins in the N-termi-
nal domain. By simultaneously binding multiple proteins, such as histone deacetylases (HDACs) via the central pocket domain and the DNA damage repair protein tumor
protein p65 binding protein 1 (TP53BP1) via methylated K810 (K810Me) in the C-terminal domain, RB1 may facilitate the recruitment of chromatin regulatory proteins to
sites of DNA damage, in turn creating a chromatin environment supportive of DNA damage repair by NHEJ. CTBP, C-terminal binding protein; DP1, DP1 transcription fac-
tor; E2F, E2F transcription factor; SIN3A, SIN3 transcriptional regulator family member A; XRCC5/6, X-ray repair complementing defective repair in Chinese hamster cells 5
and 6.
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recombination (HR) and alternative inaccurate forms of NHEJ
(aNHEJ).21,22 We can thus frame a clinical hypothesis whereby
dependencies on alternative repair may identify therapeutic
strategies that specifically sensitize cancers with RB1 loss to
genotoxic stress. Our findings would predict that inhibition of
such repair routes in RB1-defective cancers would offer a thera-
peutic opportunity by promoting hypersensitivity in these can-
cers to therapeutic regimens of DNA damage. Loss of RB1
protein function is found in a number of cancers with few
options for effective treatment, including small cell lung cancer,
ovarian cancer, sarcoma, and triple negative breast cancer.
Analogous to the success of poly (ADP-ribose) polymerase
(PARP) inhibitors in BRCA1 and BRCA2 (breast cancer 1 and
2, early onset)-deficient patients that display defects in HR-
mediated DNA repair,23 future work to characterize the molec-
ular mechanisms of DNA repair in RB1-defective cancers may
facilitate the identification of novel therapeutic approaches for
patients harboring RB1-negative tumors.
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