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SUMMARY

We report the identification of histone PARylation
factor 1 (HPF1; also known as C4orf27) as a regulator
of ADP-ribosylation signaling in the DNA damage
response. HPF1/C4orf27 forms a robust protein com-
plex with PARP-1 in cells and is recruited to DNA
lesions in aPARP-1-dependentmanner, but indepen-
dently of PARP-1 catalytic ADP-ribosylation activity.
Functionally, HPF1 promotes PARP-1-dependent in
trans ADP-ribosylation of histones and limits DNA
damage-induced hyper-automodification of PARP-1.
Human cells lacking HPF1 exhibit sensitivity to
DNA damaging agents and PARP inhibition, thereby
suggesting an important role for HPF1 in genome
maintenance and regulating the efficacy of PARP
inhibitors. Collectively, our results demonstrate how
a fundamental step in PARP-1-dependent ADP-ribo-
sylation signaling is regulated and suggest that HPF1
functions at the crossroads of histone ADP-ribosyla-
tion and PARP-1 automodification.

INTRODUCTION

The integrity of cellular DNA is constantly challenged by endoge-

nous and exogenous sources of damaging agents that cause

genome instability, which is a commonhallmark ofmany different

cancer types (Hanahan and Weinberg, 2011). To protect the

genome fromdamage,organismshaveevolvedacellular defense

mechanism termed the DNA damage response (DDR) (Jackson

andBartek, 2009). TheDDR includes a diverse set of signal trans-

duction pathways and effector proteins that act to sense DNA

lesions and effectively repair the damage to limit propagation of

genomic instability to daughter cells. The complex interplay of

proteins within DDR pathways requires fine spatiotemporal

regulation, which is in part achieved through posttranslational

modifications (PTMs), such as ADP-ribosylation, ubiquitylation,

SUMOylation, phosphorylation, and acetylation. Defects in pro-

teins involved in the DDR give rise to a range of pathologies,

underlining their importance in human health and disease.

ADP-ribosylation is the enzymatic process whereby adeno-

sine diphosphate ribose (ADPr) molecules are added to a

protein, regulating various aspects of protein function, including

activity or subcellular localization (Barkauskaite et al., 2015).
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ADP-ribosylation has a role in regulating an increasingly diverse

array of cellular processes including the DDR, chromatin struc-

ture, transcriptional regulation, and RNA processing. As for

many PTMs, ADP-ribosylation has ‘‘writers,’’ ‘‘readers,’’ and

‘‘erasers,’’ that is, proteins which establish, recognize, or remove

protein ADP-ribosylation, respectively (Barkauskaite et al.,

2015). ADPr may be added as a single unit, mono(ADP-ribosyl)

ation, or synthesized into polymeric chains, a process termed

poly(ADP-ribosyl)ation. Mono- and poly(ADP-ribosyl)ation are

catalyzed by a family of proteins called ADP-ribosyl transfer-

ases (ARTDs) or poly(ADP-ribose) polymerases (PARPs), which

transfer ADPr subunits from nicotinamide adenine dinucleo-

tide (NAD+) to acceptor residues (Perina et al., 2014). Each

PARP has distinct ADP-ribosyl transferase activities, with prefer-

ences for different substrates. In contrast to these ‘‘writers,’’

mono(ADP-ribose) can be reversed by macrodomain-containing

‘‘eraser’’ proteins, such as terminal ADP-ribose glycohydrolase

(TARG), while poly(ADP-ribose) can be degraded by PAR glyco-

hydrolase (PARG) (Sharifi et al., 2013; Slade et al., 2011).

Together, these ‘‘writers’’ and ‘‘erasers’’ of ADP-ribosylation

ensure that this PTM is highly dynamic and fully reversible in vivo.

The founding member of the PARP family, PARP-1, has been

the most widely studied of this class of enzymes. The role of

PARP-1 in the DDR has been extensively described, with func-

tions in single- and double-strand DNA break repair pathways

and replication-fork-associated protection pathways. PARP-1

is activated upon binding to single- and double-strand DNA

breaks via its N-terminal zinc finger domains (Ali et al., 2012;

Langelier et al., 2012). Upon activation, PARP-1 extensively

poly(ADP-ribosyl)ates itself, together with histones and other

chromatin-associated proteins (Pascal and Ellenberger, 2015).

Functionally, ADP-ribosylation of PARP-1, and presumably his-

tones, promotes the recruitment of a range of DNA repair pro-

teins with poly(ADP-ribose) ‘‘reader’’ domains that are required

for lesion processing and repair. PARP-1 automodification has

also been suggested to promote PARP-1 release from DNA

and/or convert PARP-1 into a histone-binding protein (Muthura-

jan et al., 2014). Furthermore, various reports have shown that

PARP-1 may be regulated by PTMs beyond its own automodifi-

cation, such as phosphorylation, acetylation, SUMOylation, and

ubiquitylation. However, it is not clear how these PTMs function

collectively, suggesting that there might be alternative mecha-

nisms to regulate PARP-1 ADP-ribosylation activity in vivo.

The last decade has significantly improved our understanding

of the key enzymes involved in ADP-ribosylation signaling and

the cellular pathways they function within. However, our un-

derstanding of how these enzymes are regulated is still in its
commons.org/licenses/by/4.0/).
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Figure 1. C4orf27/HPF1 Is a PARP-1-Interacting Factor in the DNA Damage Response

(A) Selected PBZ domain-containing proteins found in the organisms indicated in the table.

(B) Domain structure of C4orf27 from selected organisms. Hs, Homo sapiens; Mm, Mus musculis; Rn, Rattus norvegicus; Gg, Gallus gallus; Dr, Danio rerio;

Ce, Caenorhabditis elegans; Dm, Drosophila melanogaster.

(legend continued on next page)
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infancy. Specifically, our understanding of how PARP-1 catalytic

activity is regulated in cells and how PARP-1 substrates are tar-

geted is not well defined. Here, we identify the uncharacterized

protein C4orf27 as a PARP-1-interacting factor in the DDR.

C4orf27 promotes in trans ADP-ribosylation of histones and in

turn limits DNA damage-induced hyper-automodification of

PARP-1; hence, we have named the gene product HPF1, for his-

tone PARylation factor 1. We propose that as HPF1 and PARP-1

have closely coevolved, the data presented here could therefore

be a conserved mechanism of modulating PARP-1 ADP-ribosy-

lation activity in the eukaryotic lineage.

RESULTS

C4orf27/HPF1 Is a PARP-1-Interacting Protein
Recruited to DNA Lesions
Previously, we reported the identification of a poly(ADP-ribose)-

binding zinc finger (PBZ) domain (Ahel et al., 2008). The PBZ

domain is present in a multitude of proteins in the eukaryotic

lineage (excluding yeast), and we demonstrated that it was pre-

dominantly found in proteins involved in the DDR, suggesting a

close coevolution of this domain together with PARP-mediated

ADP-ribosylation signaling in response to DNA lesions (Ahel

et al., 2008). Since 2008, more eukaryotic genomes have been

sequenced, and we now report the presence of the PBZ domain

in a number of eukaryotic proteins involved in a diverse range of

cellular processes, which have not previously been linked with

ADP-ribosylation signaling (Figure S1A, available online). For

example, these include serine/threonine kinases, ubiquitin E2

enzymes, and proteases. Though the potential human homologs

of these proteins may have never acquired, or lost, a canonical

PBZ domain, it suggests that novel aspects of ADP-ribosylation

signaling remain tobeelucidated. Toprobe this further,wesought

to investigate one of these factors in more detail. We identified a

protein in Drosophila melanogaster harboring a PBZ domain,

termed CG1218 (Figure 1A) (Ahel et al., 2008; Isogai et al.,

2010). The human homolog of CG1218 is the uncharacterized

protein C4orf27. C4orf27 is highly conserved in metazoans but

is also found in a small number of protozoan species. In contrast

to CG1218 (referred to henceforth as Dm C4orf27), human

C4orf27 does not contain an N-terminal PBZ domain, but instead

consists largely of one domain of unknown function, DUF2228,

which is common to all orthologs, as listed in the Pfam database

(Figure 1B) (Finn et al., 2016). Analysis of the primary sequences

from a variety of organisms revealed that only in several eukary-

otic groups such as insects, sea urchins, and mollusks have

C4orf27 orthologs gained a PBZ domain during evolution from

the last common ancestor (Figure 1B; data not shown). To assay
(C) In vitro 32P-poly(ADP-ribose) binding assay.

(D) U2-O-S cells were transfected with YFP-C4orf27, pretreated with DMSO or P

indicated time.

(E) Volcano plot summarizing mass spectrometry analysis of FLAG-C4orf27 inter

(F) FLAG-C4orf27 interactors from (E) were analyzed using STRING and visualize

(G) 293T cells were transfected with FLAG-empty vector, FLAG-C4orf27, or FLA

analyzed by Ponceau staining of the SDS-PAGE gel. WCE, whole-cell extract.

(H) Samples shown in (G) were further analyzed by immunoblotting with the indic

See also Figure S1.
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whether the presence of the PBZ conferred the ability to bind

poly(ADP-ribose), purified recombinant C4orf27 proteins were

dot-blotted onto nitrocellulose and incubated with 32P-labeled

poly(ADP-ribose) (Figure 1C). While human C4orf27 did not bind

to poly(ADP-ribose), we observed a strong interaction of Dm

C4orf27 with poly(ADP-ribose), consistent with the notion that

the PBZ domain is the critical determinant for poly(ADP-ribose)

binding in C4orf27 homologs. Given that the PBZ domain is pri-

marily found in proteins that are involved in the DDR, we first

sought to determine whether C4orf27 is a novel component of

the human DDR. To this end, we generated various tools, begin-

ning with the production of rabbit polyclonal antibodies that

recognized a band at the expected molecular mass of C4orf27

(�39 kDa) by immunoblotting, which was diminished after trans-

fectionof cellswith two independent siRNAsagainstC4orf27 (Fig-

ure S1B). Having determined the specificity of the antibody, we

generated human U2-O-S and 293T C4orf27�/� cells using the

CRISPR/Cas9 double nickase strategy (Figures S1C and S1D)

(Ran et al., 2013). To determine if C4orf27 is actively recruited to

DNA lesions, U2-O-S/C4orf27�/� cells were transfected with

YFP-C4orf27 and subjected to laser microirradiation coupled to

live-cell imaging. C4orf27 was recruited to DNA lesions within

seconds of laser-induced damage, in a manner independent

of PARP-1 catalytic activity (Figure 1D). As active generation of

poly(ADP-ribose) is not themain determinant of C4orf27 localiza-

tion to DNA lesions, we postulated that its recruitment might be

facilitated by protein-protein interactions. Using mass spectrom-

etry and label-free quantification of FLAG-C4orf27-associated

proteins, we identified PARP-1 and the core histones (H2A,

H2B, H3, and H4) among the strongest C4orf27 interactors (Fig-

ure 1E). Further hits includedmany proteins previously described

to be regulated by PARP-1-mediated ADP-ribosylation signaling,

suggesting that C4orf27 also functions within these protein

networks (Figure 1F). Importantly, examination of the FLAG-

C4orf27 immunoprecipitate revealed that PARP-1 was efficiently

coimmunopurified with FLAG-C4orf27 (Figure 1G), which we

confirmed by immunoblotting together with other hits from the

C4orf27 interactome (Figure 1H). Furthermore, a phylogenetic

analysis revealed that nearly all PARP-1-containing organisms

have a potential C4orf27 homolog, suggesting that they might

havecoevolved.Collectively, ourdatasuggest thatC4orf27 forms

a robust protein complexwithPARP-1 in cells and is a novel factor

involved in ADP-ribosylation signaling in the DDR.

C4orf27/HPF1 Chromatin Localization Is PARP-1
Dependent
To assess the specificity of the C4orf27-PARP-1 interaction,

we coexpressed Myc-tagged C4orf27 together with either
ARP inhibitor (PARPi), subjected to laser microirradiation, and imaged at the

actors from n = 3 independent experiments.

d using Cytoscape.

G-APLF. Cells were lysed, subjected to FLAG immunoprecipitation (IP), and

ated antibodies.



FLAG-tagged PARP-1, PARP-2, or PARP-3 in 293T/C4orf27�/�

cells. As expected, we observed a strong interaction between

C4orf27 and PARP-1; however, we also observed a weak but

reproducible interaction between C4orf27 and PARP-2, sug-

gesting that although C4orf27 primarily binds PARP-1, it does

have the ability to interact with PARP-2, at least under these

overexpressed conditions (Figure 2A). As the C4orf27-PARP-1

complex coimmunopurifies all core histones (Figure 1), we

used 293T/PARP-1�/� cells (Figure S1D) to determine whether

the C4orf27-histone interaction is mediated by PARP-1. Indeed,

coimmunopurification followed by immunoblotting revealed that

PARP-1mediates the interaction betweenC4orf27 and histones,

as loss of PARP-1 abrogated the ability of C4orf27 to interact

with histones in vivo (Figure 2B). Based on the above data and

our previous observation that C4orf27 recruitment to DNA le-

sions is independent of PARP-1 catalytic activity, we examined

whether C4orf27 recruitment to DNA lesions was dependent

on the interaction with PARP-1. To achieve this, we generated

a cellular system whereby doxycycline addition led to the

inducible expression of GFP-tagged C4orf27 (iGFP-C4orf27) in

various U2-O-S genetic backgrounds (Figure S2A). Using these

cells, we observed that loss of PARP-1 inhibited C4orf27 recruit-

ment to DNA lesions, suggesting that a functional complex be-

tween PARP-1 and C4orf27 is essential to promote C4orf27

localization at DNA lesions (Figures 2C and 2D). The poly(ADP-

ribose)-binding protein ALC1 served as a control in this assay

(Figures S2C and S2D). We then revisited our previous observa-

tion that pretreatment of cells with PARP inhibitor (PARPi) did not

abolish C4orf27 recruitment to sites of DNA damage. Notably,

pretreatment of cells with PARPi resulted in a stronger initial

recruitment of C4orf27 and pronounced delay in the removal of

the C4orf27-PARP-1 complex at later time points (Figure 2E).

As a control for the efficacy of PARPi treatment in this assay,

ALC1 recruitment to DNA lesions was sensitive to PARP inhibi-

tion (Figure S2E), as previously shown (Ahel et al., 2009). In

contrast, PARP-1 was trapped at DNA lesions when cells were

pretreated with PARPi, in the same manner as C4orf27 (Figures

S2B, S2F, and S2G). Thus, given that C4orf27 recruitment to

DNA lesions is PARP-1 dependent, these data suggest that

PARP inhibition cotraps the C4orf27-PARP-1 complex at sites

of DNA damage. Taken together, our data suggest that

C4orf27 requires the physical interaction with PARP-1, but

not its catalytic activity, for localization to DNA lesions and

chromatin.

The C4orf27/HPF1 C-Terminal Region Is Important for
PARP-1 Interaction
The above data indicated that the interaction between C4orf27

and PARP-1 might be independent of active PARP-1 ADP-ribo-

sylation. To test this further, cells were treated with PARPi in vivo

before analysis of protein complex formation by coimmuno-

purification and immunoblotting. While the interaction between

APLF and PARP-1 was PARPi sensitive, as we previously re-

ported, the interaction between C4orf27 and PARP-1 was unaf-

fected by PARPi treatment (Figure 3A). Furthermore, the interac-

tion between C4orf27 and PARP-1 was unchanged after DNA

damage, consistent with the notion that the two form a protein

complex that is recruited to DNA lesions via PARP-1 (Figure 3B).
We then sought to define the minimal region of C4orf27 neces-

sary for PARP-1 binding. Using a series of C4orf27 deletion con-

structs based on secondary structure predictions (Figure S3A),

we found that the C-terminal region encompassing amino acids

242–346 of C4orf27 was important for the interaction with

PARP-1 (Figure 3C). Consistent with our previous data, the abro-

gation of PARP-1 binding in the C4orf27 D3 mutant inhibited the

ability of C4orf27 to coimmunopurify histones. Furthermore, the

C4orf27D3mutant, despite localizing to the nucleus, was defec-

tive for recruitment to sites of laser-induced DNA damage, again

underlining the importance of a functional C4orf27-PARP-1

interaction for C4orf27 recruitment to DNA lesions (Figures 3D,

S3B, and S3C). Moreover, in a search for key residues in the

C-terminal region, we mutated two highly conserved amino

acids, Tyr238 and Arg239, which are both found in all C4orf27 or-

thologs, either singly or doubly, to alanine (Figure S3A). Despite

being exclusively nuclear, all three of these mutants were unable

to bind PARP-1 and histones, suggesting that these residues are

important for the C4orf27-PARP-1 interaction (Figure S3B).

Based on our in vivo interaction and recruitment data, we hy-

pothesized that the interaction between C4orf27 and PARP-1

might be direct. Moreover, the observation of an interaction be-

tween C4orf27 and PARP-2 was suggestive of a common inter-

face on PARP-1/PARP-2 that interacts with C4orf27, possibly

mediated by the C-terminal region of PARP-1/PARP-2, which

they share. Indeed, GST pull-down assays with recombinant

PARP-1 fragments revealed that the PARP-1 catalytic (CAT)

domain interacted directly with recombinant C4orf27 (Figure 3E).

Furthermore, recombinant PARP-2 CAT domain was also able to

pull down C4orf27 in our in vitro conditions (Figure 3F). Taken

together with our in vivo data, our results reveal that C4orf27 is

localized to sites of DNA damage via a direct interaction between

C4orf27 and the PARP CAT domain.

C4orf27/HPF1 Promotes Histone ADP-Ribosylation and
Limits Hyper-automodification of PARP-1
The role of PARP-1 in the DDR as a genome caretaker is well

established. At the cellular level, Parp-1�/� mouse embryonic

fibroblasts are sensitive to a range of genotoxic agents, particu-

larly those that cause single-strand DNA breaks (El-Khamisy

et al., 2003). Therefore, we analyzed the sensitivity of human

cells null for C4orf27, PARP-1, or C4orf27/PARP-1 to MMS, a

potent inducer of single-strand DNA breaks. We observed

that 293T/C4orf27�/� cells were extremely sensitive to MMS,

though slightly less so thanPARP-1�/� cells (Figure 4A). Notably,

C4orf27�/�PARP-1�/� appeared to have a modest additive

impact on cellular sensitivity to MMS compared to single knock-

outs, suggesting that C4orf27 may have DNA repair func-

tions beyond the C4orf27-PARP-1 complex (Figure 4A). As we

demonstrated above, C4orf27 is cotrapped with PARP-1 at

DNA lesions if cells are pretreated with PARPi before DNA dam-

age induction. Therefore, we considered howC4orf27 lossmight

impact cellular fitness in the presence of PARPi by analyzing

long-term colony formation. Strikingly, loss of C4orf27 sensitized

cells to PARPi, a phenotype that could be fully rescued in the

C4orf27�/�PARP-1�/� background (Figure 4B). Collectively,

our data demonstrate that C4orf27 acts with PARP-1 to pro-

mote genome stability in response to DNA damage and further
Molecular Cell 62, 432–442, May 5, 2016 435
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Figure 2. C4orf27/HPF1 Recruitment to Chromatin Is PARP-1 Dependent but Independent of PARP-1 Catalytic Activity

(A) 293T/C4orf27�/� cells were transfected with the indicated combinations of FLAG-empty vector, FLAG-PARP-1, FLAG-PARP2, or FLAG-PARP3 together with

either Myc-empty vector or Myc-C4orf27, purified with Myc-tag agarose, and analyzed by immunoblotting with the indicated antibodies.

(B) 293T or 293T/PARP-1�/� cells were transfected with FLAG-empty vector, FLAG-C4orf27, or FLAG-APLF, subjected to FLAG immunoprecipitation, and

analyzed by immunoblotting with the indicated antibodies.

(C) U2OS/PARP-1+/+ iGFP-C4orf27 or U2OS/PARP-1�/� iGFP-C4orf27 cells were induced with doxycycline (+DOX) for 24 hr, subjected to laser microirradiation,

and imaged by live-cell microscopy at the indicated time. Cells were subsequently fixed and immunostained with gH2AX antibody. Scale bar, 10 mm.

(D) Quantification of data shown in (C). Data represent mean ± SEM from three biologically independent experiments. At least 50 cells were quantified in each

experiment.

(E) U2OS/iGFP-C4orf27 cells were induced with DOX for 24 hr, pretreated with DMSO or PARPi for 1 hr, and then subjected to laser microirradiation and imaged

by live-cell microscopy at the indicated time. Scale bar, 10 mm.

See also Figure S2.
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suggest that C4orf27 is an important modulator of PARPi-medi-

ated toxicity in cells.

Despite extensive bioinformatics effort, we were unable to

predict a function for C4orf27 based on the primary sequence.

However, given the strong interaction between C4orf27 and

PARP-1 in cells, the close coevolution of the two genes, and

the phenotypes described above, we reasoned that C4orf27

might have an intrinsic role in PARP-1 catalytic activity. There-

fore, we analyzed the products of PARP-1-mediated ADP-

ribosylation activity after DNA damage. The two major targets

of PARP-1 catalytic activity are PARP-1 itself and histones,

which are both clearly evident by immunoblotting of whole-cell

extracts with anti-poly(ADP-ribose) antibodies. After DNA dam-

age, we observed PARP-1 hyper-automodification in U2-O-S/

C4orf27�/� cells, with a concomitant loss of histone ADP-ribosy-

lation in these cells (Figure 4C). These results were confirmed by

western blotting of FLAG-histone H2B immunoprecipitates with

anti-poly(ADP-ribose) antibodies, underlining a key role for

C4orf27 in promoting histone ADP-ribosylation and limiting

PARP-1 hyper-automodification (Figure S4A). We then comple-

mented U2-O-S/C4orf27+/+ and U2-O-S/C4orf27�/� cells with

either empty vector, FLAG-C4orf27 WT (wild-type), or FLAG-

C4orf27 D3. Interestingly, overexpression of FLAG-C4orf27 WT

in U2-O-S/C4orf27+/+ caused sensitivity to PARPi, while the

FLAG-C4orf27 D3 mutant rescued this phenotype, suggesting

the interaction with PARP-1 mediated this sensitivity in a WT ge-

netic background (Figure S4B). Thus, the dominant-negative

impact of overexpression of FLAG-C4orf27 WT caused only mi-

nor rescue of the sensitivity of U2-O-S/C4orf27�/� cells to PARPi

in clonogenic assays (Figure S4B). Western blot analysis re-

vealed that overexpression of FLAG-C4orf27 WT, but not the

D3 mutant, inhibited PARP-1 activity after DNA damage, limiting

PARP-1 automodification and only partially rescuing histone

ADP-ribosylation (Figure S4C). Therefore, while an absence of

C4orf27 prevents PARP-1 hyper-automodification and pro-

motes histone ADP-ribosylation, overexpression of C4orf27 in-

hibits PARP-1-dependent ADP-ribosylation signaling.

To examine our in vivo observations further, we reconstituted

the PARP-1-dependent ADP-ribosylation reaction in vitro, using

recombinant PARP-1 and C4orf27 together with NAD+ and DNA

to activate the reaction. The addition of WT C4orf27, but not the

Y238A/R239A mutant, to the in vitro reaction produced a robust

reduction of PARP-1 automodification (Figure 4D), which was

not due to C4orf27 poly(ADP-ribose) glycohydrolase activity

(Figure S4D). Given that the C4orf27-PARP-1 complex also

coimmunopurified histones from cells, we examined how his-
Figure 3. C4orf27/HPF1 Interacts Directly with PARP-1
(A) 293T cells were transfected with FLAG-empty vector, FLAG-C4orf27, or FLAG

immunoprecipitation, and analyzed by immunoblotting with the indicated antibod

(B) As for (A) except cells were treated with either vehicle or H2O2 (1 mM) for 10 m

(C) 293T/C4orf27�/� cells were transfected with FLAG-empty vector, FLAG-C4o

cipitation, and analyzed by immunoblotting with the indicated antibodies.

(D) U2-O-S/C4orf27�/� cells were transfected with YFP-C4orf27 WT or D3, su

indicated time. Scale bar, 10 mm.

(E) Recombinant His-C4orf27 was incubated with GST alone or with various GS

complexes were analyzed by immunoblotting with the indicated antibodies.

(F) As in (E) except with either GST-PARP-1 CAT domain or GST-PARP-2 CAT d

See also Figure S3.
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tones might impact the reaction. Importantly, when we added

recombinant histone octamer to the in vitro ADP-ribosylation

reaction, C4orf27 was able to promote PARP-1-mediated

ADP-ribosylation of the histone octamer, but not APLF, another

PARP-1 target (Figure 4E). We also observed this activity for his-

tone H1 (Figure 4F) and the histone H3/H4 tetramer (Figure S4E).

To exclude the possibility that misfolding of the mutant C4orf27

was responsible for these observations, we performed circular

dichroism analysis and did not detect any notable differences

betweenWTC4orf27 and the Y238A/R239Amutant (Figure S4F).

Collectively, the in vitro data corroborate our in vivo findings,

suggesting that C4orf27 acts to promote PARP-1-dependent

in trans ADP-ribosylation of histones and limit PARP-1 hyper-

automodification.

To translate these findings back into a cellular context,

we analyzed how C4orf27 loss impacted ADP-ribosylation

signaling at DNA lesions. Loss of C4orf27 did not impact

PARP-1 association with histones in undamaged conditions

(data not shown), nor did it impact PARP-1 recruitment to DNA

lesions (Figure S4G). However, we observed that PARP-1 was

retained longer at DNA lesions in U2-O-S/C4orf27�/� cells

compared to WT cells (Figure S4G). Based on these findings

and our previous observations, we hypothesized that readers

of PARP-1 ADP-ribosylation signaling might exhibit altered

recruitment dynamics to DNA lesions in C4orf27�/� cells if

the reader binds preferentially to automodified PARP-1 or

ADP-ribosylated histones. Previous reports have shown that

ALC1 is a reader of PARP-1-dependent ADP-ribosylation

signaling and possibly automodified PARP-1 itself (Ahel et al.,

2009; Gottschalk et al., 2012). We found that ALC1 displayed

prolonged retention at DNA lesions in the absence of

C4orf27, correlating with our observations for PARP-1, implying

that the hyper-automodified form of PARP-1 that occurs in

the absence of C4orf27 promotes extended interaction with

ALC1 at DNA lesions (Figure 4G). Conversely, we reasoned

that proteins that interact with hypo-ADP-ribosylated PARP-1

might exhibit reduced recruitment to sites of DNA damage in

C4orf27�/� cells, where the hypermodified form of PARP-1 per-

sists. Indeed, analysis of one such protein, MacroD2, revealed

markedly reduced recruitment to sites of DNA damage in

C4orf27�/� cells (Figure S4H). Collectively, our converging lines

of in vivo and in vitro evidence suggest that C4orf27 is a key

regulator of PARP-1-dependent ADP-ribosylation signaling,

acting to promote histone ADP-ribosylation, limit DNA dam-

age-induced PARP-1 hyper-automodification, and ensure

genome stability.
-APLF and treated with PARPi or vehicle. Cells were lysed, subjected to FLAG

ies.

in.

rf27 WT, or deletion mutants D1, D2, or D3, subjected to FLAG immunopre-

bjected to laser microirradiation, and imaged by live-cell microscopy at the

T-PARP-1 fragments. Samples were subjected to GST pull-down, and bound

omain.
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Figure 4. C4orf27/HPF1 Suppresses PARP-1 Hyper-automodification and Promotes Histone ADP-Ribosylation
(A) Clonogenic survival of indicated 293T cell lines treated with various doses of methyl methanesulfonate (MMS). Data represent mean ± SEM from two bio-

logically independent experiments using technical triplicates per data point.

(B) Clonogenic survival of indicated U2-O-S cell lines treated with various doses of PARPi. Data represent mean ± SEM from three biologically independent

experiments using technical triplicates per data point.

(legend continued on next page)
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DISCUSSION

Our understanding of the PARP-1 structure and catalytic mech-

anism has been significantly advanced by recent progress in the

field (Barkauskaite et al., 2015; Pascal and Ellenberger, 2015).

However, how PARP-1 activity is regulated in vivo and how

PARP-1 achieves substrate selectivity is poorly understood.

Here, we have identified the uncharacterized protein C4orf27

as a PARP-1-interacting factor in the DNA damage response.

C4orf27 exhibits a robust interaction with PARP-1 in cells, sug-

gesting that the interaction is functionally important. Indeed,

we have provided several lines of evidence that C4orf27 acts

to promote in trans ADP-ribosylation of histones, and as

such, we have named the protein HPF1, for histone PARylation

factor 1. In the absence of HPF1, PARP-1 is unable to ADP-ribo-

sylate its main substrates, histones, and as a result undergoes

DNA damage-induced hyper-automodification. We propose

that as HPF1 and PARP-1 have closely coevolved, the data pre-

sented here could therefore be a conserved mechanism of

modulating PARP-1 ADP-ribosylation activity in the eukaryotic

lineage. Furthermore, although we have shown that HPF1 can

modulate PARP-1 in the context of the DNA damage response,

we fully expect that multiple facets of PARP-1 function may be

regulated by the interaction with HPF1. It will be important to

broaden our understanding of HPF1 function in various other

PARP-1-dependent ADP-ribosylation processes in the future,

both at the cellular and organismal level.

A quantification of protein concentrations in HeLa cells re-

vealed that PARP-1 far exceeds that of HPF1 (�2,030 nM versus

�104 nM), suggesting the existence of multiple PARP-1 protein

complexes in addition to the HPF1-PARP-1 complex (Hein et al.,

2015). Supporting this, a robust PARP-1-Timeless protein com-

plex interaction was recently identified (Xie et al., 2015; Young

et al., 2015). Similar to Timeless, we observed that HPF1 is co-

trapped with PARP-1 at DNA lesions upon PARPi treatment.

However, we did not identify any Timeless peptides in our unbi-

ased mass spectrometry analysis of HPF1-interacting proteins,

suggesting that the HPF1-PARP-1 and Timeless-PARP-1 com-

plexes are distinct. Moreover, Timeless had no impact on

PARP-1 ADP-ribosylation activity in vitro (Xie et al., 2015). This

is in stark contrast to HPF1, suggesting further separation of

function between these two protein complexes. Xie et al. also

provided the structural basis for the PARP-1-Timless interaction,

which is through the PARP-1 catalytic domain. Similarly, here we

have provided evidence that the HPF1-PARP-1 interaction is

also via the PARP-1 catalytic domain. Thus, in the future it will

be essential to determine the structural relationship between
(C) U2-O-S cells with the indicated genetic backgrounds were treated with H2O2 (1

the indicated antibodies. ADP-ribosylated PARP-1 (PARP-1ADPr) and histones (H

(D) Recombinant PARP-1 and increasing molarities of recombinant N-His-C4orf2

SDS-PAGE and analyzed by immunoblotting with anti-poly(ADP-ribose) antibody

(E) Recombinant PARP-1, N-His-C4orf27 WT, N-His-C4orf27 Y238A/R239A, N-H

binant histone octamer, and reactions were initiated by addition of DNA and 32P-

(F) Similar to (E), except recombinant histone H1 was used.

(G) U2-O-S/C4orf27+/+ iGFP-ALC1 or U2-O-S/C4orf27�/� iGFP-ALC1 cells were

the indicated times. Scale bar, 10 mm.

See also Figure S4.
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HPF1 and PARP-1 to define further how the interaction is able

to modulate PARP-1-dependent ADP-ribosylation of histones.

Treatment of cells with PARPi causes trapping of PARP-1 on

DNA, which both prevents the subsequent recruitment of

DNA repair proteins (through catalytic inhibition) and may also

eventually lead to the formation of double-strand break when a

replication fork meets the DNA-trapped PARP-1 (Helleday,

2011). This collapsed replication fork may then become a sub-

strate for the homologous recombination (HR) machinery, which

is why HR-deficient cells might be so exquisitely sensitive to

PARPi. Interestingly, our finding that the loss of HPF1 is chemi-

cally lethal with PARPi raises a number of important questions.

For example, is the HPF1-PARP-1 complex also required to pro-

mote homologous recombination or inhibit nonhomologous end

joining at stalled or collapsed replication forks? Or does a lack of

HPF1 result in more DNA-trapped PARP-1?

In summary, we identify the previously uncharacterized pro-

tein HPF1 as a PARP-1-interacting factor in the DDR. We

demonstrate that HPF1 acts to modulate PARP-1-dependent

ADP-ribosylation signaling, promoting in trans ADP-ribosylation

of histones and thereby suppressing DNA damage-induced

PARP-1 hyper-automodification. We speculate that the close

coevolution of the two proteins represents a well-conserved

mechanism to regulate this fundamental step in ADP-ribosyla-

tion signaling.

EXPERIMENTAL PROCEDURES

Plasmids and CRISPR/Cas9 sgRNA Sequences

Full-length human C4orf27 cDNA was purchased and cloned into the

pDONR221 vector (Thermo Fisher). Mammalian expression constructs were

generated using pDONR221-C4orf27 and appropriate destination vectors

using the LR Clonase II enzyme mix (Thermo Fisher) to generate N-terminal

YFP-, Myc-, or FLAG-tagged C4orf27. Point mutants and deletions were pro-

duced in pDONR221-C4orf27 using Phusion High-Fidelity DNA Polymerase

(NEB). Full-length PARP-1, PARP-2, and PARP-3 cDNAs were cloned into

pDONR221 before generating FLAG-PARP-1, FLAG-PARP-2, and FLAG-

PARP-3. GFP-MacroD2 was a kind gift from Gyula Timinszky (Timinszky

et al., 2009). FLAG-APLF was described previously (Mehrotra et al., 2011).

The pSpCas9n(BB)-2A-Puro (PX462) V2.0 vector was a kind gift from Dr.

Feng Zhang (Addgene plasmid #62987) (Ran et al., 2013). The following single

guide RNA (sgRNA) sequences were used in this study: for C4orf27-sgRNA#1,

50-CAGCAGAATTCCCCGATCCG- 30 (exon 1); for C4orf27-sgRNA#2, 50-TCG
GCGGTGGCGGGAAGCGC- 30 (exon 1); for PARP-1-sgRNA#1, 50-CCACCT
CAACGTCAGGGTGC- 30 (exon 2); and for PARP-1-sgRNA#2, 50-TGGGTT

CTCTGAGCTTCGGT- 30 (exon 2).

Cell Culture

Human U2-O-S and HEK293T cells (abbreviated to 293T) were cultured in

DMEM (Sigma) containing 10% FBS and penicillin/streptomycin (both Thermo
mM) for 10min, and whole-cell extracts were analyzed by immunoblotting with

istonesADPr) are indicated.

7 were incubated with NAD+ and DNA. Reaction products were separated by

.

is-C4orf27 D3, or APLF was incubated in various combinations with recom-

NAD+. Reaction products were analyzed by SDS-PAGE and autoradiography.

induced with DOX for 24 hr, subjected to laser microirradiation, and imaged at



Fisher). Transient DNA transfections were performed with TransIT-LT1 (Mirus),

Fugene6 (Promega), or Polyfect (QIAGEN), and transient small interfering

RNA (siRNA) transfections were performed with Lipofectamine RNAiMAX

(Thermo Fisher), each according to the manufacturer’s instructions. To

generate CRISPR/Cas9-mediated knockout cell lines, U2-O-S and 293T

were transfected with pairs of the PX462 vector containing either C4orf27-

sgRNA#1 or C4orf27-sgRNA#2 for C4orf27 knockouts and either PARP-1-

sgRNA#1 or PARP-1-sgRNA#2 for PARP-1 knockouts. All four vectors were

used together for double C4orf27/PARP-1 knockouts. Transfected cells

were plated at low density in 1 mg/ml puromycin (Invivogen). Single colonies

were propagated, and individual clones were assessed by western blotting.

To generate doxycycline-inducible cell lines, U2-O-S/C4orf27+/+PARP-1+/+,

U2-O-S/C4orf27�/�PARP-1+/+, and U2-O-S/C4orf27+/+PARP-1�/� cells were

first transduced with lentivirus generated from pLenti-CMV-TetR-Blast and

selected in 15 mg/ml blasticidin (Invivogen). Stable cells were subsequently

transduced with lentivirus generated from pLenti-CMV/TO-Hygro-GFP-

C4orf27, pLenti-CMV/TO-Hygro-GFP-PARP-1, or pLenti-CMV/TO-Hygro-

GFP-ALC1 constructs and selected in 500 mg/ml hygromycin B (Thermo

Fisher). Doxycycline hyclate (Sigma) was added to media at a final concentra-

tion of 1 mg/ml for 24 hr. For cellular H2O2 (Sigma) treatments, the H2O2 stock

(�8.8 M) was diluted in PBS containing MgCl2 and CaCl2 and added to cells

for the time indicated in the text. For PARP inhibitor treatments, cells were

treated with 1 mM olaparib for 12 hr for coimmunoprecipitation experiments

or with 10 mM olaparib for 1 hr for laser microirradiation experiments.

Recombinant Protein Production

Recombinant PARP-1 was from Trevigen (high specific activity), histone H1

and histone H3/H4 tetramer were from NEB, and histone octamer was

prepared as described previously (Ahel et al., 2009; Mehrotra et al., 2011).

All recombinant proteins were expressed in Rosetta (DE3) cells (Novagen),

and isolated single colonies were grown in LB medium. Expression was

induced at OD600 0.6 with 1 mM IPTG overnight at 18�C. His-tagged proteins

were purified by Ni2+-NTA chromatography (QIAGEN) according to the manu-

facturer’s protocol using the following buffer: 50 mM Tris-HCl (pH 8.0) and

500mMNaCl supplemented with protease inhibitors and Benzonase nuclease

(Novagen). Imidazole molarities used in the buffer were as follows: lysis,

20 mM; wash, 40 mM; elution, 500 mM. Proteins were dialysed in 50 mM

Tris-HCl (pH 8.0), 100 mM NaCl, and 1 mM DTT. GST-tagged proteins were

purified using Glutathione Sepharose 4B (GE Healthcare) according to the

manufacturer’s protocol using PBS containing 1 mM DTT supplemented

with protease inhibitors and Benzonase nuclease. Proteins were eluted with

50 mM Tris-HCl (pH 80, 200 mM NaCl, 1 mM DTT, and 10 mM reduced gluta-

thione. Proteins were dialyzed overnight against 50 mM Tris-HCl (pH 8),

150 mM KCl, 12 mM NaCl, 2 mM MgCl2, 5 mM DTT, and 0.1% Triton X-100.

Immunofluorescence, Laser Microirradiation, and Microscopy

Protocols were as previously described (Gibbs-Seymour et al., 2015).

In Vitro ADP-Ribosylation Assays
32P-poly(ADP-ribose) binding assays were performed as described previously

(Ahel et al., 2008). In vitro ADP-ribosylation assays performed essentially as

described previously (Ahel et al., 2008; Barkauskaite et al., 2013). Recombi-

nant proteins were mixed before the addition of NAD+ to the reaction, which

proceeded for 20 min. PARP inhibitor (olaparib) was added at the end of the

reactions before subsequent analysis by immunoblotting or autoradiography.

The molarity of PARP-1 used in the reaction was 0.1 mM, histones were 1 mM,

and C4orf27 ranged from 1 to 25 mM. For poly(ADP-ribose) glycohydrolase ac-

tivity assay, PARP-1 was first automodified by addition of 32P-NAD+ and DNA

for 20 min, and the reaction was stopped by olaparib addition. Recombinant

PARG or C4orf27 was then added to the reaction for a further 30 min, and

products were analyzed by autoradiography.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/

10.1016/j.molcel.2016.03.008.
AUTHOR CONTRIBUTIONS

I.G.-S. designed and performed experiments, analyzed data, and cowrote the

manuscript; P.F. purified recombinant proteins and performed biochemical

and biophysical assays; J.G.M.R. purified recombinant proteins and per-

formed CD analysis; and I.A. supervised the project, designed experiments,

analyzed data, and cowrote the manuscript.

ACKNOWLEDGMENTS

We thank Drs. Bob Weinberg, Feng Zhang, Gyula Timinszky, and Eric

Campeau for the invaluable provision of reagents, and Dr. Ben Thomas, Dr.

Elisa Pappalardo, and Svenja Hester (Sir William Dunn School of Pathology,

University of Oxford) for help with mass spectrometry and analysis. We also

thank Drs. Anja Groth and Martina Hödl-Baumgartner (Biotech Research
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