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SUMMARY

The inhibition of transcriptional elongation plays an
important role in gene regulation in metazoans,
including C. elegans. Here, we combine genomic
and biochemical approaches to dissect a role of
ZFP-1, the C. elegans AF10 homolog, in transcrip-
tional control. We show that ZFP-1 and its interacting
partner DOT-1.1 have a global role in negatively
modulating the level of polymerase Il (Pol Il) transcrip-
tion on essential widely expressed genes. Moreover,
the ZFP-1/DOT-1.1 complex contributes to progres-
sive Pol Il pausing on essential genes during develop-
ment and to rapid Pol Il pausing during stress
response. The slowing down of Pol Il transcription
by ZFP-1/DOT-1.1 is associated with an increase in
H3K79 methylation and a decrease in H2B monoubi-
quitination, which promotes transcription. We pro-
pose a model wherein the recruitment of ZFP-1/
DOT-1.1 and deposition of H3K79 methylation at
highly expressed genes initiates a negative feedback
mechanism for the modulation of their expression.

INTRODUCTION

Transcription is a highly regulated step in gene expression. The
most detailed mechanistic understanding of the regulatory
mechanisms governing transcription comes from studies in
bacteria, yeast, and cultured cells, but much less is known about
global transcriptional regulation in developing multicellular
organisms.

Specific histone modifications are known to associate with
actively transcribed genes. However, their effect on transcription
is far from understood. The histone methyltransferase Dot1
was identified as a factor modulating telomere silencing in yeast
and later recognized to possess H3K79 methylation activity
(reviewed in Wood et al., 2005, and Nguyen and Zhang, 2011).
In mammals, DOT1-like (DOT1L) enzyme was found to be asso-
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ciated with a number of nuclear proteins that are often fused to
mixed-lineage leukemia (MLL) protein in oncogenes causing
leukemia (reviewed in Mohan et al., 2010b) and that do not exist
in yeast. Two of these MLL fusion partners, acute lymphoblastic
leukemia 1-fused gene from chromosome 10 (AF10) and AF9,
have clear homologs in the nematode Caenorhabditis elegans,
zinc finger protein 1 (ZFP-1) and GAS41-like 1 (GFL-1), respec-
tively. Here, we present insight on the regulation of transcrip-
tional elongation by C. elegans DOT-1.1, which is most similar
to mammalian DOT1L, and its interacting partner ZFP-1.

Methylation of H3K79 is tightly linked to and promoted by
H2B ubiquitination, and H2B monoubiquitination (H2Bub1) by a
conserved Rad6-Bre1 E2-E3 complex is facilitated by polymer-
ase |l (Pol ll)-associated factor (PAF) (reviewed in Wood et al.,
2005, Weake and Workman, 2008, and Nguyen and Zhang,
2011). Therefore, both H3K79 methylation and H2B ubiquitina-
tion correlate with transcription. The important question is how
do they affect transcription? Although no clear cause and effect
relationship has been shown for H3K79me, the causal link be-
tween high levels of H2Bub1 at coding regions and efficiency
of transcriptional elongation has been established (reviewed in
Weake and Workman, 2008, and Braun and Madhani, 2012).
This effect is most likely due to the disruption of chromatin
compaction facilitated by H2Bub1 (Fierz et al., 2011) and a role
of H2Bub1 in promoting the function of the facilitates chromatin
transcription (FACT) complex (Pavri et al., 2006; Fleming et al.,
2008).

Here, we report that the recruitment of C. elegans DOT-1.1 to
highly transcribed genes enriched in H2Bub1 leads to a reduc-
tion in the levels of this modification and to an inhibitory effect
on transcriptional elongation, although this effect is modulatory
and not silencing. We propose that H2B ubiquitination serves
two purposes: (1) it promotes transcription through chromatin,
and (2) it initiates a negative feedback loop that modulates
transcriptional elongation. We show that the ZFP-1/DOT-1.1
complex contributes to Pol Il pausing that occurs on essential
widely expressed genes during development and also partici-
pates in the regulation of transcription during stress response.
We propose that ZFP-1 and DOT-1.1 ensure the precise level
of transcription of highly expressed genes by opposing H2B
ubiquitination and transcriptional elongation.
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RESULTS

DOT-1.1 Is a Major Interacting Partner of ZFP-1(AF10) in
C. elegans

We became interested in ZFP-1, the C. elegans homolog of the
human AF10 protein, because it was shown to promote the effi-
ciency of RNAI (Dudley et al., 2002; Kim et al., 2005), including
RNAi-induced transcriptional gene silencing (Grishok et al.,
2005). ZFP-1 is a ubiquitous nuclear protein expressed at all
developmental stages (Avgousti et al., 2013). To elucidate the
function of ZFP-1, we used an unbiased proteomic approach
to identify its interacting partners and the chromatin immuno-
precipitation (ChIP)-chip method to map its genome-wide chro-
matin localization. Extracts from mixed embryos of ZFP-1::FLAG
transgenic (Mansisidor et al., 2011; Avgousti et al., 2013) and
control nontransgenic strains were used to perform immuno-
precipitations with an antibody against FLAG followed by mass
spectrometry (MS) analysis of copurified proteins. We identified
DOT-1.1 (Y39G10AR.18), a putative H3K79 methyltransferase,
as a major interacting partner of both ZFP-1 isoforms (Figure S1A
and Table S1 available online).

The Dot1 methyltransferase in S. cerevisiae catalyzes the
methylation of H3K79 (reviewed in Khan and Hampsey, 2002),
and there is only one Dot1 enzyme in yeast, Drosophila, and
humans (Feng et al., 2002). However, the C. elegans genome
encodes five putative methyltransferases of the Dot1 family
(Feng et al., 2002), which we named DOT-1.1-DOT-1.5 (Fig-
ure S2). Like the human DOT1L protein, Y39G10AR.18, which
we named DOT-1.1, has an extended C-terminal region several
hundred amino acids (aa) long that is bare of known protein
domains and marked by low compositional complexity. No
such extended C-terminal region exists in the yeast enzyme
Dot1p or in C. elegans DOT-1.2-DOT-1.5. Using iterative
sequence searches with position-specific scoring (PSI-BLAST)
(Altschul et al., 1997), we were able to demonstrate the
conservation of a 190 aa core region within this C-terminal
portion of C. elegans Y39G10AR.18 across major metazoan
groups, including nematodes, vertebrates, insects, and sponges
(Figure S3).

The identification of DOT-1.1 as a ZFP-1 interacting partner is
consistent with the recent characterization of mammalian
DOT1L and AF10 complexes (Mohan et al., 2010a) and a re-
ported DOT1L interaction with MLL-AF10 (Okada et al., 2005).
We confirmed the interaction between C. elegans ZFP-1 and
DOT-1.1 by reciprocal coimmunoprecipitation experiments
(Figures 1A and S1B). The leucine zipper and octapeptide motifs
present in the C-terminal region of AF10 were previously
implicated in the interaction with DOT1L (Okada et al., 2005).
To test whether the interaction with DOT-1.1 occurs through
the C-terminal region of ZFP-1, we used transgenic worms
expressing the 200 aa N-terminal fragment of ZFP-1 fused to
FLAG (Avgousti et al., 2013) (Figure 1A, top) in coimmunopreci-
pitation experiments. Consistent with the results published for
AF10, only full-length ZFP-1::FLAG was found to interact with
the two DOT-1.1 isoforms (Figure 1A, bottom). We conclude
that, as in mammals, ZFP-1/AF10 and DOT-1.1 specifically
interact in nematodes through the C-terminal domain of ZFP-1,
which is conserved in metazoans.

ZFP-1 and DOT-1.1 Colocalize to Promoters of Highly
Expressed Genes

To find the endogenous target genes regulated by ZFP-1 and
DOT-1.1, we performed a genome-wide binding analysis of the
endogenous ZFP-1 and DOT-1.1 by ChIP-chip. We used anti-
bodies recognizing C-terminal portions of DOT-1.1 and ZFP-1
(Figure 1A) (Mansisidor et al., 2011; Avgousti et al., 2013) and
identified DNA sequences enriched in ChIP samples. Both
ZFP-1 and DOT-1.1 bind to the same genomic regions signifi-
cantly enriched at the promoters of target genes (Figures 1B,
1C, and S4A and Table S2). The target genes recognized by
both ZFP-1 and DOT-1.1 belong to the category of highly ex-
pressed genes (Figure S4B).

We confirmed that both DOT-1.1 and ZFP-1 localize to the
promoters of select target genes by ChIP quantitative PCR
(ChlP-gPCR; Figures 1D and S4C). Then, we determined
whether the zfp-1(0k554) loss-of-function mutation, which leads
to a truncated version of the protein lacking the C-terminal
domain essential for DOT-1.1 interaction (Figure 1A) (Cui et al.,
2006; Avgousti et al., 2013), affects DOT-1.1 localization to
chromatin. We found a strong decrease in DOT-1.1 binding to
the promoters of ZFP-1/DOT-1.1 target genes at the third
larval stage (L3) in zfp-1(ok554) (Figure 1D). These results indi-
cate that ZFP-1 enhances the binding of DOT-1.1 to chromatin.

The ZFP-1/ DOT-1.1 Complex Negatively Regulates the
Transcription of Its Targets

Our previous analysis of gene expression in the zfp-1(0k554)
mutant larva revealed that equal numbers of genes were upregu-
lated and downregulated in zfp-1(ok554) (Grishok et al., 2008).
Therefore, we asked how many up- and down-regulated genes
are direct ZFP-1 targets defined by ChIP-chip. We found that
genes expressed at higher levels in the mutant were very signif-
icantly enriched for ZFP-1 binding, whereas genes expressed at
lower levels in the mutant ware depleted of ZFP-1 binding (Fig-
ure 2A and Table S2). This analysis indicated that ZFP-1 is pref-
erentially involved in the negative regulation of highly expressed
genes during the larval stages of nematode development.

To further investigate the molecular mechanism of gene regu-
lation by ZFP-1/DOT-1.1, we selected a set of direct target
genes of ZFP-1/DOT-1.1 that are upregulated in zfp-1(ok554).
We confirmed the increase in the messenger RNA (mRNA) levels
in zfp-1(ok554) mutant larvae by quantitative RT-PCR (QRT-PCR;
Figure S5A, left). To assess whether the upregulation of the
target genes was at the transcriptional level, we measured the
pre-mRNA levels. We found a significant increase in the pre-
mRNA levels of the target genes in zfp-1(0k554) mutant larva
and did not find an increase in pre-mRNA of the control genes
(Figure S5A, right). Next, we performed Pol Il ChIP-gPCR exper-
iments with the 8WG16 antibody, which recognizes all Pol Il iso-
forms. We found a significant increase in Pol Il occupancy on the
ZFP-1/DOT-1.1 target genes in zfp-1(ok554) mutant larvae in
comparison to wild-type (WT) larvae (Figure 2B). The increase
was especially pronounced at the coding sequences of the
ZFP-1/DOT-1.1 target genes, which was in accordance with
the expression data.

To confirm that the increase in Pol Il occupancy reflected
active transcription and to extend our analyses genome wide,
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Figure 1. ZFP-1(AF10) and DOT-1.1 Interact and Colocalize to Promoters of Target Genes

(A) The truncated ZFP-1 protein similar to that present in the zfp-1(ok554) mutant strain does not interact with DOT-1.1. Top, a schematic of the two FLAG-tagged
WT ZFP-1 isoforms and a truncated ZFP-1 protein missing the C-terminal portion, which is identical to that present in the zfp-1(0k654) mutant. Bottom, western
blots with an antibody against DOT-1.1 and an antibody against ZFP-1 of total lysates (left) and proteins immunoprecipitating with an antibody against FLAG
(right) in indicated transgenic strains or WT nontransgenic worms, rightmost lanes.

(B) Venn diagram showing an overlap between ZFP-1 and DOT-1.1 target genes identified by ChIP-chip. A Fisher’s exact test was used for calculating p values for
overlaps.

(C) Example of a genomic region with ZFP-1 (top) and DOT-1.1 (bottom) ChIP-chip binding enrichment at the promoters of target genes (grey bars). Gene models
are based on the UCSC Genome Browser (WS220/ce10).

(D) ChIP-gPCR results with antibodies against DOT-1.1 in WT and zfp-1(0k554) demonstrating the role of ZFP-1 in recruiting DOT-1.1 to the promoters of the
target genes.

Here, and in the following figures, “P” after the gene name indicates promoter, and “C” after the gene name indicates coding region. The results of three
independent experiments are shown. Error bars represent SD.

See also Figures S1-S4.

we adapted the global run-on sequencing (GRO-seq) method,
which detects nascent transcripts (Core et al.,, 2008), to
C. elegans (see the Supplemental Experimental Procedures for
details). This genome-wide approach allowed us to precisely
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map the transcriptionally engaged Pol Il in WT and zfp-
1(0k554) mutant larvae. We detected 14,079 active genes in L3
larvae in our GRO-seq experiments (more than 68% of all
C. elegans genes). On the basis of annotated transcription
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start sites (TSSs) and transcription termination sites (TTSs),
we divided C. elegans genes into three regions: promoter
(from —600 TSSs to +200 TSSs), gene body (from +200 TSSs
to —200 TTSs), and gene end (from —200 TTSs to +400 TTSs).
Then, we quantified the relative GRO-seq signals. Although a
recent CapSeq analysis mapped the transcription start sites
more precisely (Gu et al., 2012), these TSSs still largely fall
within the —600 to +200 promoter bin, as defined above (Fig-
ures S4D-S4F). In zfp-1(ok554), we detected a global increase
in transcriptionally engaged Pol Il on ZFP-1 target genes in
comparison to nontarget genes along the entire portion of the
gene (Figures 2C and S5B). Also, we analyzed GRO-seq signals
at the 156 upregulated ZFP-1 target genes identified by microar-
ray (Figure 2A) and found a significant increase in transcription in
zfp-1(ok554) (Figure 2D), which confirmed our gene expression
analysis at the mRNA level. Altogether, these experiments sug-
gest that the recruitment of DOT-1.1 to promoters of highly ex-
pressed genes by ZFP-1 negatively regulates transcription.

The ZFP-1/DOT-1.1 Complex Contributes to an Increase
in Pol 1l Pausing on Essential Widely Expressed Genes
during Development

The functional annotation of ZFP-1 targets using the Gene
Ontology (GO) database revealed that these genes are associ-
ated with embryonic and larval development and the regulation
of growth rate (Figure 3A and Table S3). These same GO anno-
tations have been described for genes with paused RNA Pol I
(Muse et al., 2007; Zeitlinger et al., 2007; Gilchrist et al., 2010)
and high-occupancy target (HOT) genes defined by ChIP-chip
as the sites of increased occupancy by many transcriptional fac-
tors (Gerstein et al., 2010; Niu et al., 2011) (Figure 3A and Table
S3). Notably, HOT genes are broadly expressed (Gerstein et al.,
2010). Therefore, we compared a list of ZFP-1/DOT-1.1 target
genes with the sets of (1) genes with confirmed Pol Il stalling
(Zhong et al., 2010) and (2) annotated HOT genes (Gerstein
et al., 2010) (Table S2). We found a very significant overlap be-
tween these datasets (Figure 3B), suggesting that ZFP-1 may
contribute to gene expression regulation by affecting Pol |l stall-
ing on broadly expressed genes. Genes classified as transcrip-
tionally stalled and HOT genes also mutually overlapped
(Figure 3C).

We also compared the above gene sets with the list of
C. elegans genes that are essential for embryonic and larval
development and growth, as shown by genome-wide RNAI
experiments (Kamath et al., 2003) (Table S2). We found a very
significant overlap with ZFP-1/DOT-1.1 targets and Pol ll-stalled
and HOT genes (Figure 3D), suggesting that genes essential
for developmental processes may be transcriptionally regulated
by ZFP-1/DOT-1 through the effect on Pol Il elongation.

Next, we performed experiments aimed at testing these pre-
dictions. We analyzed the enrichment of Pol Il at the promoters
relative to the coding regions of ZFP-1 target genes by ChIP-
gPCR (Figure 4A, left); i.e. we determined the Pol Il pausing
index. Then, we selected genes to be analyzed from the list of
ZFP-1/DOT-1.1 targets, some of which also belonged to the lists
of Pol ll-stalled genes (Zhong et al., 2010) (Figure 4A, center) or
HOT genes (Gerstein et al., 2010) (Figure 4A, center and right).
We found a significant level of Pol Il pausing on the genes tested,

and, most importantly, it was affected by the zfp-1(0k554) muta-
tion (Figure 4A), indicating that DOT-1.1 recruitment by ZFP-1 to
the promoters of these genes can modulate their transcription.

Given that ChIP-gPCR cannot indicate whether Pol Il is
engaged in transcription, we analyzed the regulation of the
ZFP-1 target genes with stalled polymerase by GRO-seq to
determine whether there is pausing in active transcription. The
pausing indexes for GRO-seq data were calculated as the log2
of the ratio between promoter and gene-body-normalized reads.
Pol Il transcription at the ZFP-1 target gene was considered
paused if the pausing index was 1 or higher. This defined 331
genes (Table S2), including 14 genes from the group of 156
ZFP-1 targets found upregulated by the microarray. Next, we
determined the change in Pol Il pausing index in zfp-1(ok554)
in comparison to WT worms and found a significant decrease
in Pol Il pausing on ZFP-1 targets (Figure 4B, top left). Impor-
tantly, the decrease in Pol Il pausing was due to a significant
reduction of the transcriptionally engaged Pol Il at promoters
(Figure 4B, top right) and a concomitant increase on gene bodies
and gene ends (Figure 4B, bottom). These results suggest that
the ZFP-1/DOT-1 complex negatively modulates the escape of
paused Pol Il into productive elongation.

Because the genes negatively regulated by ZFP-1/DOT-1.1
are not inactive but, instead, are highly transcribed and essential
during embryonic and larval development, we considered the
possibility that the level of transcription of these genes needs
to be developmentally regulated, perhaps by modulating the
level of Pol Il pausing. Therefore, we used modENCODE Pol II
ChiIP-seq data to analyze Pol Il-stalled genes (Zhong et al.,
2010) at different developmental stages from early embryo to
L3 larva and found a global increase in Pol Il ChIP signal around
the TSSs of these genes over the course of C. elegans develop-
ment (Figures 4C and S6A). We also detected a peak of GRO-
seq signals corresponding to Pol Il enrichment (Figures 4C and
S6B), which indicates that Pol Il is engaged in transcription.
We confirmed these results by Pol Il ChIP-gPCR comparing
the mixed embryo stage and L3 worms (Figure 4D). Importantly,
the increase in Pol Il pausing in L3 stage worms (Figure 4D) was
correlated with a decrease in the mRNA levels (Figure 4E) and
with an increase in DOT-1.1 occupancy at the promoters
(Figure S6C). These data suggest that the escape of Pol Il into
elongation is regulated during development, most likely to
ensure the precise transcriptional level of essential active
genes, and that the ZFP-1/DOT-1.1 complex contributes to
this developmental regulation of transcription.

The ZFP-1/DOT-1.1 Complex Promotes Pol Il Pausing
during Heat Shock

Regulation of transcription by pause release of Pol Il can be
faster than regulation through the assembly of preinitiation com-
plexes at the promoter (reviewed in Levine, 2011). Indeed, induc-
ible heat shock genes were among the first in which this type of
regulation has been demonstrated (reviewed in Guertin et al.,
2010). Given that the inhibition of Pol Il elongation has been
observed in C. elegans during starvation and no mechanisms
have been found to account for it (Baugh et al., 2009), we consid-
ered the possibility that ZFP-1/DOT-1.1 could regulate Pol I
dynamics during stress. We analyzed the lists of genes where
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(A) Gene Ontology analysis of ZFP-1 targets, HOT
genes (Gerstein et al., 2010), and genes with
stalled Pol Il (Zhong et al., 2010). Data sets listing
Pol Il stalling in the embryo and in the L1 (see Table
S2) were combined for statistical analyses. The
top enriched functional categories are shown.
See Table S3 for complete functional enrichment
analysis.

(B) Venn diagrams showing overlaps between
ZFP-1 targets and (1) genes with Pol Il stalling (top)
or (2) HOT genes (bottom).

(C) Venn diagram demonstrating an overlap be-
tween HOT genes and genes with stalled Pol Il.
(D) Statistical analysis showing the enrichment
of Pol ll-stalled genes, HOT genes, and ZFP-1
targets among essential gene sets identified
by genome-wide RNAi (Kamath et al., 2003).
Fisher's exact test was used for calculating
p values.
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(1) Pol Il accumulated at the promoters upon starvation of
C. elegans larva and (2) where Pol Il enrichment at the promoters
occurred after feeding and recovery (Baugh et al., 2009). We
found that only the first set of genes was enriched in ZFP-1/
DOT-1.1 targets (Figure 5A and Table S2). This analysis suggests
that ZFP-1/DOT-1.1 may promote transcriptional inhibition upon
stress. Consistent with this suggestion, we have recently
described the stress sensitivity of the zfp-1(0k554) mutant and
demonstrated that increased transcription of the ZFP-1 target
gene pdk-1, a component of a conserved insulin-signaling
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of genes that are inhibited upon starva-

tion (Baugh et al., 2009). Therefore, we
used pdk-1 and ifg-1 genes as models to investigate the possible
role of ZFP-1/DOT-1.1 in promoting transcriptional inhibition
during stress. We confirmed that both pdk-1 and ifg-1 are down-
regulated upon heat shock treatment (Figures S7A-S7C) and
performed Pol Il and DOT-1.1 ChIP-gPCR experiments in worms
grown at either 20°C or after heat shock. We found a significant
increase in Pol Il pausing on both pdk-1 and ifg-1 genes after
heat shock treatment (Figure 5B). This increase was accompa-
nied by a significant enrichment of DOT-1.1 at the promoters
of these genes (Figure 5C). We conducted the same experiments

Figure 2. ZFP-1 and DOT-1.1 Inhibit Transcription

(A) Venn diagrams demonstrating an enrichment of ZFP-1 ChIP-chip targets among genes expressed at a higher level in the zfp-1(0k554) mutant larvae, but not
among genes expressed at a lower level (Grishok et al., 2008). A Fisher’s exact test was used for calculating p values for overlaps.

(B) Pol Il occupancy analysis on ZFP-1 target genes and control nontarget genes by ChIP-qgPCR in WT and zfp-1(0k554) mutant L3 larvae. The results of three
independent experiments are shown. Error bars represent SD. * indicates a significance of p < 0.05, and ** indicates p < 0.01 in comparison WT larvae according
to a Student’s t test.

(C) Top, cumulative distribution plots of GRO-seq data presented as in Core et al., 2012, and showing the overall effect of zfp-1(0k554) mutation on polymerase
density at ZFP-1 target (colored lines) and nontarget genes (black lines). The transcriptome was divided into promoters (—600 bp TSSs, +200 bp TSSs), gene
bodies (+200 bp TSSs, —200 bp TTSs), or gene ends (—200 bp TTSs, +400 bp TTSs). Bottom, the average of the log2 ratio between zfp-1(ok554) and WT
normalized reads for promoter, gene body, and gene end. Error bars represent a 95% confidence interval for the mean. Two-tailed p values show the statistical
significance of difference between ZFP-1 target (colored bars) and nontarget (black bars) means.

(D) GRO-seq analysis performed as in (C) considering the 156 ZFP-1 target genes found upregulated in zfp-1(ok554) by microarray versus all genes.

See also Figure S4 and S5.
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Figure 4. Increased Pausing of Pol Il Is Accompanied by a Decrease in Gene Expression of ZFP-1/DOT-1.1 Targets during Development
(A) Pol Il pausing index, as measured by the ratio of Pol Il ChIP-gPCR signals at the promoter and coding region, at ZFP-1 target genes in WT larvae and
zfp-1(0k554). A 3-fold increase in the Pol Il promoter occupancy in comparison to the coding region was considered to be the lower threshold of Pol Il pausing.
Some genes shown were previously annotated as Pol Il stalled (Zhong et al., 2010) and/or HOT (Gerstein et al., 2010). The results of three independent
experiments are shown. Error bars represent SD. * indicates a significance of p < 0.05, and ** indicates p < 0.01 in comparison to WT larvae.

(B) Top, cumulative distribution plots of GRO-seq data (as in Figures 2C and 2D) showing the effect of the zfp-1(0k554) mutation on 331 ZFP-1 target genes
with paused Pol Il. Bottom, the average of the log2 ratio between zfp-1 (0k554) and WT normalized reads for pausing index, promoter, gene body, and gene end.

(legend continued on next page)
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in the zfp-1(ok554) mutant animals and observed a reduced
recruitment of DOT-1.1 upon heat shock and a reduction in Pol
Il pausing that did not reach the same levels as in WT worms
upon stress (Figures 5B and 5C). Altogether, these experiments
demonstrate that ZFP-1 and DOT-1.1 contribute to transcrip-
tional inhibition of genes by promoting Pol Il pausing upon stress.

ZFP-1/DOT-1.1 Inhibit Pol Il Elongation by Antagonizing
H2B Ubiquitination

From studies in yeast and mammalian cells, it is known that the
Paf1 complex association with Pol Il during an early elongation
step facilitates histone H2B monoubiquitination through the
action of Rad6 ubiquitin-conjugating enzyme and Bre1 ubiquitin
ligase (reviewed in Osley et al., 2006, Shilatifard, 2006, Weake
and Workman, 2008, and Braun and Madhani, 2012). H2Bub1
was preferentially found at transcribed regions of highly ex-
pressed genes in human cells (Minsky et al., 2008) and was
shown to have a positive role in enhancing transcriptional elon-
gation in vitro (Pavri et al., 2006) and in vivo (Fleming et al.,
2008; Batta et al., 2011).

Interestingly, a decrease in DOT1L interaction with endoge-
nous AF10 in the leukemia cell line that expresses dominant
CALM-AF10 fusion was correlated with a global increase in
H2Bub1 (Darwanto et al., 2010). This suggests that DOT1L
recruitment to chromatin by AF10 can antagonize global
deposition of H2Bub1. These observations prompted us to
investigate the possible connection between ZFP-1/DOT-1.1
and the H2B ubiquitination pathway.

The regulation of H2B monoubiquitination has not been
explored in C. elegans, although the interaction between the
C. elegans Bre1 homolog RFP-1 and Rad6 homolog UBC-1
has been demonstrated (Crowe and Candido, 2004). We de-
tected monoubiquitinated H2B in C. elegans extracts (Figure 6A),
and, importantly, the level of H2Bub1 was reduced in the
worms treated with RNAI against rfp-1 (Figure 6A). This confirms
that H2B ubiquitination by Bre1 is conserved in C. elegans. Then,
we tested whether the expression of ZFP-1/DOT-1.1 target
genes was influenced by H2B ubiquitination. We performed
gRT-PCR in worms treated with rfp-7 RNAi and control RNAI
and found a significant decrease in the mRNA levels of the
ZFP-1/DOT-1.1 target genes upon rfp-1 downregulation,
whereas the expression of genes not bound by ZFP-1/DOT-
1.1, such as aquaporin (agp-1), did not depend on rfp-1 (Fig-
ure 6B). These results are consistent with an active role of H2B
ubiquitination in promoting transcription and also highlight the
point that not all genes are equally dependent on this chromatin

modification for their expression. In order to confirm that the
ZFP-1/DOT-1.1 target genes are the direct targets of H2B ubig-
uitination, we performed H2Bub1 ChIP-gPCR. We observed
an enrichment of this chromatin mark on the ZFP-1/DOT-1.1
target genes in comparison to the nontargets that were ex-
pressed at similar high levels (Figure 6C). The H2Bub1 was
enriched on the body of the genes and also present at the
promoters, which was in agreement with previous studies in
other species (Pavri et al., 2006; Fleming et al., 2008).

Next, we tested whether the recruitment of DOT-1.1 by ZFP-1
could antagonize the accumulation of H2Bub1 on their target
genes while promoting H3K79 methylation. First, we performed
ChIP-gPCR to detect H3K79 methylation. We found enrichment
in H3K79 methylation at the promoters and coding regions of
ZFP-1/DOT-1 target genes, and, most importantly, we found a
reduction in H3K79 di- and tri-methylation in the zfp-1(ok554)
mutant, suggesting that DOT-1.1 has the predicted H3K79 meth-
yltransferase activity (Figure 6E). Next, we compared the global
levels of H2Bub1 by western blotting with protein extracts from
zfp-1(ok554) mutant and WT larvae and found a global increase
in H2Bub1 in zfp-1(0k554) mutant (Figure 6D). Then, we per-
formed H2Bub1 ChIP-gPCR on ZFP-1/DOT-1.1 target genes
and detected a significant increase in H2Bub1 in zfp-1(0k554)
mutants in comparison to WT worms, especially on the coding
region of the genes (Figure 6C). These results are consistent
with the observed increase in Pol Il transcriptional elongation at
the target genes in zfp-1(0k554) mutants described earlier.
Finally, in order to determine whether the increased transcription
of ZFP-1 target genes in the zfp-1(0k554) mutant was dependent
on the increase in H2Bub1, we knocked down rfp-71 by RNAI in
WT and zfp-1(ok554) mutant worms and found that reducing
RFP-1 activity indeed suppressed the elevated levels of tran-
scription seen in the zfp-1(0k554) mutant (Figure 7A). We pro-
pose that the ZFP-1/DOT-1.1 complex is a part of a negative
feedback mechanism modulating the transcription of highly
expressed genes enriched in H2B ubiqutination (Figure 7B).

DISCUSSION

Relevance of the C. elegans System for Studies

of Transcriptional Regulation by Mammalian AF10

and DOT1L

Our discovery of the overwhelming negative effect of ZFP-1 on
gene expression was unexpected, given the known connection
between H3K79 methylation and transcriptional activation of
MLL-AF10 target genes (Okada et al., 2005).

Error bars represent a 95% confidence interval for the mean. The two-tailed p value indicates the statistical significance of the difference in means between

paused ZFP-1 target genes (colored bars) and all genes (black bars).

(C) An example of gene with progressive pausing of Pol Il during development. Top four tracks: Pol Il occupancy in early embryos (EEMB), late embryos (LEMB),
and L2 larva and L3 larva (based on the Pol Il ChlP-seq data available from modENCODE). Other tacks show DOT-1.1 and ZFP-1 binding identified by ChIP-chip
(modENCODE) and GRO-seq normalized reads in WT and zfp-1(ok554). Gene models are based on the University of California, Santa Cruz, Genome Browser

(ce06): bet-2 (F57C7.1b (top) and F57C7.1a (bottom).

(D) Pol Il pausing index at indicated genes in the mixed embryo (blue) and in the L3 larvae (red). The results of two independent experiments are shown. Error bars
represent SD. * indicates a significance of p < 0.05, and ** indicates p < 0.01 in comparison to the embryo stage.

(E) Expression of the indicated genes in the mixed embryo (blue) and L3 larvae (orange) relative to act-3 mRNA expression as measured by qRT-PCR. The results
of two independent experiments are shown. Error bars represent SD. * indicates a significance of p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.005 in

comparison to the embryo stage.
See also Figure S6.
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Figure 5. ZFP-1 and DOT-1.1 Stimulate Pol Il Pausing on Environmentally Regulated Genes during Stress

(A) Venn diagrams illustrating overlaps between ZFP-1 targets and genes regulated by Pol Il stalling during starvation (left) or after recovery from starvation (right)
according to Baugh et al., 2009. A Fisher’s exact test was used for calculating the p values for overlaps.

(B) Increase in Pol Il pausing upon heat shock on pdk-1 and ifg-1 (elF4G) genes in WT larvae and zfp-1(ok554). The results of three independent ChIP-gPCR
experiments are shown. Error bars represent SEM. * indicates a significance of p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.005 in comparison to the WT
larvae grown at 20°C or upon heat shock (HS).

(C) Increase in DOT-1.1 occupancy upon HS at the promoters of pdk-1 and ifg-1 (elF4G) genes in WT larvae and zfp-1(ok554). The results of three independent
ChIP-gPCR experiments are shown. Error bars represent SEM. * indicates a significance of p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.005 in
comparison to the WT larvae grown at 20°C or upon HS.

See also Figure S7.

Because H3K79 methylation is often associated with active it was commonly believed that DOT1L promotes transcriptional

transcription and many proteins coimmunoprecipitating with  elongation, but this notion is changing in light of new results
DOT1L were also found in the super elongation complex (SEC), (reviewed in Mohan et al., 2010b). The fact that the DOT1L
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Figure 6. H2B Monoubiqutination Promotes the Transcription of ZFP-1 Target Genes and Is Suppressed by ZFP-1

(A) Western blot demonstrating that inhibition of C. elegans Bre1 homolog rfo-1 by RNAI leads to a decrease in H2B ubiqutination. Hereafter, H2B western and
Ponceau S staining of the membrane are shown as loading controls.

(B,C, and E) * indicates a significance of p < 0.05, ** indicates p < 0.01, and *** indicates p < 0.005 in comparison to corresponding controls.

(B) Expression of ZFP-1 target genes is decreased in rfp-1(RNAJ) animals as measured by qRT-PCR. act-3 mRNA expression is used as an internal control. The
results of two biological replicas are shown. Error bars represent SD.

(C) The level of H2Bub1 is increased on ZFP-1 target genes in the zfp-1(0k554) mutant. The results of two independent ChIP-gPCR experiments are shown.
Error bars represent SD.

(D) Western blot demonstrating a global increase in H2Bub1 in zfp-1(ok554).

(E) The level of H3K79me2 and H3K79me3 is decreased on ZFP-1 target genes in the zfp-1(0k554) mutant. The results of two independent ChIP-gPCR
experiments are shown. Error bars represent SD.
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Figure 7. H2Bub1 Is Required for Increased Expression of ZFP-1/
DOT-1.1 Target Genes in zfp-1(ok554), Consistent with a Negative
Feedback Model between H2Bub1 and H3K79me

(A) Increased expression of ZFP-1 target genes in zfp-1(o0k554) larvae is
suppressed by rfpo-1(RNAI). act-3 mRNA expression is used as an internal
control. The results of three independent experiments are shown. Error
bars represent SD. * indicates a significance of p < 0.05, ** indicates p < 0.01,
and ** indicates p < 0.001 in comparison to corresponding controls.

(B) A model illustrating the proposed relationship between H2Bub1, ZFP-1/
DOT-1.1, and transcription.

complex (DotCom) is distinct from SEC is becoming evident
(Lin et al.,, 2010; Mohan et al., 2010a; Biswas et al., 2011;
He et al., 2011). Moreover, DOT1L was found to inhibit the tran-
scription of the HIV-1 LTR-luciferase reporter in HelLa cells
(He et al., 2011). Also, there are several examples where
H3K79 methylation at the promoter was correlated with a
repressed state of the gene in mammals (Zhang et al., 2006;
Buttner et al., 2010; Yu et al., 2010).
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Here, we identify natural biological targets of the ZFP-1/DOT-
1.1 complex during C. elegans development genome wide. Our
experimental system uses whole animals and reveals the role
of ZFP-1/DOT-1.1 in a global negative modulation of highly
and widely expressed genes, such as cyclin E, translation factor
genes, which are involved in actin metabolism and microRNA
function, and other essential genes. The precise control of
global regulators, including ZFP-1 itself, is critical for the proper
development and fitness of animals. Previously, we have shown
that a 2-fold increase in cyclin E mRNA levels leads to a large
effect on nuclear divisions in the intestine of C. elegans (Grishok
and Sharp, 2005), whereas a 2- to 4-fold increase in the
abundance of 3-phosphoinositide-dependent kinase 1 (pdk-1)
mRNA leads to reduced lifespan and impaired resistance to
oxidative stress (Mansisidor et al., 2011).

Our results suggest the possibility that the leukemic fusions
of AF10, MLL-AF10 and CALM-AF10, titrate DOT1L away from
the endogenous targets that it normally inhibits, such as cyclin
E, whose increased expression may contribute to cancer
progression.

Regulation of Pol Il Pausing by Chromatin Factors
in Metazoans
Early studies of gene regulation have focused primarily on RNA
Pol Il recruitment to promoters followed by preinitiation complex
assembly. However, transcription is also regulated at subse-
quent steps, such as transcriptional elongation and termination
(reviewed in Guertin et al., 2010, Levine, 2011, and Nechaev
and Adelman, 2011). Highly expressed genes that are critical
for development and cell growth and stimulus-responsive regu-
latory pathways are most affected by RNA polymerase pausing
(Gerstein et al., 2010; Gilchrist et al., 2010). The regulation of
Pol Il pausing requires the coordinated activity of positive and
negative elongation factors, such as the DRB sensitivity-
inducing factor and negative elongation factor (NELF) (Muse
et al., 2007; Gilchrist et al., 2010; Rahl et al., 2010). In addition,
a possible role of chromatin factors in Pol Il pausing has been
recently proposed (Gilchrist and Adelman, 2012). Because high
levels of promoter accumulation of Pol Il have been observed
in the C. elegans embryo (Zhong et al., 2010) and in L1 larva
(Baugh et al., 2009; Zhong et al., 2010) and because nematodes
lack NELF homologs in their genome, they represent an excellent
model for finding additional conserved mechanisms that regu-
late Pol Il pausing. Here, we provide evidence that the ZFP-
1(AF10)/DOT-1.1 complex serves this role.

Given that both ZFP-1 and DOT-1.1 are conserved from nem-
atodes to humans, we propose that their homologs may have a
similar effect on transcription in other metazoans.

Dynamic Regulation of H2B Ubiquitination and H3K79
Methylation

The requirement of H2Bub1 for H3K79me was first demon-
strated in yeast in studies using strains deficient for H2Bub1,
which also lacked H3K79 and H3K4 methylation (Briggs et al.,
2002; Ng et al., 2002; Wood et al., 2003). This histone “crosstalk”
is conserved in higher eukaryotes (reviewed in Osley et al., 2006,
Shilatifard, 2006, and Weake and Workman, 2008). However,
the reverse is not true—i.e., H2Bub1 is not dependent on the
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methylation of H3K79 (Ng et al., 2002). Moreover, H2Bub1 is
much less stable than H3 methylation marks and is dynamically
regulated during transcription through the action of the deubi-
quitinating enzymes Ubp8 and Ubp10 (Schulze et al., 2011).

We have demonstrated the antagonistic relationship between
H2Bub1 and H3K79me in connection to transcription of ZFP-1
target genes (Figure 7). The precise mechanism of the inverse
correlation between H2Bub1 and H3K79me on ZFP-1/AF10
target genes requires additional investigation. We believe that
our findings in C. elegans provide unexpected directions for
mechanistic studies of the modulation of transcriptional elonga-
tion, which is highly relevant to animal development and human
disease.

EXPERIMENTAL PROCEDURES

Strains

Strains were maintained at 20°C with standard methods (Brenner, 1974)
unless otherwise noted. Bristol N2 was the WT strain used. All other alleles
are listed in the Supplemental Experimental Procedures. For the heat shock
treatments, synchronous populations of worms were grown for 36 hr
posthatching at 20°C on OP-50 E. coli at a density of approximately 100,000
animals per 15 cm Petri dish and incubated at 32°C for 4 hr.

Immunoprecipitation and Mass Spectrometry

Details of the immunoprecipitation (IP) and MS experiments are described
in the Supplemental Experimental Procedures. In brief, mixed embryos
were suspended in the extraction buffer and sonicated. Protein extracts
were spanned and incubated with an antibody, and immune complexes
were precipitated with IgG Dynabeads (Invitrogen). For MS analyses, five
IP samples were pulled together and resolved on SDS gels. Gels were
stained with SilverSNAP (Thermo Scientific), and bands were excised
and sent to Midwest Bio Services for MS analysis. The antibodies used
were anti-FLAG M2 (Sigma-Aldrich) and anti-DOT-1.1 (modENCODE,
SDQ4129_Y39G10AR18).

Western Blotting

C. elegans proteins were extracted as described for IP except that, for histone
proteins, the extraction buffer contained 1 M NaCl, and the extract
was resolved on precast NUPAGE Novex 12% Bis-Tris gels (Invitrogen).
The proteins were transferred to a nylon membrane with a semidry
transfer (BioRad) at a constant current of 0.12 A for 30 min. The antibodies
used were anti-H2B (Abcam, ab-1790), anti-H2Bub1 (Millipore, 05-1312),
anti-ZFP-1 C-terminal antibody (modENCODE, JLO0006_ZFP1), anti-
N-terminal ZFP-1 (modENCODE, SDQ3517_ZFP-1), anti-DOT-1.1 (SDQ4129_
Y39G10AR18), anti-IFG-1 (E6 23, generously provided by B. Keiper,), anti-
actin (Millipore, MAB1501R), anti-mouse IgG HRP labeled (PerkinElmer), and
anti-rabbit IgG HRP labeled (PerkinElmer).

Chromatin Immunoprecipitation
ChIP was performed as described in Mansisidor et al., 2011. Details of the
experiments are described in the Supplemental Experimental Procedures.

modENCODE Protocols
The protocols used for generating ZFP-1 and DOT-1.1 (Y39G10AR.18) ChIP-
chip data and data sets can be found at http://www.modencode.org/lieb.

GRO-Seq

GRO-seq experiments were performed as described in Core et al., 2008, with
some modifications. Details are described in the Supplemental Experimental
Procedures.

RNA Extraction and qRT-PCR

RNA extraction and qRT-PCR was performed as in Mansisidor et al., 2011,
with the exception that synchronous populations of worms were grown for
36 hr posthatching at 20°C on OP-50 E. coli at a density of approximately
100,000 animals per 15 cm Petri dish.

RNAi

Synchronous populations of L1 animals were grown at 20°C on plates seeded
with bacteria that produced double-stranded RNA of interest and collected at
L3 stage 36 hr posthatching.

Data Analysis

Gene list overlaps were analyzed as described previously (Grishok et al., 2008;
Mansisidor et al., 2011). Additional information about the data analysis is
provided in the Supplemental Experimental Procedures.

ACCESSION NUMBERS

The Gene Expression Omnibus accession number for the GRO-seq data
generated with WT L3 and zfp-1(0k554) mutant larvae is GSE47132.

SUPPLEMENTAL INFORMATION

Supplemental Information contains Supplemental Experimental Procedures,
seven figures, and three tables and can be found with this article online at
http://dx.doi.org/10.1016/j.molcel.2013.06.002.
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