
Hot off the Press

A new Riff: Rif1 eats its cake and has
it too
Grzegorz Ira1 & André Nussenzweig2

Rif1 protein is present in eukaryotic cells
from yeast to human. In yeast, Rif1 is
important for telomere homeostasis.
Despite conservation in its domain organi-
zation, human Rif1 is not part of the telo-
mere complex but was recently reported
to work at DNA double-strand breaks
(DSBs) with 53BP1 to inhibit 50 strand
degradation (resection) and stimulate a
subset of nonhomologous end-joining
(NHEJ) reactions. Martina et al [1] report
in this issue of EMBO reports that yeast
Rif1 is also recruited to DSBs, but in
contrast to its human counterpart, it
promotes resection. The authors propose
that Rif1 stimulates resection by limiting
the access of Rad9, an ortholog of 53BP1,
to DSBs.

See also: M Martina et al (June 2014)

M ost proteins involved in DNA

repair and recombination are well

conserved throughout evolution.

A notable exception is Rif1 and Rad9, which

while sharing a high degree of structural

conservation with their mammalian ortho-

logs, Rif1 and 53BP1 have acquired new

functions in the DNA damage response in

higher eukaryotes. Yeast Rif1, together with

Rap1 and Rif2, assemble a capped structure

at telomeres (Fig 1A), which negatively

regulates telomerase activity. In addition,

Rif1 prevents G2/M checkpoint activation

and degradation of uncapped or short telo-

meres. This function is not conserved in

higher eukaryotes, as Rif1 in mammals is

not part of the telomere complex. Rif1 also

plays a major role in the regulation of repli-

cation, which appears to be a conserved

function. Rif1 was shown to control the

firing of replication origins by negatively

regulating the replicative helicase through

association with the PP1 phosphatase Glc7

(Fig 1B) [2].

In mammals, Rif1 has acquired new func-

tions in the DNA damage response. Rif1

functions at DSBs in a complex with 53BP1

to inhibit homologous recombination (HR)

and direct DNA repair toward NHEJ

(Fig 1C). Unlike core NHEJ proteins, 53BP1-

Rif1 promote only a subset of NHEJ

reactions that involve distal joining of DNA

ends. For example, they facilitate end-

joining during physiological V(D)J recombi-

nation and class switch recombination

(CSR) in lymphocytes when the two ends

are greater than 100 kb apart. In pathologi-

cal contexts, they generate telomere fusions

when telomeric DNA ends are uncapped,

and long-range radial chromosomal fusions

in BRCA1-deficient cells. Two activities of

53BP1 contribute to its function in these

specialized NHEJ reactions. First, 53BP1

inhibits resection at DSB ends, and resection

is known to decrease NHEJ in favor of

homologous recombination (HR). Second,

53BP1 promotes the synapsis or mobility of

DNA ends by as yet unknown mechanisms

in long-range end-joining reactions.

The mechanism by which 53BP1 inhibits

resection remains unclear. 53BP1 is

recruited to DSBs but its mere physical pres-

ence at breaks does not inhibit HR or

promote NHEJ unless it is phosphorylated at

its N-terminus by ATM [3–7]. Rif1 interacts

with chromatin-bound and phosphorylated

53BP1 at DSBs, where it facilitates some of

53BP1’s functions. Like 53BP1, Rif1 is

required for CSR, and in its absence, the

immunoglobulin switch regions undergo

extensive resection [3,4]. However, analysis

of mutants deficient in Rif1 and 53BP1

revealed that many of the phenotypes

observed in Rif1�/� cells are actually very

mild when compared to 53BP1�/�. For

example, Rif1 deficiency does not fully

restore HR in BRCA1 deficient cells [5–7]

and only has a very mild impact on the

fusion of dysfunctional telomeres [7]. These

observations suggested that additional effec-

tor proteins are required downstream of

53BP1. This scenario turned out to be

correct as an additional 53BP1 N-terminal

binding protein, PTIP (also known as

PAXIP), was shown to be necessary for

53BP1-mediated inhibition of HR in BRCA1-

deficient cells and the fusion of dysfunc-

tional telomeres [8].

Yeast do not have BRCA1 or PTIP, nor do

they require distal joining of DNA ends;

therefore, one might expect that the 53BP1-

Rif1-PTIP regulatory module of recombina-

tion would be absent in yeast. Nevertheless,

yeast Rad9, similarly to 53BP1, blocks exten-

sive resection, both at DSBs and at uncapped

telomeres, although so far this activity has

not been correlated with increased NHEJ or

telomere fusions. Moreover, the domain

structure of Rif1 is partly conserved

(Fig 1D). Yeast and human Rif1 carry HEAT

repeats, which presumably are responsible

for most of Rif1’s protein–protein interac-

tions, and a PP1 phosphatase-binding

domain, which is critical for its role in repli-

cation [2]. In yeast, the C-terminal domain

serves as a Rap1 binding region, whereas in

mammals, the C-terminal domain is required

for interaction with BLM, a RecQ DNA

helicase that is critical for HR.

Given the role of mammalian Rif1 in

blocking resection downstream of 53BP1, a

logical question is to inquire about the role

(if any) of yeast Rif1 in resection. Martina

et al [1] demonstrated that Rif1 is recruited

to DSBs also in yeast. Rif1 was found to be
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epistatic with Rad51 with respect to DNA

damage sensitivity, suggesting that Rif1

functions in HR. In stark opposition to its

role in mammalian cells, the authors discov-

ered that Rif1 does not inhibit, but rather

promotes resection. This function was

specific for Rif1 as Rif2 had no role in resec-

tion at DSBs.

Resection in yeast and human is initiated

by the MRX complex (hMRN), with Sae2

(hCTIP) forming short ssDNA and recruiting

enzymes responsible for extensive resection,

Exo1 or Sgs1/Dna2 (hEXO1, BLM, DNA2).

Deletion of RIF1 did not have an impact on

initial resection; however, extensive resec-

tion was significantly decreased [1]. Consis-

tent with a defect in resection, Rif1 was

found to be important in single strand

annealing, a DSB repair pathway that

requires extensive resection of sequences

between direct repeats. Further, Rif1 was

shown to facilitate the Sgs-mediated resec-

tion pathway while its role in the Exo1 path-

way could not be tested due to the growth

defect of rif1Δsgs1Δ.
How does yeast Rif1 promote resection?

In rif1Δ cells, increased amounts of Rad9

accumulate at DSBs. It was therefore

proposed that Rif1 facilitates access of

resection enzymes to chromatin by antago-

nizing Rad9 [1]. This would be analogous

to the antagonism between 53BP1 and

BRCA1 in the regulation of DNA repair

choice in mammals. One interesting possi-

bility is that Rif1 may facilitate resection

via its PP1-binding domain. As previously

noted, the SILK-RVXF domain in Rif1 inter-

acts with Gcl7 phosphatase [2] (Fig 1D).

Longhese’s group demonstrated that Glc7

is recruited to DNA damage sites where it

dephosphorylates H2AX, an important step

for timely recovery from the DNA damage

checkpoint [9]. Since H2AX phosphoryla-

tion is needed for efficient Rad9 binding,

Rif1 may antagonize Rad9 through Glc7-

mediated dephosphorylation of H2AX. It is

tempting to speculate that the regulatory

functions of Rif1 in recombination in yeast

and mammals might be similarly executed

by association with the respective PP1

phosphatase.

Taken together, Rad9 blocks extensive

resection in yeast by opposing the action of

Rif1, whereas mammalian 53BP1 blocks

resection in conjunction with Rif1. At first

glance, these data point to a major func-

tional diversification of Rif1 in eukaryotes.

However, evidence suggests that Rif1 both

inhibits and promotes resection in a context-

dependent manner in both organisms. Yeast

Rif1 prevents nucleolytic degradation of

uncapped telomeres and inhibits one type of

telomere recombination in telomerase nega-

tive cells. In mammals, in addition to inhib-

iting resection during CSR and at uncapped

telomeres, Rif1 was proposed to promote

repair of DSBs at stalled replication forks by

HR [10]. Yet another study showed that

recruitment of the resection helicase BLM to

DSBs was dependent on Rif1, suggesting

that Rif1 has a role in HR repair that is inde-

pendent of 53BP1 [6]. Thus, like in yeast,

mammalian Rif1 may have both pro- and

anti-HR functions. Such opposing functions

are not unprecedented for recombination

proteins. For example, depending on the

context, yeast Sgs1 and Srs2 DNA helicases

can either promote or inhibit HR, and in

mammals, BRCA1, ATM and H2AX can

have pro- and anti-HR functions. As if

research in this area were not turbulent

enough, the finding that Rif1 can ‘have it

both ways’ heightens the need for clearer

mechanistic understanding of how cells

‘make up their mind’ to repair either by HR

or NHEJ. Only then might we be able figure

out how Rif1 manages to eat its cake and

have it too.
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Figure 1. Multiple functions of Rif1 in yeast and human.
(A) Yeast-specific functions of Rif1. (B) Evolutionary-conserved function of Rif1 in the regulation of replication
timing. (C) Human-specific functions of Rif1 in NHEJ. (D) Yeast and human Rif1 proteins’ conserved domains.
HEAT repeats, responsible for interaction with proteins; DNA, putative DNA-binding domain; SILK/RVXF, Protein
Phosphatase 1 (PP1)-interacting domain; BLM, BLM helicase interaction domain.
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