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SUMMARY

Nuclear RNA metabolism is influenced by protein
complexes connecting to both RNA-productive
and -destructive pathways. The ZC3H18 protein
binds the cap-binding complex (CBC), universally
present on capped RNAs, while also associating
with the nuclear exosome targeting (NEXT) complex,
linking toRNAdecay. Todissect ZC3H18 function,we
conducted interaction screening and mutagenesis
of the protein, which revealed a phosphorylation-
dependent isoform. Surprisingly, the modified re-
gion of ZC3H18 associates with core histone pro-
teins. Further examination of ZC3H18 function, by
genome-wide analyses, demonstrated its impact on
transcription of a subset of protein-coding genes.
This activity requires the CBC-interacting domain of
the protein, with some genes being also dependent
on the NEXT- and/or histone-interacting domains.
Our data shed light on the domain requirements of
a protein positioned centrally in nuclear RNA meta-
bolism, and they suggest that post-translational
modification may modulate its function.

INTRODUCTION

Nuclear RNA metabolism is a major contributor to eukaryotic

RNA homeostasis by sorting transcripts for nuclear function,

export or decay. This is a demanding task given the fact that eu-

karyotic genomes are promiscuously transcribed into a hetero-

geneous mix of RNAs with highly variable cellular duties and

half-lives (Derrien et al., 2012; Jensen et al., 2013). Additionally,

all transcripts are produced as longer precursors, requiring

appropriate nuclear maturation events to yield functional

molecules. How this massive genomic output and its require-

ments for different activities is organized by participating

nuclear machineries, and which molecular interactions execute
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decision processes dictating RNA fate, is a matter of intense

investigation.

A protein-interaction-based framework for RNA fate determi-

nation is instigated early during nascent RNA synthesis. For

RNA polymerase II (Pol II) transcripts, this starts with m7-G

capping of the nascent RNA 50 end emerging from the Pol II

exit channel and its subsequent binding by the CBP20 and

CBP80 proteins, composing the cap-binding complex (CBC)

(Bentley, 2014; Glover-Cutter et al., 2008; Görnemann et al.,

2005; Izaurralde et al., 1994). The CBC binds all classes

of m7-G-capped transcripts, and it affects nuclear RNAs pro-

ductively by stimulating the splicing of cap-proximal introns,

RNA 30 end formation, and the packaging of transport-compe-

tent ribonucleoprotein (RNP) particles in general (Cheng et al.,

2006; Izaurralde et al., 1994; Narita et al., 2007). These activities

are aided, respectively, by the association of the CBC with the

U4/U6.U5 tri-snRNP (Pabis et al., 2013); the ARS2, NELF-E,

and SLBP proteins (Andersen et al., 2013; Hallais et al., 2013;

Narita et al., 2007); and the RNA transport factors ALY/REF

and PHAX (Cheng et al., 2006; Kuersten et al., 2001; Ohno

et al., 2000).

However, contacts from the CBC can also be established to

the ribonucleolytic RNA exosome operating at Pol II-transcribed

loci to degrade spurious transcripts like promoter upstream

transcripts (PROMPTs) and enhancer RNA (eRNAs) (Andersen

et al., 2013; Andersson et al., 2014; Ntini et al., 2013), or to partic-

ipate in RNA processing (Lubas et al., 2015). Specifically, the

CBC recruits the ARS2 protein to form the CBC-ARS2 (CBCA)

complex, which harbors transcription termination activity

(Andersen et al., 2013; Gruber et al., 2012; Hallais et al., 2013;

Iasillo et al., 2017). CBCA may then bind the zinc-finger protein

ZC3H18, mediating contact to the nuclear exosome targeting

(NEXT) complex, to form the CBC-NEXT (CBCN) assembly,

and further to the RNA exosome (Andersen et al., 2013; Lubas

et al., 2015). Interestingly, formation of the decay-promoting

CBCN assembly is mutually exclusive with formation of the

so-called CBC-ARS2-PHAX (CBCAP) complex (Giacometti

et al., 2017), where PHAX is recruited to the CBCA complex to

act as an adaptor between the CBC/RNP complex and the
creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Interaction Profiling of ZC3H18 Identifies Histones

(A) SDS-PAGE gel of proteins co-precipitating with ZC3H18-3xF at the indicated buffer compositions. Two major isoforms of the ZC3H18-3xF bait protein are

indicated with red and green dots for the fast- and slow-migrating forms, respectively. Denoted with color code are also CBCN complex components MTR4,

ARS2, ZCCHC8, and CBP80 as well as histones. The identity of the indicated bands was established by MS analysis.

(legend continued on next page)
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nuclear transport receptor CRM1 (Kuersten et al., 2001; Ohno

et al., 2000). Assembly of CBCN relative to CBCAP appears to

be balanced by direct competition between ZC3H18 and

PHAX for CBCA-bound RNA (Giacometti et al., 2017). Since

this competition can yield opposite functional outcomes, it con-

stitutes an interesting principle of how nuclear RNA sorting may

occur at the mechanistic level. In addition, it positions ZC3H18

as a central factor capable of bridging the CBC, universal

for Pol II-derived products, with the nuclear RNA exosome in

competition with RNP-productive factors.

In addition to its affinity for CBC-bound RNA (Andersen

et al., 2013; Merz et al., 2007; Pabis et al., 2013) and its pres-

ence in the CBCN assembly (Andersen et al., 2013), ZC3H18

was shown to interact with the THOC2 component of the

transcription export (TREX) complex, and its depletion resulted

in the nuclear accumulation of polyadenylated RNA (Chi et al.,

2014). However, whether this latter phenotype reflects an

mRNA export function of ZC3H18 or rather its role in targeting

the nuclear exosome for RNA decay remains to be deter-

mined. Apart from its reported protein-protein interactions,

the ZC3H18 protein is completely uncharacterized. It consists

of 953 amino acids (aa), yet it is simply predicted to harbor a

CCCH zinc-finger domain, three coiled-coil domains, and a

few regions enriched for certain aa, namely proline (Pro) and

serine (Ser) residues. ZC3H18 can be categorized as an intrin-

sically disordered protein, some of which are functionally

important in RNA biology (Calabretta and Richard, 2015;

Järvelin et al., 2016).

To achieve a better understanding of ZC3H18 interaction

and function, we conducted an affinity capture (AC) interaction

screening followed by mass spectrometry (MS). This allowed

a thorough characterization of ZC3H18-containing complexes

and the unexpected discovery of its association with core

histone proteins. Two ZC3H18 isoforms were revealed, repre-

senting phosphorylation-dependent post-translational modifica-

tion, occurring in the domain of ZC3H18 responsible for histone

binding. Further mutagenesis analyses demonstrated separate

domains of ZC3H18 engaged in histone, CBCA, and NEXT bind-

ing, and functional analysis revealed a role of ZC3H18 in mRNA

biogenesis, which for a subset of genes is independent of the

RNA decay-promoting activity of the protein. Our data disclose

previously unknown physical links of a protein involved in RNA

fate decisions, and they imply that post-translational modifica-

tion is modulating its function.

RESULTS

Interaction Profiling Positions ZC3H18 with Chromatin
Factors
We previously characterized ZC3H18 as a central component of

the CBCN complex, facilitating exosome-mediated RNA decay.

To further explore its protein-protein interactions, we conducted
(B and C) Scatterplots presenting MS analysis of co-purified CBCN components (

300, and 500mMNaCl-containing buffers (indicated by red, blue, and green dots,

display protein abundances estimated as the ratio between a protein’s mean pe

normalized to the abundance of ZC3H18-3xF bait protein. The x axes display R

RNase A/T1-treated versus untreated samples.
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high-throughput AC screening (Hakhverdyan et al., 2015)

of ZC3H18 expressed with a C-terminal 33FLAG (3xF) tag

from a stably integrated and tetracycline-inducible HEK293

Flp-In T-Rex cell line (Andersen et al., 2013). Cell lysates were

subjected to anti-FLAG AC across 21 different buffer conditions

and visualized by Coomassie staining. The ZC3H18-3xF bait

migrated at the expected size, and it was recovered in all condi-

tions except for the harsh 4M Urea buffer incubation (Figure 1A,

lane 21). AC eluates in lanes 1–6, 7–12, and 13–18 were from

three sets of buffers differing in their content of detergent and

each containing increasing concentrations of NaCl. AC profiles

of the remaining proteins appeared similar across the three

sets, demonstrating a limited impact of detergent choice.

Instead, salt concentration-dependent changes were notable:

(1) a reduction in the number of proteins recovered across

increasing salt concentrations, including components of the

CBCN complex, MTR4, ARS2, ZCCHC8, and CBP80; (2) a

substantial qualitative shift in ZC3H18-3xF migration between

the 300 and 500 mMNaCl buffers (Figure 1A, ZC3H18 forms de-

noted with red (fast) and green (slow) dots, respectively); and (3)

the simultaneous appearance of three strongly stained bands at

the bottom of the gel with the transition to the slow-migrating

form of ZC3H18 (Figure 1A, lanes 4, 12, and 16). These fast-

migrating species formed a pattern characteristic of core nucle-

osome histones, whichwas confirmed byMSanalysis of relevant

excised gel slices (data not shown).

AC experiments conducted in 100, 300, and 500 mM NaCl,

respectively (Figure 1A, lanes 1, 3, and 4), were collected in

duplicate and subjected to MS analyses, after which abun-

dances of co-precipitated proteins were calculated based on

mean peptide intensities from the two experiments (Table S1).

To discriminate any RNA-dependent interactions, bead-bound

complexes were treated with RNase A/T1 or with BSA before

elution. Using these MS data, we plotted the RNase A/T1 resis-

tance of selected groups of proteins versus their abundance

in the ZC3H18 precipitates. The association of ZC3H18

with CBCN complex components decreased gradually with

increasing salt concentration (Figure 1B), and its contact with

the RNA exosome was practically lost in the 300 mM-NaCl sam-

ple (Figure S1A). Consistent with data from Figure 1A, ZC3H18

association with histones was instead strengthened with

increasing salt, which was seen for both canonical (Figure 1C)

and non-canonical (Figure S1B) histones. Although mostly at

quite low abundances, the 500 mM-NaCl sample was further

enriched for many chromatin and DNA-related factors, such as

(1) components of the facilitate chromatin transcription (FACT)

complex, involved in nucleosome reorganization; (2) the poly-

ADP polymerase 1 (PARP1), involved in DNA damage repair;

and (3) chromobox proteins CBX1, CBX3, and CBX5, involved

in heterochromatin organization (Figure S1C). Finally, as previ-

ously reported (Chi et al., 2014), ZC3H18 associated with

TREX complex components, although only in the low-salt buffer
B) and core histones (C) in the ZC3H18-3xF AC experiments performed in 100,

respectively). Exact buffer compositions are shown below the plots. The y axes

ptide intensity from two biological experiments and its molecular weight and

Nase A/T1 resistance calculated as the ratio between protein abundances in
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Figure 2. ZC3H18 Binding to Histones Is Specific and Phosphorylation Dependent

(A) SDS-PAGE gel of proteins co-precipitating with color-coded ZC3H18, PABPN1, NUP88, and NUP98 proteins expressed with a 3xF tag from HEK293 Flip-In

T-Rex cell lines. As a control the HEK293 parental cell line was also used. AC was carried out in three different NaCl buffers (20 mM HEPES [pH 7.4], 0.5% Triton

(legend continued on next page)
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andwith ALY/REF as themost prominent interactor (Figure S1D).

Generally, the described co-precipitating complexes largely

associated with ZC3H18 independently of RNA (RNase A/T1

resistance close to 1), as opposed to bona fide RNA-binding

factors (e.g., most heterogeneous nuclear ribonucleoproteins

[hnRNPs]), whose association was lost upon RNase A/T1 treat-

ment (Figure S1E).

In conclusion, our AC screening disclosed, in addition to

already known ZC3H18 interactors, the co-precipitation of

ZC3H18 with core histone proteins and additional factors

involved in chromatin biology. These associations appear spe-

cific for a slow-migrating isoform of ZC3H18.

ZC3H18 Binds Histones in a Phosphorylation-
Dependent Manner
Having established a new link between ZC3H18 and histones,

we wanted to characterize the interaction further and to ascer-

tain its specificity. To this end, we first performed anti-FLAG

AC in 100, 300, and 500 mM-NaCl conditions of unrelated

extracts prepared from additional HEK293 cell lines stably

expressing 3xF-tagged fusion proteins, including nuclear

poly(A)-binding protein (PABPN1) as well as the two nucleopor-

ins NUP88 and NUP98. For the assessment of background bind-

ing, we employed the parental HEK293 cell line devoid of any 3xF

fusion construct. Only the ZC3H18-3xF fusion co-precipitated

histones in 500 mM NaCl (Figure 2A, lane 3), reinforcing that

the ZC3H18-histone interaction is specific.

Next, we explored why histones co-precipitated with

ZC3H18-3xF only in the high-salt condition. Different solutions

impart different characteristics to protein extracts, influencing

the soluble and insoluble fractions, as well as the stabilities of

macromolecular complexes. We reasoned that high NaCl con-

centrations might disturb DNA-histone interaction. To test this

notion, we extracted proteins from HEK293 cells in buffers con-

taining 100, 300, 500, or 1,000 mM NaCl, and we examined the

soluble and insoluble fractions for each sample by SDS-PAGE.

As predicted, increasing the NaCl concentration from 300 to

500 mM led to the transfer of histones into the soluble fraction

(Figure S2A). Thus, ZC3H18 might interact with histones at

high-salt concentrations, simply because they become available

for binding in these conditions and not because of any altered

ZC3H18 isoform. To discriminate these possibilities, we per-

formed a two-step AC experiment to examine whether

ZC3H18 would also precipitate histones in low salt, given their
X-100 and 100, 300, or 500mMNaCl, respectively) as indicated. 3xF-tagged prote

dots and corresponding arrows. Only the ZC3H18-3xF construct co-purified hist

(B) SDS-PAGE gel showing the ZC3H18 isoforms and co-precipitating proteins af

text for details). Migration of ZC3H18-3xF fast- and slow-migrating forms as well

bound only by the slow-migrating form of ZC3H18-3xF.

(C) SDS-PAGE gel of proteins co-precipitating with ZC3H18-3xF in 100, 300, and 6

3xF isoforms denoted as in (A).

(D) ChIP-PCR analysis of ZC3H18 occupancy along the MYC gene and MYC PR

background binding. Data are displayed asmean ±SD of two biological replicates

two-way ANOVA test with obtained p values presented above the bars.

(E) ChIP-PCR analysis of ZC3H18 occupancy at promoters of transcriptionally a

SNRPB2) and repressed (IFRG28, MYT1, and KCNA1) genes. IgG ChIP was us

technical replicates of the representative experiment. Significance levels betwee

and are denoted with asterisks corresponding to the following p value ranges: *p
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sufficient availability. First, the fast- and slow-migrating forms

of ZC3H18 were purified in 300 and 800 mM NaCl buffers,

respectively, followed by washing with 800 mM NaCl buffer,

leaving only the respective ZC3H18-3xF isoforms bound to

beads (Figure 2B, lanes 1, 2 and 5, 6). Next, protein extracts

prepared in 300 or 600 mM NaCl buffers, lacking and containing

histones, respectively, were used for AC with the two forms

of ZC3H18-3xF. Critically, only the slow-migrating form of

ZC3H18 co-purified histones from the 600 mM protein extract

(Figure 2B, compare lanes 4 and 8), while both forms bound

CBCN complex components when low-salt conditions were

employed (Figure 2B, lanes 3 and 7). We conclude that the

ZC3H18 isoforms bind differentially to histones and presumably

use different domains to interact with CBCN components.

What is then different between the two major isoforms of

ZC3H18? As their N and C termini were identical (data from

MS and western blotting analyses not shown), we reasoned

that their mass difference might be caused by post-translational

modification (PTM). ZC3H18 is extensively phosphorylated (Beli

et al., 2012; Hornbeck et al., 2015) and contains multiple Ser,

threonine (Thr), and tyrosine (Tyr) residues as putative phosphor-

ylation targets. We therefore used protein phosphatase inhibi-

tors (PPIs) during protein extraction to prevent post-lysis

dephosphorylation, and we performed anti-FLAG AC. Remark-

ably, adding PPIs to low-salt protein extracts prevented forma-

tion of the fast-migrating ZC3H18 isoform otherwise visible in

lanes without the inhibitors (Figure 2C, compare lanes 1 and 2

as well as 3 and 4). Thus, ZC3H18 is post-translationally modi-

fied in a phosphorylation-dependent manner. To assess the ratio

of modified to unmodified ZC3H18 in living cells, we prepared

cell extracts in SDS-containing low-salt buffer, which rapidly de-

natures all proteins at the time of cell lysis. Western blotting anal-

ysis revealed that, upon such extraction, only the slow-migrating

form of ZC3H18 was detected (Figure S2B). Furthermore,

ZC3H18 AC in 100 mM NaCl buffer, performed after cells

had been crosslinked with 1% formaldehyde (FA), preserved

the slow-migrating form (Figure S2C, compare lanes 1 and 2).

These results suggest that cellular ZC3H18 is predominantly

in its modified, slow-migrating form and that capture of the

fast-migrating form in low-salt concentrations is caused by

post-lysis dephosphorylation.

To this point, our experiments were performed using

protein extracts. Hence, to assess any in vivo relevance of the

observed ZC3H18-histone association, we turned to chromatin
ins are indicated, based on their expectedmolecular weights, with color-coded

ones in the 500 mM NaCl buffer (indicated by black vertical line in lane 3).

ter a two-step ZC3H18-3xF AC in 100 and 600 mM-NaCl conditions (see main

as CBCN complex components are indicated as in (A). Note that histones are

00mM-NaCl containing buffers supplemented (+) or not (�) with PPI. ZC3H18-

OMPT using amplicons from top schematics. IgG ChIP was used to assess

. Significance levels between the ZC3H18 and IgG sampleswere assessed by a

ctive (GAPDH, U12, BRCA1, PSMD3, MRPS15, PALB2, ZNHIT3, KRAS, and

ed to assess background binding. Data are displayed as mean ± SD of two

n the ZC3H18 and IgG samples were calculated using a two-way ANOVA test

% 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.



A

B

C

(legend on next page)

Cell Reports 22, 44–58, January 2, 2018 49



immunoprecipitation (ChIP) assays capable of capturing protein-

chromatin associations inside cells. Gratifyingly, the employed

antibody, detecting endogenous protein, chromatin immunopre-

cipitated ZC3H18 over background around the transcription

start sites (TSSs) and bodies of the interrogated MYC and

MYC-PROMPT transcription units (TUs) (Figure 2D). Moreover,

low-resolution ZC3H18 ChIP sequencing (ChIP-seq) analysis

(data not shown) pointed to ZC3H18 binding at the promoter re-

gions of a few genes, which we validated by ChIP-qPCR over

the active GAPDH, U12, BRCA1, PSMD3, MRPS15, PALB2,

ZNHIT3, KRAS, and SNRPB2 promoters (Figure 2E). Only minor

signals were detected over three repressed genes, IFRG28,

MYT1, and KCNA1. These data confirmed an association of

ZC3H18 with chromatin in vivo, and they suggest that binding

may preferentially occur around active promoter regions,

possibly due to the CBC-associating nature of the protein.

ZC3H18 Interacts with CBCA, NEXT, and Histones
through Distinct Domains
Results obtained so far imply that ZC3H18 engages in at least

two sub-complexes, with CBCN and with histones, and that

ZC3H18 may utilize distinct domains to form these interactions.

To further analyze this issue, we conducted mutational analysis

of ZC3H18, whose 953 aa residues consist of a zinc finger, three

coiled-coil (cc) domains, and a large region enriched in Ser res-

idues (Figure 3A, top full-length [FL] construct). To interrogate

any function of these domains, we designed four C-terminal

(Z1–Z4) and two N-terminal (Z5–Z6) ZC3H18 truncations as

well as a mutant variant internally deleted for the Ser-rich region

(Z7) (Figure 3A). All fragments were C-terminally fused to a 3xF

tag, facilitating immunolocalization analyses. Upon transfection

into HeLa Kyoto cells, fragments Z4–Z7 all appeared nuclear,

like the FL ZC3H18-3xF fusion, while fragments Z1–Z3 localized

to both the cytoplasm and the nucleus (Figure S3A). This sug-

gests that a nuclear localization signal (NLS) likely resides in

the C terminus of ZC3H18 (Figure S3B).

We then performed FLAG AC of the ZC3H18 fragments. To

monitor the contents of CBCN and histone components in the

resulting eluates, protein extracts were prepared in 100 and

600 mM NaCl buffers, respectively, and CBCN and histone

components were detected by western blotting analysis and

Coomassie staining. Reassuringly, the FL ZC3H18 construct

co-purified all studied interactors (Figure 3B, right panel

lane 1). A similar result was obtained employing fragment Z6,

indicating that the 200-aa N-terminal part of ZC3H18 is not

crucial for these interactions. Fragment Z5 co-purified all three

NEXT complex components, but not ARS2 and only low

CBP80 amounts, demonstrating that a major binding site for
Figure 3. Domain Mapping of ZC3H18

(A) Schematic representation of the FL and Z1-Z7 mutant variant ZC3H18 const

finger; Ser-rich, serine-rich region (UniProt: Q86VM9; www.uniprot.org). All cons

(B) Western blotting analysis of the indicated proteins co-purifying with ZC3H18-3

panel) AC conditions. In the low-salt condition, input and eluate samples were pro

NEXT componentsMTR4, ZCCHC8, and RBM7 aswell as a-FLAG antibodies aga

and histones were visualized using Coomassie staining. Note that the lower band i

signal from a previous exposure of the same membrane.

(C) Schematic representation of interaction domains on ZC3H18.
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the CBCA complex resides within residues 201–480. Remark-

ably, fragment Z4, which lacks only 52 residues from the

ZC3H18 C terminus, completely lost association with the NEXT

complex but preserved binding to CBP80, ARS2, and histones.

Thus, the C-terminal coiled-coil domain of ZC3H18 provides a

platform for NEXT binding, in agreement with previous results

(Giacometti et al., 2017). Consistently, fragments Z1, Z2, and

Z3, all lacking this domain, did not precipitate the NEXT com-

plex. Z2 and Z3 bound CBP80 and ARS2 to similar extents as

the FL construct, while Z1 did not bind any of the CBCN compo-

nents. Finally, histones were bound by the FL and Z3–Z6 frag-

ments, and this binding was abolished for Z1, Z2, and Z7, which

pinpoints the Ser-rich region as a histone-binding domain. Taken

together, these analyses not only identified a distinct histone-

binding domain but also revealed that the association of

ZC3H18with the CBCA andNEXT complexes is physically sepa-

rated (Figure 3C).

The ZC3H18 fragments also allowed a more detailed analysis

of domains involved in defining the slow- and fast-migrating iso-

forms. Hence, we tested the response of the various ZC3H18

mutants to high/low salt extraction and to PPI treatment. Inter-

estingly, fragments lacking the Ser-rich region (Z1, Z2, and Z7)

did not display any gel migration differences, regardless of the

extraction method or PPI addition (Figure S3C). In contrast, all

remaining fragments (Z3–Z6) and the FL construct displayed

slow-migrating isoforms when extracted with the high-salt con-

centration or when the low-salt extraction was supplied with

PPI. This strongly suggests that the Ser-rich domain is required

for the phosphorylation-dependent modification of ZC3H18

(Figure S3B). Moreover, robust co-purification of histones could

be achieved even in low salt, simply provided that PPI was

supplied. This further supports the notion that it is primarily the

slow-migrating form of ZC3H18 that shows specificity toward

these proteins. Whether ZC3H18 isoform switching is driven

directly by phosphorylation of the Ser-rich region, which are

the phosphorylation sites, and which are the involved kinases

remain to be elucidated.

ZC3H18 Depletion Differentially Affects Transcript
Levels
We previously demonstrated that ZC3H18 depletion pro-

vokes elevated levels of otherwise labile nuclear transcripts,

like eRNAs, PROMPTs, and 30 extended small nuclear RNAs

(snRNAs), consistent with a role of ZC3H18 in CBCN-mediated

RNA decay by the exosome (Andersen et al., 2013; Giacometti

et al., 2017; Iasillo et al., 2017). To inquire whether any protein-

coding (pc) transcripts might also be affected by ZC3H18

depletion, we explored previously published RNA sequencing
ructs. Dashed line in Z7 construct indicates deletion. CC, coiled coil; ZF, zinc

tructs were C-terminally fused to 3xF.

xF FL andmutant variants in 100mM-NaCl (top panel) or 600mM-NaCl (bottom

bed with antibodies against the CBCA components ARS2 and CBP80 and the

inst the 3xF-tagged constructs. In the high-salt condition, ZC3H18-3xF variants

n the a-MTR4western analysis, denoted with an asterisk, corresponds to ARS2

http://www.uniprot.org


Figure 4. ZC3H18 Depletion Affects Transcription of a Subset of Protein-Coding Genes

(A) RNA-seq-derived differential expression changes of exonic reads between ZC3H18 depletion and control (EGFP) libraries. The y axis displays the log2 fold

change of read counts, and the x axis displays the log10-transformed exonic read count per gene. Data were computed by the DESeq2 software (Love et al.,

2014). All individual genes are shown in gray and significantly called transcripts (padj = FDR < 0.1) are colored red. Of the n = 18,731 genes shown, n = 1,756 and

n = 2,110 were significantly up- and downregulated, respectively. BRCA1, BRCA2, and OMA1 RNAs are highlighted.

(B) As in (A) but based on reads from intronic regions of each gene, scaled using sizing factors from exonic reads. Of the n = 17,872 genes shown, n = 1,277 and

n = 905 were significantly up- and downregulated, respectively.

(legend continued on next page)

Cell Reports 22, 44–58, January 2, 2018 51



(RNA-seq) data of total RNA from HeLa Kyoto cells subjected to

triplicate ZC3H18 small interfering RNA (siRNA)-mediated deple-

tion or to the addition of EGFP control siRNA (Iasillo et al., 2017).

RNA-seq reads filtered to map exclusively to either exonic or

intronic regions of annotated pc genes, as approximations for

mRNA and pre-mRNA, respectively, were subjected to differen-

tial expression analysis.

ZC3H18 depletion resulted in 1,756 and 2,110 significantly

up- and downregulated mRNAs, respectively (Figure 4A). Since

downregulated transcripts cannot be rationalized by a degrada-

tive role of ZC3H18, we speculated that these might reflect

a currently undisclosed exosome-independent function of

ZC3H18. Interestingly, similar numbers of up- and downregula-

tion were observed when considering intronic reads (Figure 4B),

and intron and exon reads were generally correlated (Figure 4C).

Highlighted BRCA1, BRCA2, and OMA1 RNAs exemplify tran-

scripts that were significantly downregulated both at intronic

and exonic levels and, therefore, selected as test cases for

further analysis (Figures S4A–S4C; see below).

Changes in intronic read content are often taken as proxies

for changes in transcription levels (Gaidatzis et al., 2016; Iasillo

et al., 2017; Jonkers et al., 2014). We therefore interrogated pre-

viously reported Pol II ChIP-seq data from ZC3H18-depleted

and control cells (Iasillo et al., 2017). Globally, only a few genes

exhibited strong changes in Pol II ChIP-seq signal upon

ZC3H18 depletion. However, the data provided a clear stratifica-

tion of transcription levels, as measured by intronic reads (Fig-

ure 4D). Consistently, the BRCA1, BRCA2, and OMA1 genes

all showed lower Pol II ChIP-seq signal upon ZC3H18 depletion

(Figures 4D and S4D). These results suggest that the downregu-

lation of genes in ZC3H18-depleted cells is due to decreased

transcription.

The negative impact of ZC3H18 depletion on select mRNA

levels was surprising, and we therefore asked whether this phe-

nomenon depended on known ZC3H18 interaction partners.

Hence, we performed a comparative analysis of published

RNA-seq data of transcripts from HeLa Kyoto cells individ-

ually depleted of CBCN components ZC3H18, CBP80, ARS2,

ZCCHC8, and RBM7 as well as the exosome core component

RRP40, together with corresponding siEGFP control samples

(Iasillo et al., 2017; Meola et al., 2016). We selected significantly

up- or downregulated genes based on their exonic or intronic

reads (false discovery rate [FDR] < 0.1, log2 fold change >1

or <�1) for each depletion condition, and we observed a highly

consistent overlap among all samples (data not shown). We

then used the log2 fold change values for hierarchical clustering

analysis. For both exonic and intronic reads, this revealed the

clustering of the different depletion samples in twomajor groups:
(C) Scatterplot showing RNA-seq log2 fold changes of exonic (from A) versus in

coefficient r2 = 0.56). RNAs that were significantly up- or downregulated (padj
significantly affected in both exon and intron read counts are colored red. BRCA

(D) Scatterplot showing Pol II ChIP-seq log2 signals in ZC3H18 depletion (y axis)

significantly (padj = FDR < 0.1) up- or downregulated in the RNA-seq intronic anal

are highlighted.

(E) Heatmap of hierarchical clustering analysis of log2 fold changes of RNA-seq ex

RRP40, and ZCCHC8 depletion relative to control samples (denoted by siXXXX

change <�1 were included (n = 2,626).
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one comprising ZC3H18, ARS2, and CBC80 samples and the

other comprising ZCCHC8, RBM7, and RRP40 samples (Fig-

ure 4E). These analyses suggest that ZC3H18’s function in

mRNA metabolism is primarily linked to the CBCA complex.

Impact of ZC3H18 Interaction Domains on Protein
Function
ZC3H18 acts, directly or indirectly, on different RNAs and is

functionally and physically linked to the CBCA and NEXT com-

plexes. Having established protein-protein interaction domains

of ZC3H18, we were well positioned to inquire how interactions

with CBCA, NEXT, and histones contribute to the dual role of

ZC3H18 in decay of 30 extended snRNA and in mRNA regulation.

Thus, we depleted endogenous ZC3H18 protein with siRNA tar-

geting the 30 UTR of the ZC3H18mRNA, followed by the attempt

to rescue the interrogated phenotype by exogenously express-

ing RNAi-immune FL ZC3H18 and its fragment variants defective

in binding to NEXT (Z4), CBCA (Z5), and histones (Z7), respec-

tively (Figure 5A). These ZC3H18 constructs were stably ex-

pressed in HEK293 Flp-In T-Rex cell lines under the control

of a tetracycline-inducible CMV promoter. Depletion efficiency

and levels of exogenous ZC3H18 variant expression was moni-

tored by western blotting analysis (Figures S5A and S5B), which

revealed a leaky expression of exogenous ZC3H18 constructs in

the absence of tetracycline. This was most visible for fragments

Z7 and Z5, which could be clearly distinguished from endoge-

nous ZC3H18 (Figure S5A, lanes 13–15 and 17–19, respectively).

Hence, to avoid interference on target RNAs of this expression,

we used a parental HEK293 cell line to assess steady-state

RNA levels upon endogenous ZC3H18 depletion.

Expression levels of 10 mRNAs, BRCA1, BRCA2, OMA1,

TP53, STAT5B, TMEM45A, PTGR2, ZNF76, FAM173B, and

LDAH, which were downregulated upon ZC3H18 depletion,

were all recovered by the expression of FL ZC3H18 (Figure 5B).

In contrast, the Z5 CBCA-binding mutant did not rescue expres-

sion of any of these transcripts. This is consistent with ZC3H18

and CBCA depletions yielding comparable phenotypes (Fig-

ure 4E), and it suggests that CBCA interaction is crucial for

ZC3H18 function in mRNA metabolism. The Z4 NEXT-binding

and the Z7 histone-binding mutants, on the other hand, demon-

strated statistically significant rescue effects for only a subset of

the tested mRNAs. Based on the extent and the significance

of the rescue (Figures 5B and S5C), we identified targets whose

expression depended on both histone- and NEXT-binding

domains (Figure 5B, red columns); NEXT, but not histone,

interaction (Figure 5B, yellow columns); histone, but not NEXT,

interaction (Figure 5B, green columns); or neither of these

domains (Figure 5B, blue column). Altogether, these results
tronic (from B) regions for individual genes (n = 16,157, Pearson correlation

= FDR < 0.1) at exon or intronic levels are colored yellow. RNAs that were

1, BRCA2, and OMA1 RNAs are highlighted.

relative to control (siFFL) (x axis) samples. Genes expressing RNAs that were

ysis are colored blue and red, respectively. BRCA1, BRCA2, and OMA1 genes

onic (left part) or intronic (right part) reads from ZC3H18, CBP80, ARS2, RBM7,

below the figure). RNAs with padj < 0.01 and log2 fold change >1 or log2 fold



A

B

C

(legend on next page)
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Figure 6. Dual Roles of ZC3H18 in Nuclear RNA Metabolism

Schematic representation of the dual engagement of ZC3H18 in RNA transcription and decay processes. Left: the C terminus of ZC3H18 interacts with the CBCA

complex to regulate protein-coding gene transcription directly or indirectly. Right: short non-coding RNAs, such as 30 extended snRNAs, are targeted ZC3H18

dependently in a process requiring both CBCA and NEXT interaction of ZC3H18. Such RNA decay can also occur ZC3H18 independently via direct NEXT

exosome targeting. See the main text for details. C, CBCA-interacting domain; H, histone-interacting domain; N, NEXT-interacting domain. Question mark

indicates the elusive role of the histone-interacting domain and its modification in modifying the functionality of ZC3H18.
suggest a complex role of ZC3H18 in the expression of human

genes, where the CBCA interaction domain is solely required

for function.

In the case of 30 extended U11 and U12, which were upregu-

lated upon ZC3H18 depletion, expression of the FL ZC3H18

construct only partially rescued the phenotype (Figures 5C and

S5C). Thismade interpretationof the functional effects of the three

analyzed ZC3H18 mutants more challenging. However, consis-

tent with the established role of the CBCN complex in the degra-

dation of 30 extended snRNAs (Lubas et al., 2015; Giacometti

et al., 2017), the CBCA- and NEXT-binding mutants failed to

rescue the phenotype. The Z7 histone-binding mutant provided

partial recovery in the case of U11 and no recovery in the case

of U12 snRNA. However, in light of the low statistical strength,

this result does not allow us to discriminate whether the histone-

binding domain might subtly impact snRNA biogenesis.

Taken together, the data underscore a fundamental role of the

CBC as a platform for interactions affecting the fate of capped
Figure 5. Functional Impact of ZC3H18 Protein Interaction Domains

(A) Schematic representation of rescue experiments performed in HEK293 cell

variants. Endogenous ZC3H18 depletion was subjected to possible suppression

(B) qRT-PCR analysis of indicated mRNA levels in total RNA samples from HE

exogenous and ZC3H18-30 UTR siRNA-resistant variants. Data are displayed asm

sample and GAPDHmRNA. Significance levels between the mean values of mRN

two-way ANOVA test and are denoted with asterisks corresponding to the follow

(C) qRT-PCR analysis as in (B) but using primers detecting U11 and U12 snRNA
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RNAs, and they establish ZC3H18 as a central factor engaged

in RNA transactions involving both anabolic and catabolic deci-

sions (Figure 6).

DISCUSSION

RNAmetabolic processes initiate early during nascent transcript

synthesis. This is best understood for Pol II-derived RNAs, where

the CBC affects the splicing of cap-proximal pre-mRNA introns

as well as the 30 end processing or decay of a variety of

short RNAs (M€uller-McNicoll and Neugebauer, 2014). The CBC

recruits the ARS2 protein to form the CBCA complex, which

harbors transcription termination activity and is capable of

both linking to RNA-productive and -destructive activities

(Andersen et al., 2013; Hallais et al., 2013; Iasillo et al., 2017).

This choice is, at least to some extent, decided by a competition

for CBCA binding between PHAX and ZC3H18, where the

latter protein can exclude PHAX and instead connect the
lines containing stably integrated and inducible ZC3H18-3xF FL and mutant

by exogenous expression of ZC3H18-3xF variants.

K293 cells depleted for endogenous ZC3H18 and expressing the indicated

ean ± SD of at least three biological replicates normalized to the control (EGFP)

A levels in ZC3H18 depletion versus rescued samples were calculated using a

ing p value ranges: *p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0.0001.

30 extended regions.



CBCA-bound transcript to the NEXT complex, hereby assem-

bling CBCN, which in turn makes contact to the ribonucleolytic

exosome (Giacometti et al., 2017). As indicated in this study,

the CBCA-ZC3H18 axis may also participate in the transcrip-

tion-based production of certain mRNAs, independently of the

NEXT complex. Thus, to better comprehend the molecular detail

underlying the roles of ZC3H18 as a central contributor to nu-

clear RNA fate decisions, we set out to map the domain organi-

zation of this 953-aa-large and uncharacterized protein. As

expected from its CBCN-forming capacity, ZC3H18 utilizes

two separate domains to bind the CBCA and NEXT complexes.

More surprisingly, an unrelated part of the protein binds

histones, establishing three distinct interaction domains of

ZC3H18 (Figure 3C). The relevance and interplay of these do-

mains in yielding competence to ZC3H18’s participation in the

decay of short RNAs as well the production of selected mRNAs

are discussed below.

Any analysis based on affinity isolation of protein complexes

is limited by the quality of the extract and the experimental con-

dition employed during complex purification. By applying a

multi-well screening procedure (Hakhverdyan et al., 2015), we

interrogated proteins co-purifying with FLAG-tagged ZC3H18

across several different buffer conditions. This revealed the

robust co-precipitation of ZC3H18 with core nucleosomal

histones, an interaction that had gone unnoticed when applying

standard low-salt AC conditions (Andersen et al., 2013).

Here, histones are apparently insoluble and therefore unavai-

lable for binding to ZC3H18. Our screening approach also iden-

tified fast- and slow-migrating isoforms of ZC3H18, specific for

low- and high-salt precipitation conditions, respectively. The

slow-migrating form appears to dominate in vivo, but it is con-

verted to the fast-migrating form upon subjection of cell extracts

to 100–300 mM-NaCl conditions. Most likely, these extracts

contain an enzymatic activity capable of demodifying ZC3H18

in low-salt conditions. Indeed, the addition of protein phospha-

tase inhibitors to the extracts resulted in preservation of the

slow-migrating form, strongly suggesting that phosphorylation

is participating in the modification of ZC3H18. Although we

cannot exclude that ZC3H18 is modified by a phosphorylation-

dependent alternative modification event, we suggest that the

protein is phosphorylated directly. This is because in silico tools

(https://www.phosphosite.org/homeAction.action ; http://www.

hprd.org/PhosphoMotif_finder) predict a multitude of phosphor-

ylation sites on ZC3H18 serine, threonine, and tyrosine residues,

some of which were detected in high-throughput MS-based

phosphoproteome studies (Amanchy et al., 2007; Beli et al.,

2012; Hornbeck et al., 2015). In further support, our mutational

analyses of ZC3H18 revealed the serine-rich mid-domain of

the protein as a major PTM target.

Interestingly, only the slow-migrating form of ZC3H18 can

interact with histones. Consistently, this interaction critically

depends on the presence of dephosphorylation-incompetent

extract as well as on the serine-rich domain, suggesting that his-

tone binding is regulated by phosphorylation. Parts of ZC3H18

contain low-complexity sequences indicative of an intrinsically

disordered protein, which may be predisposed to PTMs, likely

phosphorylation, to stabilize its structure (Iakoucheva et al.,

2004). The resulting negatively charged phosphorylated resi-
dues might then provide binding epitopes for positively charged

histones. Although our study argues that the serine-rich domain

of ZC3H18 is functionally relevant for the proper expression of

some mRNAs, it is not clear whether modification of the protein

provides a mechanistically relevant regulatory switch possibly

controlling histone interaction. Given that the slow-migrating

form of ZC3H18 predominates in vivo, such PTM-based regula-

tion would have to occur on only a small population of the protein

or with kinetics limiting the amounts of the unmodified protein,

which may also be targeted for degradation, explaining its

low in vivo levels. It also remains to be determined whether

ZC3H18 has a preference for certain specific histone modifica-

tions.We show that ZC3H18 is readily chromatin immunoprecip-

itated to several active gene promoters and further enriched in

both upstream and downstream regions around the divergent

MYC promoter. Thus, histone configurations affiliated with pro-

moters might attract ZC3H18 to active loci needing the function

of this central RNP factor. The robust interaction of ZC3H18 with

the cap-bound CBCA complex might then further contribute to

efficient nascent RNA targeting. It is also possible that the affinity

of ZC3H18 for chromatin is involved in other activities, like the

release of ZC3H18 from the RNP in case transport factors like

PHAX outcompete its presence or to provide substrate availabil-

ity if the RNA is subject to decay. Further detailed analysis is

clearly justified to delineate which exact role the serine-rich

domain, and its modification, plays for ZC3H18 function.

An interpretation of the functions and interplay between the

other two established domains of ZC3H18 appears more

straightforward. As expected from the dependence on the

NEXT complex and the RNA exosome for the decay of many

short cryptic RNAs, the NEXT-binding ZC3H18 variant was

unable to substitute the FL ZC3H18 construct in degrading the

30 extended snRNA test substrates. This establishes theC-termi-

nal 52 aa of ZC3H18 as the central binding platform for NEXT,

possibly via a direct ZCCHC8-ZC3H18 interaction (Giacometti

et al., 2017). The ZC3H18 variant compromised for CBCA bind-

ing, though capable of binding the NEXT complex as robustly as

FL ZC3H18, did also not facilitate substrate turnover. The

simplest interpretation of this result is that CBCA targeting by

ZC3H18 is required for productive assembly of the CBCN com-

plex, leading to exosomal decay. It is important here to note that

depletion of NEXT or exosome components generally results in

more dramatic RNA changes than depletion of ZC3H18 (Ander-

sen et al., 2013; Iasillo et al., 2017), which is likely because the

NEXT complex can also be targeted to RNA in ZC3H18-indepen-

dent manners (Giacometti et al., 2017; Lubas et al., 2015). The

extent to which RNA levels increase upon ZC3H18 depletion

might, in other words, be fully explained by what can be ac-

counted for by diminished CBC-directed RNA turnover. This

notion implies that ZC3H18 exercises most of its functions

through its connection with the CBCA complex, which is sup-

ported by the similar RNA-binding profiles of CBP20, ARS2,

and ZC3H18 in vivo (Giacometti et al., 2017).

A tight functional connection between the CBCA complex and

ZC3H18 is also illustrated by the second RNA phenotype we un-

covered in the present study, namely the downregulation of

certain mRNAs upon ZC3H18 depletion. Again, the ZC3H18

variant compromised for CBCA binding fails to rescue this
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phenotype. The NEXT-binding mutant, however, offers two

distinct effects. For some mRNAs, it is as functionally adept

as FL ZC3H18, which argues against a degradation/exosome-

mediated mechanism. Consistently, RNA exonic and intronic

changes caused by ZC3H18 depletion correlate well with the

phenotypes caused by CBP80 and ARS2 depletion but less

well with RBM7, ZCCHC8, and RRP40 depletion phenotypes.

Thus, ZC3H18 is engaged in regulating RNA levels indepen-

dently on transcript turnover. For another set of mRNAs, expres-

sion of the NEXT-binding mutant provides no rescue of the

downregulated transcripts. Indeed, some of these mRNAs are

also downregulated after ZCCHC8 and RBM7 depletion (data

not shown), implying an indirect role of the NEXT complex in

the positive regulation of some mRNAs.

What might be the mechanism of ZC3H18 effects on pre-

mRNA/mRNA? Based on the associated decline of intronic

RNA-seq reads and Pol II ChIP levels in ZC3H18 depletion con-

ditions, it appears that CBCA-ZC3H18 positively affects, either

directly or indirectly, transcription of a subset of protein-coding

genes in the HeLa cell genome. Apart from a report demon-

strating the involvement of ZC3H18 in nuclear factor kB

(NF-kB)-activated transcription (Gewurz et al., 2012), such activ-

ity has not previously been described. Although at this point any

functional model remains speculative, it is an interesting possi-

bility that transcriptional support mediated by ZC3H18 might

occur via its early targeting of the nascent RNA 50 end via

CBCA. Such reverse coupling, where RNA metabolic processes

exercise an impact on transcription initiation levels, has been

described (Damgaard et al., 2008; Manley, 2002) and constitutes

a possible line of future investigation.

The protein-coding genes impacted transcriptionally by

ZC3H18 depletion include BRCA1 and BRCA2, whose protein

products are involved in DNA damage response and repair pro-

cesses (Roy et al., 2011). For example, the BRCA1 protein forms

a DNA damage-induced complex with BCLAF1 and key compo-

nents of the splicing machinery to regulate RNA processing from

key genes involved in DNA damage response and repair (Savage

et al., 2014). Interestingly, ZC3H18 is found to be phosphory-

lated upon various DNA insults (Beli et al., 2012), providing

a possible link between ZC3H18 chromatin-related activities

and the cellular stress response. Hence, further examination

of the repertoire of ZC3H18 target genes and their response

to ZC3H18 depletion during stress might aid our physiological

understanding of this large protein, functioning at the crossroad

between RNA metabolism and transcription.
EXPERIMENTAL PROCEDURES

Cell Lines and Cell Culture

HeLa Kyoto and HEK293 cells were maintained in DMEM (Invitrogen) supple-

mented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin

(Invitrogen). For transient transfection, Lipofectamine 2000 (Invitrogen) was

used according to the manufacturer’s recommendations. ZC3H18-3 3 F FL

(Andersen et al., 2013) and fragments Z1–Z7 were stably expressed in

HEK293 Flp-In T-REx cells. Fusion proteins (see the Supplemental Experi-

mental Procedures and Table S6 for description of their construction) were

introduced using a modified pcDNA5/FRT/TO vector that contains the protein

of interest followed by a C-terminal 33 FLAG tag (Domanski et al., 2012).

Expression of fusion proteins was induced by replacing cell growth media
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with fresh media, containing 2 ng/mL or 5 ng/mL tetracycline (Sigma) for

rescue and AC experiments, respectively.

RNAi

Transfections were performedwith Lipofectamine 2000 (Invitrogen), according

to the manufacturer’s instructions, with siRNAs at a final concentration of

20 nM. Cells were harvested 3 days after transfection. The siRNA sequences

are listed in Table S2.

AC Experiments

AC experiments presented in Figures 1 and 2 were performed with cell powder

and in Figure 3 with cell pellets. Cryogenic grinding of human cells and a-FLAG

AC were performed as previously described (Domanski et al., 2012; LaCava

et al., 2016). Interaction screening was performed as previously described

(Hakhverdyan et al., 2015). See the Supplemental Experimental Procedures

and Table S3 for details.

MS Analysis

All AC/MS experiments were performed in label-free conditions and in

duplicate. The Filter Aided Sample Preparation (FASP) protocol (Wi�sniewski

et al., 2009) was used to prepare the samples for MS analysis. Samples

were analyzed with an LTQ Orbitrap Velos instrument (Thermo Scientific).

Data acquisition was performed as described (Andersen et al., 2013). See

the Supplemental Experimental Procedures for details.

Western Blotting Analysis

See the Supplemental Experimental Procedures for details on western blot-

ting. A list of primary and secondary antibodies can be found in Table S4.

ChIP-qPCR

The ChIP experiment was performed with a-ZC3H18 antibody (Sigma,

HPA040847). See the Supplemental Experimental Procedures for details.

Primers used for qPCR are listed in Table S5.

Immunolocalization Analysis

Localization of ZC3H18-3xF FL protein and mutants was obtained with

a-FLAG antibody (Sigma, F7425) followed by incubation with a-rabbit Alexa

Fluor 488 (Life Technologies, A-11008). See the Supplemental Experimental

Procedures for details.

RNA Isolation and Reverse Transcription

RNA was purified with TRIzol reagent (Invitrogen) according to the manufac-

turer’s instructions. Random hexamers and anchored oligo-dT primers

were used for cDNA synthesis. Reverse transcription was performed using

SuperscriptIII (Invitrogen) according to the manufacturer’s instructions.

qPCRwas performedwith the primers listed in Table S7. Data were processed

with the ddCt method, with normalization to both GAPDH mRNA levels and

EGFP siRNA control samples.

Statistical Analysis

Data are shown as means ± SDs. The significance of differences between

different groups was evaluated using two-way ANOVA in the GraphPad Prism

software. p values < 0.05 were considered to represent significant differences

and are denoted with asterisks corresponding to the following p value ranges:

*p % 0.05, **p % 0.01, ***p % 0.001, and ****p % 0,0001.

Bioinformatics Analyses

The details of bioinformatics analyses, including annotations used for

RNA-seq and ChIP-seq analysis, RNA-seq libraries, RNA-seq differential

expression, clustering analysis, and ChIP-seq analysis, can be found in the

Supplemental Experimental Procedures.

Published Datasets

The accession numbers for the RNA-seq data reported in this paper are GEO:

GSE99059 (siARS2, siZC3H18 and siCBP80, and siEGFP) and GSE84172

(siRRP40, siZCCHC8, siRBM7, and siEGFP). The accession number for the

ChIP-seq data reported in this paper is GEO: GSE99344.



DATA AND SOFTWARE AVAILABILITY

The accession number for the protein interactions reported in this paper is

IMEx: IM-26173 (http://www.imexconsortium.org, IMEx consortium through

IntAct, Orchard et al., 2014).

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

five figures, and seven tables and can be found with this article online at

https://doi.org/10.1016/j.celrep.2017.12.037.
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