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In preparation for dramatic morphogenetic events of gastrulation, rapid embryonic cell cycles slow at the Mid-Blastula 8 
Transition, MBT.   In Drosophila melanogaster embryos, downregulation of Cdk1 activity initiates this slowing by delaying 9 
replication of satellite sequences and extending S phase. We found that Cdk1 inhibited the chromatin association of Rif1, a 10 
candidate repressor of replication.  Furthermore, Rif1 bound selectively to satellite sequences following Cdk1 11 
downregulation at the MBT. In the next S phase, Rif1 dissociated from different satellites in an orderly schedule that 12 
anticipated their replication. Rif1 lacking potential phosphorylation sites failed to dissociate and dominantly prevented 13 
completion of replication. Loss of Rif1 in mutant embryos shortened the post-MBT S phase, and rescued embryonic cell 14 
cycles disrupted by depletion of the S phase-promoting kinase, Cdc7. Thus, Drosophila Rif1 mediates the MBT extension of 15 
S phase and functionally interacts with S phase promoting kinases to introduce a replication-timing program. 16 

 17 
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INTRODUCTION 20 

Eukaryotic DNA replication begins at many locations throughout the genome known as origins. Different origins 21 
initiate at different times during S phase on a schedule governed by an elusive replication timing program. The time it takes 22 
to duplicate the genome, the length of S phase, is set by the time when the last sequence completes replication. For over 50 23 
years, the field has appreciated that late-replicating sequences are found in the compacted portion of the genome known as 24 
heterochromatin (Lima-De-Faria 1959; Lima-De-Faria and Jaworska 1968; Taylor 1960). Late replication is presented as a 25 
general property of heterochromatin, but how this property arises is unknown (Lima-De-Faria and Jaworska 1968).  26 
Additionally, embryonic development of many animals features dramatic modifications of replication timing (Graham and 27 
Morgan 1966; Snow 1977; Stepinska and Olxanska 1983; Hiratani et al. 2008).  In Drosophila, the length of S phase changes 28 
by over 50 fold during development (Blumenthal et al. 1974; Neufeld et al. 1998; Milan et al. 1996). How such alterations are 29 
made is unclear.  30 

 As worked out in yeast, the process of origin initiation involves a sequence of conserved biochemical steps that 31 
convert an origin into a bidirectional replication fork (Tanaka and Araki 2013; Yeeles et al. 2015). Origins are first licensed for 32 
replication through the loading onto dsDNA of two hexameric MCM2-7 helicase complexes. The resulting head to head 33 
double hexamer is known as a pre-Replicative Complex (pre-RC). Activation of the pre-RC requires the coordinated assembly 34 
of a multiprotein complex called a replisome. Activation, also referred to as firing, is led by the action of two conserved cell 35 
cycle kinases: a CDK (cyclin-dependent kinase) and a DDK (Dbf4-dependent kinase) (Labib 2010). CDK and DDK are recruited 36 
to pre-RCs where they phosphorylate essential substrates to initiate the transformation of the pre-RC into functional 37 
replication forks (Tanaka et al. 2006; Zegerman and Diffley 2006; Sheu and Stillman 2010).  Temporal aspects of the cell cycle, 38 
and local chromatin structure are thought to influence this step to govern the replication-timing program (Rhind and Gilbert 39 
2013).  Multiple studies have identified a number of pathways contributing to replication timing including local factors, such 40 
as histone modifications (Vogelauer et al. 2002; Schübeler et al. 2002; Aggarwal and Calvi 2004) and chromatin binding 41 
proteins (Makunin et al. 2002; Knott et al. 2012), and global factors, such as the competition among origins for limited 42 
replication components (Tanaka et al. 2011; Mantiero et al. 2011). How different factors contribute to the length of S phase 43 
and the phenomenon of late replication has been difficult to resolve likely due to their redundant effects in differentiated 44 
cells.  45 

 In light of these issues, the embryo provides a unique context in which to study the control of S phase duration 46 
because development profoundly changes it. Historically, the study of cell cycle timing has focused on the G1/S and G2/M 47 
transitions, but the early embryonic cell cycles lack gap phases and it is the duration of S phase that changes (McCleland et al. 48 
2009; Shermoen et al. 2010). In the Drosophila melanogaster embryo, these specialized cell cycles are maternally 49 
programmed, synchronous, and occur in the absence of cell membranes. During the first 9 nuclear cycles S phase completes 50 
in as little as 3.4 min (Blumenthal et al. 1974), and nuclei remain deep within the embryo. Beginning in cycle 10 the nuclei 51 
reach the surface of the embryo forming the blastoderm. During cycles 11-13 the length of S phase gradually increases to 13 52 
min. At the next cell cycle, the 14th, the embryo begins a conserved developmental period known as the Mid-Blastula 53 
Transition (MBT) when numerous changes occur: interphase, which extends dramatically, has an S phase 14 that lasts 70 54 
minutes and it is followed by the first G2 (summarized in Figure 1A) (Farrell and O'Farrell 2014; Yuan et al. 2016). After G2 of 55 
cycle 14, cells enter mitosis in a patterned program controlled by zygotic transcription (Edgar and O’Farrell 1989 and 1990). 56 
Our focus is on the changes that occur to the DNA replication program at the MBT, and on how these changes are introduced.  57 

 Prior work has shown that the prolongation of S phase at the MBT is caused by reduced synchrony in replication 58 
timing (Shermoen et al. 2010). During the pre-blastoderm cycles all regions of the genome begin and end replication together 59 
resulting in a short S phase. Even the 30% of the genome composed of blocks of repetitive DNA known as the satellite 60 
sequences, which are considered to be constitutively heterochromatic, lack the marks of heterochromatin and replicate early.  61 
During S phases 11-13, the satellite sequences experience progressively modest delays in replication timing. Then, these 62 
satellites experience major delays in S phase 14 in which a succession of different satellites begin and complete replication on 63 
a protracted schedule. Thus, onset of late replication causes the pronounced increase in the S phase duration.   Following 64 
their late replication in cycle 14, the satellite sequences become heterochromatic and late replication will be a characteristic 65 
feature of heterochromatic satellites for the rest of development.  66 

Uncovering how late replication develops will improve our understanding of what has been a widespread, but 67 
mysterious feature of DNA replication. We know that the onset of late replication in the embryo follows a time-course that is 68 
unrelated to appearance of other features of heterochromatin such as compaction, which is already evident in earlier cell 69 
cycles, or HP1 recruitment, which occurs after replication in cycle 14, or H3K9 methylation, which accumulates continuously 70 
and slowly over the course of interphase 14 (Shermoen et al. 2010; Yuan and O'Farrell 2016). Previous work demonstrated 71 
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that activity of the Cdk1 kinase is a key determinant of the duration of S phase in the early embryo (Farrell et al. 2012). 72 
Persistent S phase Cdk1 activity during the shorter pre-MBT cycles drives heterochromatin to replicate early, and it is the 73 
programmed downregulation of Cdk1 occurring at the MBT that allows the onset of late replication. However, it is unclear 74 
how the embryo interprets the activity of Cdk1 to produce this dramatic prolongation of S phase.  75 

Here we focus on the conserved protein Rif1 because recent work in yeast and vertebrate cells indicates that Rif1 76 
can regulate the timing of origin firing (Hayano et al. 2012; Cornacchia et al. 2012; Yamazaki et al. 2012). Rif1 interacts with 77 
the protein phosphatase PP1 through conserved sites and recruits PP1 to chromatin where it can play roles in telomere 78 
biology, DNA damage responses and control of replication (Mattarocci et al. 2016).  Several studies in yeast, and more 79 
recently in vertebrates, suggest that Rif1 recruited PP1 opposes the action of DDK by dephosphorylating this kinase’s 80 
essential substrate, the MCM helicase complex (Mattarocci et al. 2014; Davé et al. 2014; Hiraga et al. 2014; Alver et al. 2017). 81 
In support of this model, deletion of yeast rif1 can partially rescue viability to lethal mutants of cdc7 or dbf4 (Hayano et al., 82 
2012).   How Rif1 is itself inhibited during S phase, thereby allowing late origins to initiate, is unclear, although the 83 
involvement of DDK and CDK has been suggested. Additionally, how Rif1 contributes to developmental changes in replication 84 
timing is unknown. Our results describe how Rif1 connects the activity of Cdk1 to the length of the embryonic S phase, and 85 
provides new insights into the regulation of Rif1 during the cell cycle, and during development.   86 

 87 

 88 

RESULTS 89 

Rif1 binds to compacted foci of satellite sequences as the length of the embryonic S phase increases  90 

 Due to the stereotyped nature of the embryonic cell cycles, live imaging of fluorescently tagged proteins can be 91 
especially informative. We used CRISPR-Cas9 genome editing to tag the endogenous Rif1 protein with EGFP at its C-terminus 92 
(Supplemental Figure 1). Rif1 is maternally provided (Supplemental Figure 1C), and is widely distributed during the first 6 93 
hours of embryogenesis and thereafter shows increasingly tissue-limited expression (Sreesankar et al. 2015).   94 

 Given ubiquitous presence of Rif1 protein in the early embryo, regulation of its activity ought to underlie any 95 
developmental or cell cycle modulations of Rif1 function at this stage. If Rif1 acts to delay the replication of heterochromatin, 96 
then we would expect the protein to be recruited to satellite sequences when the replication of these sequences is delayed in 97 
cycle 14. The satellite sequences form compacted regions of chromatin that can be visualized as discrete bright foci of DAPI 98 
stained DNA (Figure 1B).  These compacted foci of chromatin first acquire heterochromatic marks during cycle 14, but, given 99 
the absence of G1 in this cycle, a program for their delayed initiation must already be in place at the beginning of interphase 100 
14 (Shermoen et al. 2010; Yuan and O'Farrell 2016). In S phase 14, Rif1 was bound to many foci of compacted chromatin, 101 
while in the following G2 phase the heterochromatin lacked Rif1 staining (Figure 1). Live imaging of Rif1-EGFP embryos 102 
(Movie 1) during early embryogenesis revealed the dynamics of this change. Rif1-EGFP disappeared from individual foci as S 103 
phase progressed, and only a dim nuclear background was present by G2 of cycle 14 (Cycle 14, Figure 1D). Tracking individual 104 
foci in high frame-rate movies showed that different Rif1 foci disappeared at different times (bottom panels, Figure 1D).  105 
Often, only a single focus remained near the end of S phase before disappearing as cells entered G2. This progressive loss of 106 
different Rif1 foci was reminiscent of the protracted schedule of late replication occurring in this cycle.  107 

To test the correspondence of Rif1 foci and satellite sequences we marked specific satellite sequences by in situ 108 
hybridization or our recently developed TALE-lights technique (Yuan et al. 2014). In embryos fixed during early S phase 14, 109 
the single Y-chromosome linked focus of AATAC satellite detected by DNA-FISH was co-stained by Rif1 (right panels Figure 110 
1C).  In live embryos, a fluorescently tagged TALE-light protein engineered to bind the late-replicating satellite-repeat 1.686 111 
showed that Rif1 also binds the four foci of the this sequence (left panels in Figure 1C).  112 

During cycles 11-13, S phase gradually and progressively gets longer due to incremental delays to satellite 113 
replication. In paralleled with these changes, Rif1 showed weak and transient localization to foci in cycle 11 and progressively 114 
more intense and longer-lived foci in subsequent cycles (Figure 1D). Disappearance of Rif1 foci within each S phase was not 115 
instantaneous: the signal decayed from the outside-in over a few frames of our records, for instance during S phase 13 high 116 
frame imaging showed that a focus of Rif1 disappeared over the course of approximately 2 minutes (Movie 2, Figure 1E). 117 
These observations show that Rif1 binds to satellite sequences as they become late replicating during embryogenesis, and 118 
that Rif1 dissociates from satellite sequences as replication progresses.  119 

 120 
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 121 

Figure 1. Rif1 forms foci on 
heterochromatin as the 
embryonic S phase lengthens. 
(A) Diagram highlighting the 
key changes to the cell cycle 
and to embryonic morphology 
during early development. The 
initial prolongation of the cell 
cycle is due to the increase in 
the length of S phase. This 
occurs gradually during cycles 
11-13, and then the onset of a 
late replication program in S 
phase 14 extends interphase 
considerably. The first G2 is 
introduced in cycle 14, after 
which cells enter mitosis 14 
asynchronously, according to a 
developmental pattern. (B) 
Nuclei from an S phase 14 Rif1-
GFP embryo stained for GFP 
(green in the merge) and DNA 
(DAPI: blue in the merge). Rif1 
co-localizes with regions of the 
interphase nucleus that stain 
intensely with DAPI. (C) 
Specific satellites (magenta in 
the merge), either 1.686  
detected live by TALE-light or 
AATAC detected by DNA FISH 
co-localized with Rif1-GFP 
(green in merge) during early 
cycle 14. (D) Frames from live 
imaging (Movie 1) showing 
Rif1-GFP and H2aV-RFP in 
developing embryos during cell 
cycles 11-14. Note the initial 
presence and increasing 
persistence of nuclear Rif1 foci 
as interphase lengthens. 
Below, magnified images from 
time-lapse records of Rif1-GFP 
during S phase 14. Individual 
nuclear foci of Rif1 
disappeared at different times 
across S phase. (E) Frames 
from time lapse showing Rif1-

GFP in a single nucleus at 20 sec intervals during S phase 13 (from Movie 2). Arrows indicate two specific foci at the time that their 
fluorescence declined.  

  122 

The release of Rif1 from chromatin anticipates the initiation of late replication  123 

 The correlation between the dissociation of the Rif1 localized to satellite foci and the onset of late replication 124 
motivated a closer examination of Rif1 dynamics during S phase. We have previously validated and utilized fluorescently 125 
tagged versions of the replication protein PCNA as real time probes for the progress of S phase (McCleland et al. 2009). PCNA 126 
travels with the replicating DNA polymerase, and its recruitment to different regions of the genome marks their replication. 127 
Using a transgenic line expressing an mCherry labeled version of PCNA from its endogenous promoter (Supplemental Figure 128 
2), we were able to compare active DNA replication with the localization of Rif1. During the first 10 minutes of S phase, the 129 
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PCNA signal was intense, and distributed throughout most of the nucleus. Following early replication, the generalized signal 130 
fades progressively and the PCNA signal is predominantly limited to bright apical foci, which mark the late replicating satellite 131 
sequences. Each late replicating focus appears, persists, and declines in a stereotyped schedule, with the number of active 132 
foci gradually declining during more than an hour of interphase of cycle 14 (Figure 2A, Movie 3). Throughout this program, 133 
Rif1 did not overlap with the PCNA signal, indicating that once a region had initiated DNA replication, it no longer bound 134 
obvious levels of Rif1. As S phase progressed, different Rif1 foci disappeared at different times and were replaced within one 135 
minute by PCNA (Movie 3). The last sequence to recruit PCNA was marked by Rif1 throughout S phase 14 until just before it 136 
recruited PCNA (Figure 2A).  Similar analyses in cycles 12 and 13 similarly revealed separation of Rif1 staining and replication. 137 
The observed timing suggested that replication of Rif1 staining regions awaits the dissociation of Rif1. 138 

Figure 2. Rif1 dissociates 
from chromatin before the 
underlying sequences 
replicate. (A) Stills from 
time-lapse microscopy of 
Rif1-GFP and mCherry-PCNA 
during S phase 14 (Movie 3). 
Though both form foci on 
satellite sequences, the 
signals do not overlap.  Rif1 
marks numerous satellites 
early and the number of foci 
progressively declines.  After 
early widespread staining, 
PCNA, a marker of active 
replication, transiently 
marks a progression of 
different satellites. At 
different positions, the 
period of PCNA staining 
seems to follow loss of Rif1. 
Below, a single z plane from 
10 min into S phase 14 that 
more clearly shows that the 
signal from Rif1 does not 
overlap with that from 
PCNA. (B) Stills from time-
lapse microscopy of Rif1-GFP 
and mCherry-PCNA during S 
phase 15 (Movie 4). During 
this S phase the late 
replicating heterochromatin 
is clustered into an obvious 
chromocenter. As in S phase 
14, Rif1 marks late 
replicating chromatin, and 
Rif1 dissociates from these 
sequences before the 
acquisition of PCNA. (C) Live 
imaging of Rif1 and the 

satellite 1.686 using an mCherry tagged TALE protein (Movie 5). Yellow arrow indicates the decompaction and replication of 1.686. After its 
replication, the 1.686 repeat re-compacts and appears brighter. Rif1 dissociates from this sequence prior to its replication. (D) Nuclei in S 
phase 14 stained for Rif1 and for the Y-chromosomal satellite repeat AATAC. Rif1 is bound to AATAC during early S14 before the AATAC 
repeat replicates. During late S14 the duplicated AATAC sequence lacks Rif1 stain. 

  139 

The S phase of cell cycle 15 provides an alternative context to observe the relationship between Rif1 and replication. 140 
By cycle 15, the embryo has completed the MBT, the cell cycle has lost synchrony and morphogenetic movements have 141 
begun.  The timing of mitosis 14 and entry into cycle 15 differs with position in the embryo, but follows a stereotyped 142 
schedule that is zygotically controlled. Cycle 15 still lacks a G1, so nuclei enter S phase immediately following mitosis 14, but 143 
these cycle 15 nuclei exhibit more mature features. The satellite sequences enter cycle 15 after introduction of 144 
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heterochromatic marks such as H3-K9me and localized HP1 during cycle 14.  Furthermore, the distinct foci of satellite 145 
sequences seen at the beginning of cycle 14 are merged in an easily identifiable chromocenter in the apical part of the 146 
nucleus (Shermoen et al. 2010). Despite these differences, a connection between Rif1 and the replication program was still 147 
observed. At late anaphase of mitosis 14 and the onset of cycle 15, Rif1 was recruited rapidly to separating chromosomes, 148 
and appeared especially bright over the leading edge of the advancing chromosomes, the site of pericentric satellite 149 
sequences that constitute the bulk of the heterochromatin.  As the telophase nucleus formed, bright Rif1 signal was seen 150 
over the compacted chromatin of the chromocenter before the recruitment of PCNA to the nucleus (Movie 4, Supplemental 151 
Figure 2).  At the onset of S phase 15, PCNA was recruited only to euchromatic regions and it did not overlap Rif1 (Figure 2B). 152 
As S phase 15 progressed, PCNA was recruited to the edge of the compacted heterochromatin, where we have previously 153 
observed decompaction of HP1 staining chromatin (Shermoen et al. 2010). Although aggregated in a single mass in the 154 
nucleus (the chromocenter), individual satellite sequences remain as distinct subdomains and retain an individual replication 155 
schedule (Shermoen et al. 2010; Yuan and O'Farrell 2016). In agreement with this, Rif1 staining was progressively limited to 156 
more restricted regions within the chromocenter, with latest Rif1 foci dispersing toward the end of S phase (Figure 2B). Real 157 
time records again documented a close connection between the loss of Rif1 from chromatin and the recruitment of PCNA to 158 
the underlying region.   159 

 Having followed the progress of S phase globally, we next wanted to examine the replication of a specific 160 
heterochromatic sequence, the 1.686 satellite repeat. 1.686 is a simple repeated sequence at four loci, one to the left and 161 
one to right of the centromeres of both chromosomes 2 and 3.  All these foci replicate together and show characteristic 162 
delays in their replication time in cycles 13 and 14. TALE-light probes can be injected into embryos and used to track the 163 
repetitive DNA in real time (Yuan et al., 2014; Yuan and O’Farrell, 2016). Purified mCherry labeled TALE-light protein 164 
recognizing the 1.686 repeat was injected into syncytial embryos and filmed. As reported previously, the TALE-light was 165 
gradually recruited to 1.686 during interphase, with the signal appearing as compact foci. During replication, the TALE-light 166 
signal became noticeably fuzzier, presumably due to the decompaction of the heterochromatic DNA during its active 167 
replication (Yuan et al. 2014). Upon completion of replication the TALE-light signal was again compact and obviously brighter. 168 
We use this reproducible behavior to indirectly follow the replication of 1.686. During cycle 13, we observed that Rif1 was 169 
recruited to 1.686 at the beginning of S phase, and disappeared immediately before the decompaction and replication of the 170 
repeat. We observed intermediate intensities of Rif1 signal on 1.686 in the minute preceding its decompaction. Rif1 171 
dissociation was relatively rapid, but progressive with the Rif1 signal decaying over the minute preceding 1.686 172 
decompaction. After completing replication, 1.686 lacked Rif1 for the remainder of the cycle (Figure 2C, Movie 5).  Thus, Rif1 173 
dissociates from this specific satellite immediately prior to the onset of its replication.  We also examined fixed embryos using 174 
FISH probes to localize another heterochromatic repeat, AATAC, and showed that Rif1 was bound to this repeat AATAC 175 
during early S phase 14, but no such signal was observed in embryos aged to later in S phase after the replication of this 176 
sequence (Figure 2D).  These observations show that Rif1 dissociates from specific satellite sequences upon their replication.   177 

 Our observations reveal that the dynamics of Rif1 interaction with chromatin parallel changes in replication timing.  178 
Rif1 association to satellite sequences began when these sequences first showed a slight delay in replication. While 179 
association was transient in the earlier cycles, Rif1 associated more persistently with satellites during the much-extended S 180 
phase of cycle 14.  Most dramatically, Rif1 dissociated from individual satellite sequences at distinct times that align with the 181 
onset of PCNA recruitment to those sequences.  The disappearance of the last foci of Rif1 staining marked the onset of 182 
replication of the latest replicating sequence and anticipates the end of S phase.  These parallels suggest that binding of Rif1 183 
to sequences might defer their replication until its dissociation.  If so, analysis of the interaction may give us insights into the 184 
regulation of late replication and S phase prolongation.   185 

 186 

Steps in the appearance of localized Rif1 in foci  187 

 Late replicating sequences have to be specified before the onset of replication if they are to avoid early firing.  In 188 
yeast and mammalian cells in culture, this is thought to occur well before replication at a critical time during G1, known as 189 
the timing decision point (Raghuraman et al. 1997; Dimitrova and Gilbert 2000). However in the G1-less embryonic cell cycles, 190 
the preparation for S phase is compressed and overlaps mitosis. Since cyclin:Cdk1 activity inhibits preparation of origins for 191 
replication, all of the preparations for replication happen between the down regulation of cyclin:Cdk1 at the metaphase 192 
anaphase transition and the onset of S phase upon entry into the next interphase.  Real time observation of GFP tagged Orc2 193 
protein revealed that Origin Recognition Complex (ORC) binds to the separating anaphase chromosomes prior to the 194 
midpoint of their separation (Baldinger and Gossen 2008).  The MCM helicase is loaded shortly later in anaphase (Su and 195 
O'Farrell 1997). Replication begins at mitotic exit without obvious delay.  This suggests that at the time of the transition from 196 
mitosis to interphase, there is already some type of feature that distinguishes the satellites so that they do not begin 197 
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replication immediately (Shermoen et al. 2010). If Rif1 is to delay the replication time of specific sequences, we expect its 198 
recruitment to chromatin to occur during this period. Indeed, we observed binding of Rif1 to separating anaphase 199 
chromosomes before the recruitment of PCNA to the nucleus, which marks the start of interphase (Supplemental Figure 2B).  200 
However, as described below in cycles prior to cycle 15, the specificity of Rif1 binding to satellite sequences emerges in 201 
concert with progression into interphase.   202 

Figure 3. Two stages of Rif1 recruitment, their contributions to specificity, and reliance on origin licensing and the replication checkpoint. 
Time-lapse confocal microscopy on Rif1-GFP, His2av-RFP embryos showing the initial binding of Rif1 during transit from one cell cycle to the 
next. (A) During late anaphase 13, on the approach to cycle 14, chromosomes first exhibit faint and ubiquitous Rif1 staining that 

accumulates for 
about 1 min.  During 
the following min as S 
phase begins, 
accumulation 
continues but is now 
localized to foci that 
become clearer as the 
nuclei swell. (B) 
During late anaphase 
14, on the approach 
to cycle 15, the early 
stage of Rif1 staining 
shows some 
specificity for the 
pericentric regions of 
the chromosomes 
and forming 
chromocenter.  This 
specificity is amplified 
as the interphase-15 
nucleus forms and S 
phase begins. (C) 
Time-lapse imaging of 
Rif1-GFP during the 
normal transition 
from cycle 13 to 14 
and in an embryo 
injected with purified 
geminin protein in 
interphase of 13. 
Times are indicated 
with reference to the 
start of S phase 14.  
The geminin block to 
pre-RC formation 
prevented the 
recruitment of Rif1 to 

foci, but did not block the initial generalized binding during mitotic exit. (D) Imaging of Rif1-GFP during cell cycle 13 in control (mei41/+) and 
mei41 null embryos. The Mei41-dependent replication checkpoint is essential during cycle 13 to prevent premature entry into mitosis 
(10:20 frame). Rif1 foci still form in the absence of a replication checkpoint, but the Rif1 foci are lost earlier and the premature mitosis 
leads to bridging and defective cycle 14 nuclei. 

 203 

We examined the initial binding of Rif1 by filming mitosis 13 and early interphase 14. We observed an abrupt onset 204 
of faint and generalized binding of Rif1 to the chromosomes during late anaphase/telophase as previously observed in fixed 205 
samples (Figure 3A) (Xu and Blackburn 2004; Sreesankar et al. 2015). Rif1 accumulation continued as the telophase nucleus 206 
formed.  Although little was resolved in the compact and brightly staining telophase nucleus, when replication starts, rapid 207 
swelling of the interphase nucleus improved visualization.  By about 1 minute into S phase 14, brighter foci of staining 208 
became clear, and much of the nuclear signal quickly declined except in foci clustered at the apex of the nucleus where the 209 
foci of pericentric satellite sequences lie (Figure 3A). Thus, while bound early, specificity in the binding became evident over a 210 
few minutes.  In contrast, in the transition to cycle 15, the binding of Rif1 in anaphase was not uniform. During late anaphase 211 
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14, Rif1 was clearly enriched at the leading region of the chromosome mass, where the pericentric heterochromatin resides 212 
(Figure 3B, Movie 4). This localization to the heterochromatic region was visualized without interruption during the 213 
progression into interphase 15 and onset of replication.  Thus, the character of anaphase binding of Rif1 changes between 214 
anaphase 13 and anaphase 14.  Satellite sequences acquire some of the markings of heterochromatin such as methylation 215 
and HP1 localization during interphase of cycle 14.  These heterochromatic marks might then guide the initial interaction of 216 
Rif1 at anaphase 14, but they would not be available to do so in anaphase 13.     217 

 Because recruitment of Rif1 began late in anaphase, just after the time when Orc2 was recruited to chromosomes, 218 
we wondered if pre-RC formation might be involved in Rif1 binding. Indeed prior work in a Xenopus extract system suggests 219 
that this is true (Kumar et al. 2012). To test this, we examined Rif1 recruitment after the injection of embryos with purified 220 
geminin protein during mitosis 13. Geminin blocks the formation of the pre-RC by inhibiting Cdt1, a key helicase-loading 221 
factor and prevents subsequent replication. Injection of geminin did not block the initial generalized binding of Rif1 to the 222 
late anaphase chromosomes or its nuclear accumulation in telophase nuclei, but did block the emergence of localized Rif1 223 
foci (Figure 3C). In the absence of pre-RCs, Rif1 was diffusely localized throughout the nucleus during interphase 14.   224 

 225 

Recruitment of Rif1 to satellite sequences prior to the MBT does not require the replication checkpoint activity 226 

 Beginning in cycle 11, the gradual lengthening of interphase depends in part on the conserved DNA replication 227 
checkpoint (Sibon et al. 1997). During cycle 13, the checkpoint is required to delay activation of Cdk1 during S phase and 228 
prevent premature entry into mitosis. Embryos mutant for the checkpoint kinase ATR (mei41) fail to delay mitosis 13 229 
sufficiently and so enter a catastrophic mitosis before the completion of replication resulting in massive chromosome 230 
bridging. Because Rif1 foci first became evident during these gradually slowing cycles, we wondered if the replication 231 
checkpoint might impact Rif1 recruitment. However, in mei41 embryos, both the initial binding of Rif1 during anaphase of 232 
M12, and its subsequent recruitment to nuclear foci in interphase 13 were indistinguishable from control embryos (Figure 233 
3D). We did observe that the disappearance of Rif1 foci was accelerated in mei41 embryos, and Rif1 was lost from chromatin 234 
before entry into a catastrophic mitosis 13. We conclude that the recruitment of Rif1 to late replicating sequences is 235 
independent of the replication checkpoint, but that timing of Rif1 dispersal is accelerated in its absence.  236 

 237 

Cdk1 activity promotes Rif1 release from chromatin during S phase   238 

 Prior work demonstrated that down regulation of Cdk1 activity at the MBT plays a key role in extending S phase 239 
(Farrell et al, 2012; Farrell and O’Farrell, 2013; Yuan et al., 2016). Cdk1 activity during the earlier rapid cell cycles was shown 240 
to be required for satellite sequences to replicate early, and to sustain short S phases.  The gradual decline in mitotic 241 
activators during cycles 11-13 contributes to the progressive lengthening of S phase. Finally at the MBT, the abrupt drop in 242 
Cdk1 activity is required for late replication and the resulting prolongation of S phase. These changes to Cdk1 parallel the 243 
changes we observed for Rif1 localization, so we investigated the connection between them.   244 

Experimental reduction of Cdk1 activity by injection of RNAi against the 3 mitotic cyclins (A, B, and B3) during cycle 245 
10 arrests embryos in interphase 13, and extends the length of S phase 13 from 13 minutes to an average of 19 minutes 246 
(Farrell et al., 2012). Cyclin knockdown also affected the dynamics of Rif1 chromatin association. In arrested embryos, foci of 247 
Rif1 binding persisted for an average of 16 minutes, compared to 8 minutes in control-injected embryos (Figure 4A, 4C). This 248 
delay in the loss of Rif1 foci paralleled, and slightly preceded, the delayed appearance of late replicating PCNA signal. In 249 
contrast, as previously reported, increasing Cdk1 activity during cycle 14, by injecting mRNA for the mitotic activator Cdc25, 250 
shortened S phase from over an hour to an average of 22 minutes. Experimental Cdk1 activation also changed the Rif1 251 
program. In Cdc25 injected embryos, foci of Rif1 association were evident for only an average of 18 minutes compared to 66 252 
minutes in control-injected embryos (Figure 4B, 4C). The accelerated loss of Rif1 foci slightly preceded the advanced 253 
appearance of late replicating PCNA foci (Movie 6). Both experiments demonstrate that the timing of Rif1 dissociation from 254 
chromatin and the subsequent initiation of late replication are sensitive to the activity of Cdk1 during S phase.  255 

 256 
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Figure 4. Manipulation of Cdk1 
activity alters the lifetime of 
Rif1 foci and the duration of S 
phase. (A) Stills from time-lapse 
imaging of Rif1-GFP and 
mCherry-PCNA during cycle 13 
after injection of either buffer 
(control) or dsRNA against the 
three mitotic cyclins (A, B, and 
B3) in cycle 10. The knockdown 
of the cyclins increases the 
persistence of Rif1 foci, extends 
S phase (PCNA staining) and 
blocks progression to cycle 14.  
The time of the last frame 
showing a Rif1 focus is indicated 
as the lifetime of Rif1 foci in (C). 
(B) Stills from time-lapse 
imaging of Rif1-GFP and 
mCherry-PCNA during cycle 14 
after injection of either buffer 
(control) or mRNA encoding the 
Cdk1 activator Cdc25 (twine) in 
cycle 13. Artificial activation of 
Cdk1 during S phase 14 
accelerates both the dissociation 
of Rif1 and late replication. In 
the control embryo, Rif1 foci 
were detected 70 min into S 
phase 14, and prominent foci of 
PCNA were documented at 74 
min. Expression of Cdc25 
resulted in the loss of Rif1 foci 
by 16:00 and the final late 
replicating PCNA signal 

documented was at 18:00 (Movie 6). (C) Plot of lifetime of Rif1 foci in minutes during either S phase 13 or S phase 14 following the 
indicated injection.      

  257 

These results show that Cdk1 activity in early cycles normally promotes Rif1 dissociation from chromatin in pre-MBT 258 
embryos and that an artificial increase in Cdk1 in cycle 14 can do the same.  The parallel effects of the experimental 259 
manipulations on Rif1 association and the progress of S phase further support suggestions that Rif1 association suppresses 260 
replication and that activation of origins in satellite sequences occurs in conjunction with Rif1 dissociation.  The influence of 261 
Cdk1 on Rif1 suggests that the developmental program of Cdk1 down regulation guides the observed changes in Rif1 262 
dynamics and thereby, S phase duration. In light of these findings we can interpret the accelerated loss of Rif1 in mei41 263 
embryos (Figure 3D) as a consequence of the faster activation of S phase Cdk1 in the absence of the replication checkpoint 264 
(Deneke et al. 2016).  The observations suggest that activity of the Cdk1 kinase directly or indirectly regulates Rif1 interaction 265 
with chromatin.   266 

 267 

A phospho-site mutant Rif1 does not release from heterochromatin and prevents completion of DNA replication 268 

 Work from both S. cerevisiae and S. pombe indicates that the kinases CDK and DDK act on conserved 269 
phosphorylation sites to inhibit Rif1 and limit its ability to inhibit replication (Hiraga et al., 2014; Dave et al., 2014).  In these 270 
yeasts, phosphorylation of Rif1 is thought to block Rif1’s ability to recruit PP1, hence preventing Rif1 inhibition of replication 271 
initiation.  Like yeast Rif1, the dipteran Rif1 homologs have a cluster of conserved CDK and DDK sites near the phosphatase 272 
interaction motif in the C-terminal part of the protein (Figure 5A, Supplemental Figure 5). This region of Rif1 is also proposed 273 
to contain a DNA binding domain (Sreesankar et al. 2012; Zimmermann et al. 2013). Interestingly these potential 274 
phosphorylation sites cluster in a region of the protein predicted to be of high intrinsic disorder (Supplemental Figure 5) a 275 
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feature associated with phosphorylation events that regulate interactions (Holt et al. 2009). We further examined the role of 276 
the more C-terminal potential phosphorylation sites in regulating the late replication activity of Rif1.  277 

 To determine if Rif1 is phosphorylated in vivo, we examined Rif1 from 1-hour old embryos, a time when the 278 
abundant maternally provided Rif1 protein would be held inactive by Cdk1. Protein extracts from pooled staged embryos 279 
were run on a phos-tag SDS-PAGE gel before or after treatment with lambda phosphatase, and subjected to western blotting. 280 
All detectable Rif1 exhibited a phosphatase-reversed shift, indicating that most Rif1 is phosphorylated in the pre-MBT embryo 281 
(Figure 5B). Comparison of protein samples from pre-MBT and MBT age embryos revealed that the extent of the shift is 282 
somewhat reduced at the MBT stage, consistent with developmentally regulated reduction in the degree of phosphorylation 283 
(Figure 5B). 284 

 285 

Figure 5. Phospho-site mutant Rif1 does not dissociate from chromatin and blocks replication. (A) Schematic (above) of Rif1 protein with 
N-terminal HEAT repeats (orange), putative DNA binding domain (green), and PP1 interaction motifs (purple boxes). The amino acid 
sequence (below) of the indicated portion of the Rif1 protein shows candidate CDK and DDK phosphorylation sites (red). These 15 S/T 
residues were mutated to alanine to create the Rif1.15a phospho-mutant allele. (B) Left panel shows anti-gfp Western blots used to detect 
Rif1-GFP from 1-hour old embryos. Protein extracts were treated with lambda phosphatase or buffer only for 1 hour and then were run on 

SDS-PAGE gels cast with 
phostag to decrease the 
migration of 
phosphorylated proteins.  
Right panel shows 
phostag western blots 
used to detect Rif1-GFP 
from embryos aged to 
one hour (pre-MBT) or to 
2.5 hours (MBT). Asterisk 
denotes background 
band. (C) Ectopic 
expression of the 
indicated versions of Rif1 
by injection of mRNA 
during cycle 11. After 
injection, embryos were 
filmed during mitosis 13. 
The yellow arrow points 
to an example of an 
anaphase bridge. (D) 
Images of flies (left) and a 
pharate pupa (right) 
show the consequence of 
expression of either Rif1 
(middle) or Rif1.15a 
(right) in the developing 
fly eye/head capsule 
using Eyeless-Gal4. (E) 
Anti-GFP 
immunoprecipitation 
followed by Western 
blotting with the 
indicated antibodies. 
Protein extracts were 
prepared from embryos 
harvested before the 
MBT (1 hour old) or after 
aging to the MBT (2.5 
hours old).  Phos-Y15 

(left-bottom) indicates the inactive phosphorylated form of Cdk1.  (F) Frames from live imaging of nuclei starting in G2 of 14 and 
progressing into a defective mitosis following expression of Rif1.15a-GFP from injected mRNA. Yellow arrows indicate extensive anaphase 
bridging with a residue of Rif1.15a-GFP.  Magnified images (right) show progression of one nucleus. 
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Two studies in yeast suggested that phosphorylation of Rif1 inhibits its function by blocking interaction with PP1a 286 
(Dave et al., 2014 and Hiraga et al., 2014). Drosophila Rif1 has previously been shown to bind to PP1a, so we looked for a 287 
change to this interaction in conjunction with the developmental down regulation of Cdk1.  As shown above, high Cdk1 288 
activity in early pre-MBT embryos suppresses Rif1 association with chromatin and promotes a short S phase, whereas down 289 
regulation of Cdk1 at the MBT is required for Rif1 mediated extension of S phase. Rif1 was immunoprecipitated out of lysates 290 
derived from 20-minute collections of embryos aged for either 30 minutes (pre-MBT) or for 2 hours and 15 minutes (post-291 
MBT). While we expected minimal association of PP1 to Rif1 in pre-MBT extract when Rif1 is robustly phosphorylated, 292 
western blotting showed a robust PP1 signal (Figure 5E).  Additionally, Rif1 immunoprecipitated from the post-MBT extract 293 
was accompanied by a similar amount of PP1. Hence, the interaction between Rif1 and PP1a, at least at bulk levels, is not 294 
regulated in a way that explains the onset of late replication, and Rif1 appears to interact effectively with PP1 at early stages 295 
when it is phosphorylated and held inactive by Cdk1 kinase.   296 

To further explore possible regulation of Rif1 by phosphorylation, we mutated candidate phospho-sites.  We 297 
selected 15 S/T residues within CDK or DDK consensus motifs located in the C-terminus of Rif1 and mutated them to alanine 298 
(Figure 5A) to prevent their phosphorylation. We reasoned that this phospho-site mutant Rif1, hereafter referred to as 299 
Rif1.15a, might not be inhibited by S phase kinases and so act as a dominant gain-of-function allele. Ectopic expression of 300 
Rif1.15a during the blastoderm divisions by injection of in vitro transcribed mRNA causes extensive anaphase bridging as 301 
typically seen when DNA replication is incomplete (Figure 5C). We never observed this effect after injection of mRNA 302 
encoding wild-type Rif1 arguing that this is not a simple overproduction phenotype.  In addition, we generated transgenes 303 
expressing either wild-type Rif1 or Rif1.15a under UAS control. Overexpression of Rif1 in the eye imaginal disc (and more 304 
weakly throughout much of the head capsule) using the eyeless-Gal4 driver did not disturb eye formation whereas expression 305 
of Rif1.15a caused complete lethality with pupae developing into headless nearly adult flies (Figure 5D). The severity of this 306 
phenotype suggests that expression of Rif1.15a disrupted the early proliferative period of the eye-antennal disc.  These 307 
assays suggest that Rif1.15a has a damaging gain-of-function action, as might be expected if it were immune to regulation of 308 
its ability to inhibit DNA replication.  309 

 Because our data indicated that the chromatin binding of Rif1 was regulated during S phase by Cdk1 activity, we 310 
examined the influence of mutation of the phospho-sites on Rif1 localization.  Using mRNA injection, we expressed a GFP 311 
tagged version of Rif1.15a and followed its localization and the consequence of its expression in live records. Embryos were 312 
injected with Rif1.15a-GFP mRNA during cycle 12.  The timing of this injection allowed sufficient fluorescent protein to 313 
accumulate that its behavior could be followed throughout cell cycle 14, while still minimizing the damage due to induced 314 
catastrophic mitoses in the earlier cycles. Rif1.15a was recruited to specific chromatin foci normally at the start of S phase, 315 
indicating that the mutated residues are not required for the binding specificity of Rif1. Imaging Rif1.15a-GFP throughout 316 
cycle 14 yielded several interesting results. In contrast to the dynamics of the wild-type protein, Rif1.15a continued to 317 
accumulate on heterochromatin throughout most of S phase 14. It then showed a slow decline but remained bound in the 318 
following G2 and into mitosis 14 (Figure 5E). The Rif1.15a foci on newly condensed mitotic chromosomes were localized to 319 
pericentric regions, where the satellites reside.  On progression into anaphase, bridges were seen connecting the separating 320 
chromosomes and Rif1.15a-GFP specifically labeled these chromatin bridges (Figure 5E inset). As bridged nuclei exited 321 
mitosis, an unbound pool of Rif1.15a was recruited to the chromocenter, presumably after new pre-RCs were loaded.  This 322 
abrupt recruitment of Rif1.15a shows that mutation of the selected sites did not fully eliminate cell cycle regulated behavior 323 
of Rif1.  Nonetheless, the dramatic consequence of the phosopho-site mutations shows that these sites contribute 324 
importantly to Rif1 dissociation from chromatin and that in the absence of dissociation Rif1.15a is capable of blocking 325 
replication to give anaphase bridging when chromosomes are driven into mitosis. 326 

 327 

Rif1 is dispensable for survival and fertility 328 

 A recent study reported that Rif1 was an essential gene in Drosophila based on partial lethality of a ubiquitously 329 
expressed RNAi against Rif1 (Sreesankar et al. 2015). We created a precise deletion of the Rif1 ORF using Crispr-Cas9 330 
(Supplemental 6). While the mutation does cause reduction in survival, we find that the homozygous rif1 null gives viable, 331 
reproductively competent flies that can be propagated as a stock. Zygotic loss-of-function rif1 mutants develop to adulthood 332 
with a reduced survival and a male to female ratio of 0.4 (n = 189 flies). Additionally, embryos laid by rif1 mutant mothers 333 
(hereafter called rif1 embryos) have a reduced hatch rate (55% of control, n = 500 embryos). We conclude that Rif1 is 334 
dispensable in Drosophila at least in our genetic background, and we suspect that the previously reported lethality/sterility 335 
included enhancement of the loss-of-function phenotype by off-target effects of the RNAi. Though surprised by the viability 336 
of the Rif1 delete, it provided an opportunity to examine the phenotype of complete absence of function.   337 
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Rif1 is required for the onset of late replication and the prolongation of S phase at the MBT  338 

 Next we utilized the rif1 null mutation to assess the role of Rif1 in the onset of late replication during cycle 14. As 339 
discussed previously, real time records of fluorescent PCNA allow us to follow the progress of S phase and estimate its overall 340 
length. In a wild-type S phase 14, PCNA is widely distributed throughout most of the nucleus during the first 10 minutes, but 341 
resolves into bright puncta that are obvious for over an hour into interphase, after which only a dim nuclear background is 342 
visible. During the final 30 minutes of S phase, a small number of bright PCNA foci appear and then disappear sequentially as 343 
a result of a protracted schedule of late replication (Figure 6A). By using the disappearance of the last PCNA focus as an 344 
indication of the completion of replication, we determined that the average S phase 14 lasts for 73 minutes (Figure 6A). In 345 
contrast, S phase 14 in rif1 embryos from rif1 mothers was significantly shorter, lasting an average of 27 minutes. 346 
Additionally, there were clear differences in the appearance of the PCNA signal as S phase progressed. The initial period of 347 
widespread early replication resolved into PCNA foci, but appearance of these foci was more simultaneous than sequential, 348 
and there was no protracted sequence of late foci (Figure 6A).  Thus, this S phase 14 resembled the earlier S phases, in 349 
showing a marginal extension with slightly delayed replication of some foci.  However, the normally dramatic extension of S 350 
phase 14 is dependent on rif1.   Failure to extend S phase 14 was observed in all embryos derived from homozygous mothers 351 
even though heterozygous fathers where included in the cross.  We conclude that maternal Rif1 is required for the normal 352 
extension of S phase 14.  353 

Figure 6. rif1 is required for the 
prolongation of S phase at the 
MBT. (A) Stills from time-lapse 
imaging of mCherry-PCNA during S 
phase 14 in wild-type (top) or rif1 
mutant (bottom) embryos. Yellow 
arrows indicate late replication 
foci. The plot on the right displays 
the total duration of S phase 14 in 
wild-type and rif1 embryos. Each 
data point represents a distinct 
embryo. The duration of S phase 
was scored from real time records 
of PCNA dynamics. (B) Stills from 
time-lapse imaging following the 
TAIL-light probe for the 1.686 
satellite (upper) and mcherry-
PCNA to follow replication during S 
phase 14 in wild-type and rif1 
embryos. Yellow arrows indicate 
the decompacted signal from the 
1.686 TALE-light during the 
replication of the 1.686 repeat. (C) 
Wild-type (top) or rif1 (bottom) 
embryos were injected with GFP-
HP1a to visualize nuclei and filmed 
during cycle 14. 6/82 rif1 embryos 
underwent an early mitosis 14 
(Movie 7). (D) Still frames from 
movies following mCherry-PCNA 
during S phase 13 in wild-type and 
rif1 embryos after either control or 
triple cyclin RNAi injection. 
Mitotic-cyclin knockdown arrests 
the cell cycle, but extends S phase 
in wild-type but not rif1 embryos.   

 354 

 Because we had observed that the satellite 1.686 recruited Rif1 during S14, we wondered if its replication time 355 
would be altered in rif1 embryos. To measure the replication time of this repeat, we injected the GFP-1.686 TALE probe into 356 
wild-type and rif1 embryos expressing mcherry-PCNA and recorded S phase 14. We used the transient recruitment of 357 
mcherry-PCNA, and the obvious decompaction of the marked 1.686 sequences as indictors of active replication of 1.686. In 358 
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control embryos, the 1.686 repeat began replication 18 minutes into S14 and completed by 30 minutes (Figure 6B). In 359 
contrast, in rif1 embryos, 1.686 began replication by 4 minutes into S14 and completed by 13 minutes (Figure 6B). We 360 
conclude that the 1.686 satellite sequence replicates with a minimal delay in S phase 14 in the absence of Rif1, and that the 361 
normally substantial delay requires Rif1.    362 

 During the MBT, the embryo degrades both the mRNA and protein of the mitotic activator Cdc25. This allows the 363 
introduction of the first embryonic G2 after the completion of the prolonged S phase 14. Mitosis 13 is then the last 364 
synchronous division during development, and mitosis 14 relies on the developmentally patterned zygotic expression of new 365 
Cdc25. Perturbations that interfere with the downregulation of Cdk1 can lead to an additional synchronous mitosis. 366 
Additionally, since down regulation of Cdk1 occurs during S phase 14, the embryo can also progress to an additional 367 
synchronous mitosis if S phase is eliminated or dramatically shortened, as seen following injection of geminin or alpha-368 
amanitin, respectively (McCleland et al., 2009; Shermoen et al., 2010).  We noticed that a small number of rif1 embryos (7%) 369 
executed an early mitosis 14 at approximately 30 minutes into interphase. The observed mitoses were complete, with no 370 
bridged chromosomes, but there was substantial nuclear fall in (Figure 6C, Movie 7). We interpret the incomplete penetrance 371 
of the extra-division phenotype to be an indication that the duration of S phase in rif1 null embryos is close to a threshold, so 372 
that in most embryos the cyclin:Cdk1 activity declines enough to introduce a G2, but in some embryos the residual maternal 373 
cyclin:Cdk1 function remains high enough to trigger mitosis upon the completion of the shorten S phase.  The result shows 374 
that Rif1 is important for reliable coordination of the MBT.   375 

Previous work has shown that before the MBT, Cdk1 is required for driving a short S phase. Our finding that Cdk1 376 
activity suppresses Rif1 function in cycle 14 (Figure 4) suggests an explanation for the early role of Cdk1 in promoting short S 377 
phases; interphase activity of Cdk1 prevents Rif1 from prematurely introducing late replication. This model predicts that 378 
reducing Cdk1 activity would not be able to prolong a pre-MBT S phase in the absence of rif1. To test this idea we examined S 379 
phase 13 in wild-type or rif1 embryos after knockdown of mitotic cyclins, essential activators of Cdk1, by RNAi.  Wild-type 380 
control injected embryos exhibit transient but obvious foci of PCNA staining during late S phase 13 and replicate their satellite 381 
sequences with a slight delay in this S phase.  While rif1 embryos still exhibit PCNA foci, these foci are even shorter lived 382 
(Figure 6D). Following injection of mitotic-cyclin RNAi, wild-type embryos increased the duration of S phase 13 from 14 383 
minutes to 20 minutes. In contrast, rif1 embryos did not extend S phase after cyclin knock down (Figure 6D). This 384 
demonstrates that the requirement for Cdk1 in the timely completion of S phase 13 can be bypassed by loss of rif1.  385 
However, S phase 13 in the rif1 mutant embryos is still longer than very early embryonic S phases, which can be as short as 386 
3.4 min.  Thus, Cdk1 down regulation of Rif1 contributes to S phase prolongation in cycle 13, but there must be additional 387 
factors influencing the progressive prolongation of early cycles.   388 

 389 

Cdc7 is essential during the early embryonic S phases and the requirement can be substantially bypassed by removal of rif1   390 

 The Cdc7-Dbf4 kinase complex (or DDK – Dbf4 dependent kinase) is required for origin initiation in many systems. In 391 
S. cerevisiae, the essential function of DDK is the phosphorylation of the MCM helicase complex during pre-RC activation 392 
(Sheu and Stillman 2010). In both S. pombe and S. cerevisiae, the deletion of rif1 partially rescues S phase and viability in cdc7 393 
mutants.  Two interactions have been proposed to contribute to this finding.  DDK appears to phosphorylate and inactivate 394 
Rif1, thereby activating replication by a derepression input.  This input would be dispensable in a rif1 mutant.  Additionally, 395 
Rif1 is thought to inhibit replication by recruiting PP1 to the origin and dephosphorylating the MCM helicase, an action that 396 
opposes DDK.  The loss of this opposing activity in a rif1 mutant would reduce the required activity for MCM phosphorylation 397 
that might then be provided by residual DDK function, or an alternative kinase such as a Cdk.  We wanted to assess the 398 
possible parallels in Drosophila to clarify the involvement of Rif1 in replication control.   399 

Despite strong conservation, cdc7 has not been well studied in Drosophila. In Drosophila, cdc7 is an essential gene, 400 
and recent work has demonstrated that in complex with the dbf4 ortholog chiffon, Drosophila Cdc7 can phosphorylate Mcm2 401 
in vitro, and that cdc7 is required for endocycle S phases in follicle cells (Stephenson et al. 2014). However, the function of 402 
DDK during mitotic S phase has not been described.  403 

 To address this issue we first tagged endogenous cdc7 with GFP using CRISPR-Cas9. The resulting cdc7-GFP stock was 404 
healthy and fertile indicating that the tag did not disrupt the essential function of Cdc7. Time-lapse imaging of Cdc7-GFP 405 
embryos during syncytial development revealed that Cdc7 localization was cell cycle regulated. Cdc7 was nuclear during 406 
interphase, dispersed into the cytosol during mitosis, and was rapidly recruited to late anaphase chromosomes and 407 
concentrated in the telophase nucleus (Figure 7A). Initial Cdc7 recruitment featured two transient bright foci followed by fine 408 
puncta suggesting that it is recruited to chromatin at the time at which pre-RCs are undergoing activation during the syncytial 409 
cell cycles. Comparison of nuclear Cdc7 at equivalent times in subsequent cell cycles (early S phase) leading up to the MBT 410 
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revealed a decline in the per-nucleus protein level, suggesting that titration by increasing number of nuclei and/or declining 411 
protein levels result in diminishing availability of Cdc7 to fire origins in later cycles (Figure 7B, Movie 8).  412 

 To determine if cdc7 is required for DNA replication during the early cell cycles, we depleted DDK from the embryo 413 
using maternal-tubulin Gal4 to drive RNAi against cdc7 during oogenesis. This setup did not interfere with egg production, 414 
although we found that expression of RNAi against cdc7 using the earlier acting MTD-Gal4 did cause severe defects in egg 415 
morphology, indicating that cdc7 does play a role in the female germline. Embryos depleted of Cdc7 using maternal-tubulin 416 
Gal4 failed to hatch. Cytological examination of Cdc7 depleted embryos revealed penetrant defects during the early pre-417 
blastoderm divisions. We observed multiple highly fragmented DNA masses that were unevenly distributed in the embryo 418 
interior, along with scattered abnormal mitotic structures (Figure 7C). In all cases nuclei failed to form a blastoderm, although 419 
in many cases centrosomes appeared to continue to duplicate in the absence of any associated DNA (Figure 7C). Such a 420 
dissociation of the embryonic nuclear and centrosome cycles has been described before in embryos injected with the DNA 421 
polymerase inhibitor aphidocolin during the pre-blastoderm cycles (Raff and Glover 1988). We conclude that Cdc7 is essential 422 
for effective nuclear cycles in the early embryo consistent with a requirement in DNA replication.  423 

 

Figure 7. Deletion of rif1 
rescues cell cycles to Cdc7 
depleted embryos. (A) Cell 
cycle regulated recruitment 
of Cdc7 to the nucleus 
during early interphase 
shown by time-lapse 
microscopy of Cdc7-GFP, 
His2av-RFP during nuclear 
cycle 12 using a 100x 
objective. (B) Live imaging 
of Cdc7-GFP embryos 
during cycles 10-14 reveals 
dilution of nuclear Cdc7 
over the pre-MBT divisions. 
(C) Fixed cdc7 depleted 
embryos stained for DNA 
and tubulin. Yellow arrow 
indicates a centrosome not 
associated with a DNA 
mass. Adjacent enlarged 
images display magnified 
views of abnormal mitotic 
structures. (D) Fixed rif1 
mutant embryo after 
maternal RNAi against cdc7 
stained for DNA and 
tubulin. Deletion of rif1 
restores cell cycles and 
early development to cdc7 
depleted embryos. 

 

 

 

 

 424 
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Next we tested for a genetic interaction by depleting Cdc7 from rif1 mutant embryos. In the absence of rif1, 2% of 426 
Cdc7-depleted embryos hatched. While the Cdc7-depleted embryos from mothers heterozygous for rif1 (rif1+) never hatched. 427 
Cytological examination demonstrated that removal of rif1 restored cell cycle progression to Cdc7-depleted embryos. rif1 428 
mutants completed substantially more cell cycles than heterozygous control embryos, with most progressing to the 429 
blastoderm stage.  Many of the blastoderm rescued embryos showed abnormalities such as substantial nuclear fall in, 430 
disorganized nuclear spacing, and non-uniform nuclear density. Nonetheless, some of the observed embryos attempted 431 
cellularization and gastrulation (Figure 7D) with the rare cases of hatching indicating occasional success. We conclude that 432 
deletion of rif1 can restore embryonic cell cycle progression and early development to Cdc7-depleted embryos. However, this 433 
rescue is incomplete, likely because of altered regulation of the restored S phase in such doubly defective embryos.  434 

 435 

The Rif1-regulated onset of late-replication precedes the establishment of heterochromatic marks 436 

 Early embryonic chromatin lacks specializations that come to distinguish different regions of the genome at later 437 
stages.  Thus, the order of appearance of different specializations can give us insight into the hierarchy of regulation. Since 438 
late replication is considered a feature of heterochromatin, we expected its emergence to follow the embryonic appearance 439 
of the hallmarks of heterochromatin.  Our recent work described the onset of localized H3K9me2/3 and HP1a (Yuan and 440 
O'Farrell 2016).  While a very low level of modification and chromatin bound HP1a was detected before the MBT, a period of 441 
abrupt accumulation of HP1a and more extensive H3K9me2/3 modification only occurred later, during S phase 14. Here we 442 
explore the relationship between this HP1a-centered program and the action of Rif1 in the control of late replication.  443 

Figure 8. Sequential appearance at 
satellite sequences suggests that 
Rif1 influences late replication prior 
to an impact of HP1a. (A) Still 
images from time-lapse imaging of 
Rif1-GFP and RFP-HP1a during cycle 
14 (early S phase through mitosis).   
During S phase the number of Rif1 
foci decline as the number of HP1a 
foci increase.  G2 nuclei lack Rif1 
foci, but retain strong HP1a foci (74 
min).  During the asynchronous 
mitosis 14 (74/90/96 min), both 
proteins are lost, but are rapidly 
recruited to late anaphase 
chromosomes (90/96 min). (B) Still 
images from time-lapse imaging of 
GFP-HP1a protein injected into wild-
type embryos (above) and rif1 
embryos (below) during S phase 14. 
HP1a recruitment to the 
heterochromatin proceeded 
similarly in control and mutant 
embryos. (C) Still images from time-
lapse imaging of the replication of 
the 359-satellite progressing from 

G2 of cycle 14, until completion of its replication in cycle 15.  Note that the TAIL-light signal is not immediately visible following mitosis 
(4:00 min frame).  We previously described how HP1a binds to the 359 bp repeat following its replication during S phase 14 and 
subsequently delays its replication in S phase 15. In rif1 embryos, the 359-repeat also replicated late in S phase 15 (In frame 30:00, yellow 
arrow indicates where the 359 TALE signal overlapped with PCNA).   

During cycle 14, Rif1-GFP and HP1a-RFP bound to localized foci in the same position, but never at the same time. 444 
Rif1 foci disappear sequentially during cycle 14, while HP1a is diffusely localized in early cycle 14 and is subsequently 445 
recruited to apical foci that multiply and intensify. Importantly, in live imaging of Rif1-GFP and HP1-RFP, we don’t observe any 446 
overlap between the two signals in S14 (Figure 8A). This finding is in accord with our finding that PCNA foci and Rif1 do not 447 
overlap (above), and our previous demonstration that PCNA and HP1 foci do not overlap in cycle 14 (Shermoen et al., 2010).  448 
Together with the timing of recruitment of these proteins to specific satellites, these observations show a sequence in which 449 
satellites lose associated Rif1 before they initiate replication as marked by PCNA, and then complete replication before 450 
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binding HP1. We conclude that the introduction of late replication by Rif1 precedes the binding of HP1a in cycle 14. In 451 
contrast, at the start of cycle 15 both Rif1 and HP1a are rapidly recruited to the chromocenter, with Rif1 binding slightly 452 
earlier (Figure 2B, 3B), and we have previously detected an influence of HP1 on replication timing in this cycle (Yuan and 453 
O’Farrell, 2016). 454 

Given the earlier binding of Rif1 to satellite sequences in cycle 14, Rif1 might direct subsequent heterochromatin 455 
formation.  In fission yeast, Rif1 is required for the maintenance of silencing at some heterochromatic sites in the genome 456 
(Zofall et al. 2016). We examined whether Rif1 influences the emergence of HP1a-bound heterochromatin. GFP-HP1a was 457 
injected into either wild-type or rif1 null embryos and imaged during cycle 14. We observed no difference between HP1a 458 
recruitment between the two genotypes, indicating that HP1a binds independently of Rif1 in the fly embryo (Figure 8B).   459 

We had previously found that the recruitment of HP1a to the 359 bp-repeat satellite-sequence during cycle 14 460 
occurred only after its replication and was unimportant to the replication timing of this satellite in S phase 14.  However, this 461 
recruitment of HP1a was required for a shift of 359 replication to a much later time in S phase of cycle 15 (Yuan and O'Farrell 462 
2016). Because our results demonstrate that the recruitment of HP1a to the heterochromatin during S phase 14 is 463 
independent of Rif1, we wondered if the replication time of 359 was altered in rif1 embryos in cycle 15. Live imaging of 464 
mCherry-PCNA expressing rif1 embryos injected with GFP-359 TALE probes indicated that 359 still replicates late during S15 465 
(Figure 8C). We conclude that an HP1a dependent program can delay replication of 359 sequences in cycle 15 without Rif1 466 
input.  It seems likely that this HP1a dependent program operates to influence the replication of many heterochromatic 467 
sequences after cell cycle 14.   468 

 469 

DISCUSSION  470 

We have combined fly genetics with live imaging to reveal and study a novel developmental role of Drosophila Rif1 471 
in controlling the onset of late replication during embryogenesis. The findings suggest how a conserved feature of 472 
constitutive heterochromatin, its late replication, first arises during embryogenesis. The dominant role that Rif1 plays in late 473 
replication at this developmental stage gave us an unobstructed view of this function.  We show that chromatin association 474 
of Rif1 during development is coordinated with onset of its action in delaying replication, and that Rif1 dissociation from 475 
regions of chromatin during S phase is temporally coupled to onset of the delayed replication of affected sequences. In 476 
addition, the developmental context of our study allows ordering of the events that introduce different features to the 477 
heterochromatin.  478 

We show that Cdk1 activity promotes dissociation of Rif1 from chromatin and inhibits its function.  Importantly, the 479 
ability of Cdk1 to limit Rif1 function provides a key link in the developmental control of the MBT.  A developmental decline in 480 
Cdk1 triggers the extension of the cell cycle at the MBT (Farrell et al., 2012; Yuan et al., 2016).  However, it was not previously 481 
apparent how a decline in Cdk1, a mitotic kinase, would trigger the abrupt extension of S phase that marks the onset of cell 482 
cycle slowing at the MBT.  We show that the decline of Cdk1 activity releases constraints on Rif1, which then acts to extend 483 
the S phase (Summarized in Figure 9). This long S phase is then followed by the first embryonic G2, and a mitosis that is 484 
triggered by patterned zygotic transcription of Cdc25. Thus, Rif1 contributes to the developmental program remodeling the 485 
embryonic cell cycle.   486 

 487 

Isolating a function of Rif1 as a developmental regulator of the replication timing program 488 

Rif1 is widely conserved and it has been implicated in several functions, notably, the control of telomere growth, 489 
replication timing, and DNA damage responses (Mattarocci et al. 2016).  Despite this complexity, the association of Rif1 with 490 
replication timing in our studies appears to be uncomplicated by other actions of Rif1.  Two factors are likely to contribute to 491 
this.  First, it is not clear that Rif1 serves the same spectrum of functions in all of the organisms in which it is found.  For 492 
example, the distinctive telomeres of Drosophila do not appear to be regulated by Rif1 (Sreesankar et al. 2012). Additionally, 493 
previous tests of the function of Drosophila Rif1 in cultured cells and when ectopically expressed in other species suggested 494 
that Drosophila Rif1 protein might lack some functions attributed to the Rif1 of other species (Sreesankar et al. 2012).  495 
Second, even if the Drosophila Rif1 protein has additional functions at other stages in the life of the fly, the first time Rif1 496 
functions in embryogenesis, its role appears to be to impose a replication-timing program on S phase.  Thus, this 497 
developmental context can isolate the replication-timing role of Rif1 from other potential functions.   498 
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 499 

Programmed interaction of Rif1 with satellite sequences guides their timing of replication  500 

Developmentally programmed association of Rif1 with satellite sequences marks the onset of late replication:  We have 501 
previously characterized the program of replication of satellite sequences.  Prior to cell cycle 11, when satellite sequences are 502 
early replicating, we did not detect significant recruitment of Rif1 to chromatin.  In subsequent pre-MBT cycles, when slight 503 
and incrementally increasing delays in satellite sequence replication occur, we see brief association of Rif1 to individual 504 
blocks of satellite sequence, and an advance in their replication in rif1 mutant embryos. In pace with the gradual increase in 505 
the delay of satellite replication, this Rif1 association persists longer in successive cycles (Figure 1A). In time with the MBT and 506 
a dramatic extension of cell cycle 14, we detect more persistent association of Rif1 to satellite sequences.  507 

Within each cell cycle, Rif1 dissociation from individual satellite sequences marks the onset of their replication:  Individual 508 
satellites, each a distinct array of repeats, initiate replication as a unit at a particular time within S phase 14 (Shermoen et al., 509 
2010). The disappearance of different Rif1 foci during S phase parallels the schedule of late replication for the different 510 
satellite repeats. Indeed, high-resolution imaging demonstrated that the dissociation of Rif1 is followed closely by the 511 
recruitment of PCNA and replication. In addition, TALE-light probes against the satellite 1.686 allowed us to visualize the 512 
association of Rif1 with this repeat during S phase. Rif1 staining overlapped that of the satellite early in S phase and Rif1 513 
dissociated in mid S phase just before the decompaction and replication of the underlying DNA (Figure 2). Finally, expression 514 
of the Rif1.15a gain-of-function mutant blocked dissociation of Rif1, and prevented complete replication (Figure 5). Thus, the 515 
dissociation of Rif1 coincides with and is needed for onset of replication.  516 

Phosphorylation controls the association of Rif1 with late replicating chromatin: The control of pre-RC activation by the 517 
kinases CDK and DDK appears to be widely conserved among eukarya (Siddiqui et al. 2013).  The two kinase-types act by 518 
parallel mechanisms phosphorylating their respective target sites in the N-terminal regions of MCM2 and MCM4 to promote 519 
activation of the pre-RC.  Activation usually requires collaboration of the two kinases.  These kinases are active from the 520 
outset of S phase, suggesting that the timing program of replication within S phase involves local regulation of their action. 521 
Rif1 has emerged as a key regulator of this same step and it appears to have two types of interactions with the activating 522 
kinases. Rif1 inhibits and delays replication initiation by recruiting PP1 to the genome where its ability to dephosphorylate 523 
kinase targets counters the action of DDK and likely CDK. Additionally, DDK and CDK inhibit Rif1, resulting in de-repression 524 
that further promotes pre-RC activation (Figure 5 and 7) (Davé et al. 2014; Hiraga et al. 2014). Opposing actions of Rif1 and 525 
DDK were strongly supported by the observation that mutation of rif1 can suppress the requirement for cdc7 in yeasts, a 526 
genetic interaction that we have now shown is conserved in Drosophila.  527 

When Cdk1 activity is especially high at metaphase, Rif1 is absent from chromosomes.  After metaphase/anaphase 528 
inactivation of Cdk1, Rif1 associates with the separating anaphase chromosomes (Figure 3) (Xu and Blackburn 2004). 529 
Manipulations and mutations that promote Cdk1 activity accelerate dissipation of Rif1 from chromatin (Figure 3D, Figure 4). 530 
Reciprocally, inhibition of Cdk1 during pre-MBT S-phases increases the amount of time Rif1 spends in foci. Several 531 
observations suggest that Cdk1 acts directly on Rif1. Rif1 has conserved clusters of Cdk1 target sites.  We observed increased 532 
phosphorylation of Rif1 during the early cycles when Cdk1 activity is high and when Rif1 shows minimal association with 533 
chromatin.  Finally, mutation of 15 CDK and DDK consensus sites in the C-terminus of Rif1 largely prevented dissociation of 534 
Rif1 from chromatin. Additionally, DDK also appears to contribute to suppression of Rif1 activity in early embryos.  This 535 
follows from our finding that Rif1 mutation restored cell cycle progression to embryos blocked by knockdown of DDK (Cdk7).  536 
Apparently, Rif1 is active (destructively) in the early embryo without DDK suppression. Thus, both types of S-phase-activating 537 
kinase suppress Rif1 activity, a coherent feed-forward input that supports direct action of these kinases to activate the Pre-RC 538 
(Figure 9).   539 

In budding and fission yeast, it was suggested that DDK inhibits Rif1 by promoting release of PP1. Drosophila Rif1 540 
also interacts with PP1a (Davé et al. 2014; Hiraga et al. 2014), but we have not detected a change in this interaction when 541 
comparing two stages, one in which high Cdk1 prevents Rif1 function and a stage when Cdk1 is inactive (Figure 5).  Instead, 542 
we see regulation in the association of Rif1 to chromatin. Although we can’t exclude regulation of phosphatase binding, our 543 
results demonstrate a key role for phosphorylation-regulated chromatin binding of the Drosophila Rif1.  Perhaps both 544 
mechanisms operate.  Since the regulatory architecture is the same, different organisms might emphasize different means of 545 
Rif1 inhibition. 546 

 547 
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Figure 9 Model.  (A) Interactions of the S phase kinases and the Rif1 inhibitor create a late replication program.  In a nucleus in early S 
phase (left) foci of compacted late replicating satellites have bound Rif1 that creates a phosphatase rich domain through its interaction with 
PP1a.  This protects the pre-RC from the activating influence of S phase kinases, CDK and DDK.  With time (to the right) the S phase kinases 
act on Rif1, first gradually, to promote its dissociation, and then abruptly as the kinases overwhelm the weakened domain of phosphatase 
dominance.  At this time, the S phase kinases can successfully directly target and activate the pre-RC.  (B) During the early pre-MBT cycles, 

high CDK and DDK activities 
rapidly drive Rif1 dissociation so 
that delays in replication are 
initially negligible. A progressive 
lengthening of the embryonic S 
phase is associated with 
incrementally increasing delays in 
satellite replication.  Part of this 
delay is due to declining CDK and 
increasing, but still transient, Rif1 
association. However, Rif1 
independent factors, likely the 
titration of several replication 
proteins, such as Cdc7, also 
contribute to this slowing.  Then, 
at the MBT, developmentally 
programmed downregulation of 
Cdk1 allows persistent binding of 
Rif1 to satellite DNA and the 
introduction of a late replication 
program, thereby extending the 
duration of S phase.  

 548 

The observed program of Rif1 dissociation suggests that the process could play a role in a mysterious feature of 549 
replication timing.  At least in higher organisms, large domains of the genome replicate as temporal units at a specific time 550 
during S phase, a phenomenon that requires coordinate firing of many linked origins (Jackson and Pombo 1998).  Concerted 551 
dissociation of Rif1 from each satellite sequences is followed by the recruitment of PCNA to the entire domain, suggesting 552 
that behavior of Rif1 might coordinate the firing of the numerous origins within each large block of repeating sequence.  How 553 
might region-specific dissociation of Rif1 itself be coordinated?  Our data suggests that dissociation is promoted by 554 
phosphorylation of Rif1 (Figure 9).  Since Rif1 is known to recruit PP1, the localized phosphatase could counter the action of 555 
the kinases, protecting Rif1 from dissociation. This antagonism between kinase activity and localized PP1 could create a 556 
bistable circuit.  Domains enriched in Rif1 would also be enriched in PP1, which could locally protect Rif1 from the kinases. 557 
However, even a slow rate of Rif1 release would eventually give the kinases the upper hand within the domain.  At the 558 
tipping point dissociation of Rif1 would accelerate.  Since our findings show coordinate release of Rif1 from large domains of 559 
the genome and show that Rif1 release is coupled to onset of replication, we suggest that the circuit regulating Rif1 release 560 
coordinates the firing of origins in local domains.    561 

S phase extension at the MBT involves interplay of Rif1 and kinases  562 

Our identification of the role of Rif1 in extending S phase and identification of kinase inputs influencing Rif1 activity 563 
have implications regarding the control of early embryonic development and mechanisms governing the slowing of the cell 564 
cycle at the MBT.  In Drosophila, the early increases in cell cycle duration are coupled to increases in the time required for S 565 
phase (Edgar and O'Farrell 1989, 1990; Sibon et al. 1997; McCleland et al. 2009; Shermoen et al. 2010).  This increase in S 566 
phase duration is due to the onset of delays in the replication of satellite sequences in S phase (Shermoen et al., 2010).  Prior 567 
work showed that the activity of Cdk1 influences the delays in satellite replication and the extension of S phase (Farrell et al., 568 
2012; Farrell and O’Farrell, 2013).  The speed of the early cycles required high Cdk1, and the abrupt extension of S phase at 569 
cycle 14 depended on an MBT associated sharp reduction in interphase Cdk1 activity.  The findings reported here show Rif1 570 
associates with satellite sequences and delays their replication upon the downregulation of Cdk1.  Thus, the regulatory 571 
connection between Cdk1 and Rif1 couples S phase prolongation, and hence cell cycle prolongation with Cdk1 572 
downregulation.  573 

 574 
We found that maternally supplied Rif1 is present ubiquitously throughout the pre-MBT cell cycles, and so we 575 

suggest that CDK and DDK kinases are critical to prevent maternally supplied Rif1 from interfering with rapid S phase 576 
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completion in early cycles. There is progressive reduction of Cdk1 activity in successive interphases prior to the MBT (Edgar et 577 
al., 1994) that allows limited Rif1 association to satellites during cycles 11-13, and this association persists longer in each 578 
cycle. Cdk1 activity is normally required during these S phases for their timely completion, and we show that this requirement 579 
can be bypassed by mutation of rif1 (Figure 6). However, while the abrupt cycle-14 extension of S phase required rif1, only a 580 
portion of the incremental and progressive extension of S phase required rif1 and gradual prolongation of S phase still 581 
occurred in rif1 mutant embryos, suggesting that there are other inputs.  582 

 583 
Rif1 independent contributions to S phase duration 584 

In rif1 embryos, the early 3.4 min S phase is extended to 27 min by cycle 14. Although much shorter than the 72 585 
minute S phase 14 in wild-type embryos, this rif1-independet extension of S phase resembled progression normally seen in 586 
the early cycles. S phase extended progressively in small but increasing increments and replication of satellite sequences was 587 
selectively delayed.  These observations show that the distinctive behavior of satellite sequences is not entirely dependent on 588 
Rif1 interaction, and that additional factors contribute to S phase extension during the progressive phase.  589 

The progressive delays in timing of replication of satellite sequences in rif1 mutant Drosophila embryos suggest that 590 
selective delays in the activation of replication are involved.  A long-standing suggestion for embryonic slowing of the cell 591 
cycle is that the increasing number of nuclei titrate factors required for the speedy early S phases. Several factors might limit 592 
pre-RC activation. For example, Cdc7, the kinase component of activating DDK, has an input as demonstrated by its genetic 593 
interaction with Rif1. Given that we saw diminishing concentration of nuclear Cdc7 as it was distributed to an increasing large 594 
number of nuclei over successive divisions, it is possible that developmental declines in this activating input could contribute 595 
to slowing of S phase.  However, beyond the factors we have discussed — Rif1, Cdk and DDK — there are other inputs.  596 
Notably, the concentrations of several proteins that are recruited to the pre-RC during its maturation influence the speed and 597 
efficiency of pre-RC activation in yeast and in Xenopus (Mantiero et al. 2011; Collart et al. 2013).   598 

Investigations of S phase extension occurring at the Xenopus MBT have emphasized multiple inputs influencing 599 
activation of the pre-RC (Walter 1997; Collart et al. 2013).  A recent analysis suggested that Drf1, the activating subunit for 600 
the Cdc7 kinase in the Xenopus embryo, is subject to active destruction at the MBT (Collart et al. 2017).  Failure to down 601 
regulate DDK sensitized embryos to the further stress of overproduction of three replication factors that promote pre-RC 602 
maturation. Indeed, the authors suggest that titration of the maternal supply of these three replication proteins cooperate 603 
with active destruction of Drf1 to slow S phase at the MBT. Thus, evolution appears to have brought the same regulatory step 604 
under developmental control in very different organisms, but many factors complicate a comparison between systems, and 605 
here we emphasize that the detail of the dissection of the process in Drosophila has led us to a specific conclusion regarding 606 
Rif1 control of cell cycle slowing at the MBT in this organism.   607 

In contrast to the early progressive slowing of the cell cycle in Drosophila embryos, the abrupt extension of cell cycle 608 
14 shows features of a distinct regulatory transition.  It has switch-like features (Lu et al. 2009).  The triggering of this sudden 609 
extension of S phase is not simply due to a limitation of a factor, because, unlike the earlier progressive extension of S phase, 610 
inhibition of transcription prevents the abrupt extension (Shermoen et al. 2010).  This shows that existing materials are 611 
adequate to support another relatively fast cycle and that the extension of cycle 14 involves an active process.  And 612 
importantly, we have previously shown that the key event in triggering the extension is the downregulation of cyclin:Cdk1 613 
(Farrell et al. 2012; Farrell and O'Farrell 2013).  Here, we show that it also depends on the positive action of Rif1 as a 614 
repressor of replication and that this activity of Rif1 depends on the downregulation of Cdk1. In summary we suggest that 615 
there are two distinct phases of S phase prolongation operating in the Drosophila embryo, one progressive and earlier and 616 
one abrupt and occurring at the onset of cycle 14.  The rif1 mutant is defective in the abrupt event that marks the MBT.       617 

Implications of the dispensability of Rif1 618 

We found it surprising that rif1 mutants have a highly penetrant phenotype with a specific failure to prolong S phase 619 
14, but yet produce viable progeny.  This means that the prolongation of S phase 14 is not essential and that subsequent 620 
contributions of rif1 to development and survival are also dispensable.  We would like to put this in context.   621 

Rif1 loss is not without major consequences.  Both hatching of maternally deficient embryos and survival of 622 
zygotically deficient flies are compromised.  So Rif1 is important, but a detailed characterization will be required to 623 
understand its contributions to survival. Nonetheless, it is clear that mutant embryos with a 27 min S phase 14 instead of the 624 
normal S phase duration of more than an hour can hatch.  rif1 mutant embryos still undergo an MBT and the majority of the 625 
embryos slow their cell cycle because they arrest in a G2 after their abnormally fast S phase 14.  A minority of the embryos 626 
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undergoes a complete or partial extra syncytial cycle suggesting that S phase timing contributes to regulation that normally 627 
introduces a G2 into the cell cycle at the MBT with great reliability.   628 

The late replication program in cell cycle 14 precedes obvious appearance of heterochromatic marks on satellite 629 
sequences (Yuan and O'Farrell 2016). These marks do appear later in cell cycle 14 and their appearance was not 630 
compromised in the absence of Rif1.  Thus, neither the selective localization of Rif1 to satellite sequences nor the specific 631 
time of replication of the satellites in cycle 14 are required to trigger or guide the appearance of the heterochromatic marks.  632 
Importantly, we showed previously that recruitment of HP1a and associated acquisition of other heterochromatin marks 633 
delays replication of the X chromosomal 359-satellite repeat in cycle 15 (Yuan et al., 2016).  Here we show that in the 634 
absence of Rif1, the 359 repeat still exhibits late replication in cycle 15, suggesting that heterochromatin can act by a Rif1 635 
independent pathway to cause replication delay.  While rif1 mutant embryos may show subtle alterations in the program of 636 
late replication in later cycles, presently the unique dependency of replication timing on Rif1 function appears limited to a 637 
narrow window of developmental time.  Thus, survival of rif1 mutants does not assess the importance of late replication per 638 
se, only the impact of the delay in cycle 14.   639 

Concluding remarks  640 

Embryonic development presents early cell cycles with an unusual challenge – regulating cell division in the absence of 641 
transcription. Perhaps because of this early constraint, the biology of early embryos is streamlined and lacks many regulatory 642 
processes that appear later in development.  When development introduces complications, it does so incrementally, 643 
highlighting individual regulatory circuits. By focusing on early development, we have been able to isolate and study the 644 
contributions of Rif1 to late replication and to S phase length. Our work uncovers a special developmental function for Rif1 in 645 
controlling the timely prolongation of S phase at the Mid Blastula Transition, and provides new insight into the control of late 646 
replication.  647 

 648 

649 
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MATERIALS AND METHODS  650 

Fly stocks 651 

All Drosophila melanogaster stocks were cultured on standard cornmeal-yeast medium. The following fly strains were used in 652 
this study: w1118 Canton-S (wild type), his2av-mRFP (Bloomington stock number 23650 or 23651), mRFP-HP1a (30562), 653 
eyeless-gal4 (5535), maternal tubulin-gal4 (7063), UAS-shRNAcdc7 (TRiP GL00585),  mei41D3 (gift from Tin Tin Su, University of 654 
Colorado Boulder), mCherry-pcna (this study), rif1-EGFP (this study), cdc7-EGFP (this study), rif1- (this study), UASp>Rif1-655 
3xFlag (this study), UASp>Rif1-15a-3xFlag (this study).  656 

Generation of transgenic lines described in this study  657 

All transgensis injections were performed by Rainbow Transgenic Flies, Camarillo, CA.  658 

The stocks rif1-EGFP and cdc7-EGFP were generated using CRISPR-Cas9 editing to modify the endogenous rif1 and cdc7 genes 659 
(diagrammed in Supplemental Figure 1) as described in Gratz et al 2014. Briefly, a single CRISPR target site was selected as 660 
close to the stop codon as possible. To direct homologous repair, approximately 1.5 kb of DNA on either side of the cut site 661 
was amplified from gDNA isolated from the vasa-Cas9 stock (51324). Both homology arms, a 6xGlyGlySer-EGFP tag, and the 662 
endogenous 3’UTR were cloned into the pHD-DsRed vector using Gibson Assembly. To generate guide RNA plasmids, 663 
annealed DNA oligos were cloned into the pU6-BbsI-chiRNA vector. The donor plasmid and the gRNA plasmid were co-664 
injected into vasa-cas9 embryos by Rainbow Transgenic Flies. After screening for DsRed+ progeny, successful modification was 665 
confirmed by PCR genotyping and anti-GFP immunoblotting. A single male containing a successful modification was 666 
backcrossed to our lab’s w1118 Canton-S stock for five generations to establish a stock.  667 

CRISPR-Cas9 editing was used to generate the rif1 null allele (diagrammed in Supplemental figure 6) by replacing the rif1 ORF 668 
with a visible 3xP3-DsRed marker. Two CRISPR target sites were selected, one site directly upstream of the start codon and 669 
one site 14 bp upstream of the stop codon. Gibson assembly was used to construct a homologous repair donor plasmid 670 
containing approximately 1.5 kb of DNA homologous to the genomic sequence directly upstream of the first cut site, the 671 
DsRed marker, and approximately 1.5 kb of DNA homologous to the genomic sequence directly downstream of the second 672 
cut site. Both gRNA plasmids and the donor plasmid were co-injected into vasa-cas9 (51324) embryos by Rainbow Transgenic 673 
Flies. After screening for DsRed+ progeny, successful replacement of the rif1 ORF was confirmed by PCR genotyping 674 
(Supplemental figure 6) and by Sanger sequencing across the recombinant breakpoints. A single male carrying the rif1 null 675 
allele was backcrossed to our lab’s wild-type strain for five generations to establish the rif1- stock.  676 

To generate the mCherry-pcna transgenic stock approximately 1 kb of sequence upstream of the pcna start codon, the 677 
mCherry-5xGlyGlySer tag, and the pcna gene were cloned into the pw+attB vector using Gibson Assembly. The resulting 678 
transgenesis plasmid and phiC31 mRNA were co-injected into attP-9a embryos (9744) to perform phiC31 mediated 679 
integration.  680 

To generate the UAS-Rif1.WT-3xFlag and UAS-Rif1.15a-3xFlag transgenic lines either the rif1 ORF was amplified from embryo 681 
cDNA and into the pENTR-D vector by TOPO cloning. In order to generate the phosphomutant Rif1.15a, a DNA fragment 682 
containing the mutated sequence was synthesized (Integrated DNA Technologies, Redwood City, CA) and used to replace the 683 
corresponding wild-type sequence in the ENTRY plasmid by Gibson Assembly. The ENTRY vectors were then recombined with 684 
the pPWF-attB construct using the LR Clonase II kit (Invitrogen, Carlsbad, CA). The resulting transgenesis plasmids and phiC31 685 
mRNA were co-injected into attP-9a embryos (9744) to perform phiC31 mediated integration.  686 

Plasmids and DNA sequences are available upon request. 687 

Embryo staining 688 

Embryos were collected on grape agar plates, washed into mesh baskets and dechorinated in 50% bleach for 2 minutes. 689 
Embryos were then devitellenized and fixed in a 1:1 mixture of methanol-heptane, before storing in methanol at -20°C. 690 
Embryos were gradually rehydrated in a series of increasing PTx:Methanol mixtures (1:3, 1:1, 3:1) before washing for 5 691 
minutes in PTx (PBS with 0.1% Triton). Embryos were then blocked in PBTA (PTx supplemented with 1% BSA and 0.2% Azide) 692 
for 1 hour at room temperature. Blocked embryos were then incubated with the primary antibody overnight at 4°C. The 693 
following primary antibodies were used: rabbit anti-GFP at 1:500 (Invitrogen A11122), and mouse anti-tubulin at 1:100 (DSHB 694 
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12G10, AA12.1-s, and AA4.3-s). Embryos were then washed with PTx for three times 15 minutes each, and then incubated 695 
with the appropriate fluorescently labeled secondary antibody (Molecular Probes) at 1:300 for 1 hour in the dark at room 696 
temperature. Embryos were then washed again with PTx for three times 15 minutes each. In order to detect total DNA, DAPI 697 
was added to the second wash. Finally stained embryos were mounted on glass slides in Fluoromount.  698 

To detect both Rif1-EGFP and the AATAC satellite repeat, formaldehyde fixed embryos were blocked in PBTA for 1 hour, 699 
incubated with rabbit anti-GFP at 1:500 (Invitrogen A11122) for 1 hour at room temperature, washed three times for 15 700 
minutes each in PTX, incubated with fluorescently labeled secondary antibody at 1:300 for 1 hour at room temperature in the 701 
dark, and then washed three times for 15 minutes in PTX. Embryos were then post-fixed in 4% formaldehyde for 20 minutes. 702 
FISH was then performed as described in Shermoen et al., 2010 using a Cy5 labeled AATAC 30-mer oligo probe (IDT).  703 

Protein extract preparation and immunoprecipitation 704 

Protein extracts were prepared by homogenizing embryos in embryo lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1% 705 
Triton X-100, 1 mM EDTA) supplemented with 1X protease inhibitor cocktail (Pierce), PMSF, 100 mM Sodium Fluoride, 100 706 
mM β-gylcerophosphate, and 10 mM sodium pyrophosphate. After lysis, 2X Sample Buffer was added to the extract, and 707 
samples were boiled for 5-10 minutes. For dephosphorylation reactions protein extracts were prepared as above except for 708 
the omission of phosphatase inhibitors. Extracts were then supplemented with 1 mM MnCl2 and incubated with ƛ 709 
phosphatase for 30 minutes at 30°C. The reaction was terminated by adding 2X Sample Buffer and boiling for 5-10 minutes.  710 

For immunoprecipitation of GFP tagged Rif1 dechorinated embryos were lysed using a dounce homogenizer in 500 µl of ice 711 
cold RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% Triton X-100, 0.5% Sodium deoxycholate, 0.1% SDS, 1 mM DTT) 712 
supplemented with 1X protease inhibitor cocktail (Pierce, Waltham, MA), PMSF, 100 mM Sodium Fluoride, 100 mM β-713 
gylcerophosphate, and 10 mM sodium pyrophosphate. The resulting extract was cleared by spinning twice at 12,000 rpm for 714 
10 minutes each at 4°C, after which the supernatant was incubated with 20 µl of GFP-TRAP Magnetic beads (Chromotek, 715 
Martinsried, Germany) for 1 hour at 4°C on a nutator. The beads were then washed for three times with lysis buffer using a 716 
magnetic rack, and proteins were eluted by boiling in 30 µl of 2x Sample Buffer.  717 

Western Blotting 718 

For standard western blotting, protein extracts were separated by electrophoresis in precast 4-15% polyacrylamide gels 719 
(Biorad, Hercules, CA). To separate phosphorylated forms of Rif1, protein extracts were run on a 0.5% agarose strengthened 720 
3% polyacrylamide gel containing 20 µM Mn2+-Phostag (AAL-107, Wako Chemicals, Japan). Proteins were then transferred to 721 
a PVDF membrane using a wet transfer system. The membrane was blocked in TBST (TBS with 0.1% Tween-20) supplemented 722 
with 2.5% BSA and then incubated in the appropriate primary antibody at a dilution of 1:1000 overnight at 4°C. The blot was 723 
then washed three times for 10 minutes each in TBST, and then incubated in the appropriate secondary antibody at a dilution 724 
of 1:10,000 for 1 hour at room temperature. The blot was then washed three times for 10 minutes each in TBST, and then 725 
treated with Pierce SuperSignal West Pico ECL, and used to expose autoradiography film. The following antibodies were used: 726 
rabbit anti-GFP (ab290, Abcam, Cambridge, United Kingdom), rabbit anti-PP1a (2582, Cell Signaling, Danver, MA), Goat anti-727 
Rabbit HRP conjugated (Biorad).    728 

Microinjection 729 

Embryo microinjections were performed as described in Farrell et al., 2012. In vitro transcribed mRNA was prepared using the 730 
CellScript T7 mRNA production system (CellScript, Madison, WI) as described in Farrell., et al 2012 and injected at a 731 
concentration of 600 ng/µl. The purified proteins used in this study were described in Yuan and O’Farrell, 2016.  732 

Microscopy  733 

For live imaging embryos were collected on grape agar plates, and aged at 25°C when appropriate. After dechorination in 734 
50% bleach, embryos were aligned and glued to glass coverslips, and then covered in halocarbon oil before imaging. Embryos 735 
were imaged using a spinning disk confocal microscope, and the data were analyzed using Volocity 6 (Perkin Elmer, San Jose, 736 
CA). For most experiments, approximately 30 embryos were watched under the microscope, and only the embryos at the 737 
appropriate developmental stage were filmed. When comparing different conditions, all images acquired in a single 738 
experiment were acquired at the same time and with identical microscope settings. Choice of objective and z-stack size were 739 
determined by experimental need. Unless otherwise noted all images shown are projections of a z-stack series. When 740 
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imaging embryos following microinjection, the objective was centered in the portion of the embryo nearest the site of 741 
injection to record the area of maximum effect.  742 

Reproducibility 743 

The development of embryos is highly stereotyped and the quality of the data is founded in the resolution of the imaging. 744 
Still images and movies presented in this paper are representative of multiple embryos filmed during a single experiment 745 
(technical replicates) and of identical experiments performed on embryos collected from independently sorted flies 746 
(biological replicates). Choice of embryos for imaging was dictated by developmental stage and by embryo health 747 
(unfertilized and clearly damaged embryos were excluded). Western blots reported in this paper were performed in two 748 
biological replicates (separate protein extracts from independent embryo collections).  749 
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Supplemental Figures 879 

Supplemental Figure 1. 
Generation and 
characterization of 
endogenously tagged 
Rif1::EGFP flies. (A) 
Schematic showing the 
gene structure of drif1 
and the CRISPR-Cas9 
tagging strategy. 
Briefly, a single guide 
RNA was chosen to 
direct Cas9 cleavage in 
the extreme C-terminus 
of the rif1 ORF. A donor 
plasmid containing 
approximately 1.5 kb of 
homology to either side 
of the break point was 
used to insert a 
GlyGlySer (linker)-EGFP 
tag in addition to a 
DsRed selectable maker 
under the control of 
the eye specific 3xP3 
enhancer. (B) Anti-GFP 

western blot on embryonic protein extract to confirm successful tagging. (C) Still frames from time-lapse confocal imaging of 
embryos produced from the indicated crosses. Selected images are from individual embryos at 10 minutes into interphase of 
cycle 14. The Rif1 protein present at the MBT is maternally provided.  

 880 

Supplemental Figure 2.  (A) Injection of geminin eliminates S phase 14 foci of mCherry-PCNA. In control embryos, mCherry-
PCNA marks nuclear locations of active DNA replication resulting in bright PCNA foci later in S phase. When pre-RC formation 
is blocked by the injection of purified geminin protein during interphase 13 the nuclear PCNA signal is overall less intense, 
and never resolves into replication foci. We conclude that transgenic mCherry-PCNA faithfully marks replicating sequences. 
(B) Stills from time-lapse imaging of Rif1-EGFP and mCherry-PCNA during the start of S phase 15. Note that the recruitment of 

Rif1 precedes the 
recruitment of PCNA to 
chromatin. Once S phase 
begins PCNA is spread 
throughout the early 
replicating euchromatic 
portion of the nucleus, 
but the PCNA signal does 
not overlap with the Rif1 
bound late replicating 
heterochromatin which by 
cycle 15 is concentrated 
to one edge of the 
nucleus.  
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   882 

Supplemental Figure 5. Analysis of potential 
Rif1 CDK and DDK phosphorylation sites. (A) 
Multiple sequence alignment of the indicated 
portions of the Rif1 protein sequences from 
Aedes aegypti (1345-1541), Drosophila 
melanogaster (946-1103), and Musca 
domestica (1041-1189) using Clustal Omega. 
Potential DDK and CDK phosphorylation sites 
are highlighted in red. Both CDK and DDK are 
serine/threonine kinases where specificity is 
encoded by the residue in the +1 position. 
CDK phosphorylates S/T residues followed by 
a proline. DDK targets S/T residues followed 
by an acidic group which can be provided by 
an acidic amino acid (D or E) or by a previous 
phosphorylation (e.g. SSP). PP1 interaction 
motifs are highlighted in purple. (B) Analysis 
of the D. melanogaster Rif1 protein sequence 
using the Predictor of Natural Disordered 
Regions (PONDR) tool to score for regions of 
intrinsic disorder. PONDR scores above 0.5 
suggest regions of intrinsic disorder. Above 
the graph is a schematic of the relevant 
regions of the Rif1 protein. The N-terminal 
heat repeats are represented by the yellow 
box, and the portion Rif1 containing the 

potential CDK and DDK phosphorylation sites analyzed in (A) is represented by the red box.  

 

 

 

 

 

 

Supplemental Figure 6. (A) Schematic 
showing the gene structure of drif1 and 
the CRISPR-Cas9 editing strategy used to 
generate the rif1 null allele. Briefly, two 
CRISPR target sites were selected, one 
site directly upstream of the start codon, 
and one site directly upstream of the 
stop codon. Approximately 1.5 kb of 
DNA homologous to the genomic 
sequence on either upstream or 
downstream of the break points was 
used to direct the replacement of the 
rif1 ORF with the visible 3xP3-DsRed 
marker. (B) Confirmation of correct 
replacement of the rif1 ORF by PCR. 
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Movie legends 883 

Movie 1 Rif1 forms dynamic nuclear foci as the embryonic cell cycle lengthens. This video accompanies Figure 1D. Live 884 
imaging of a Rif1-GFP (green) and H2aV-RFP (magenta) in an embryo completing the blastoderm cell cycles and the MBT. 885 
Video begins at mitosis 10 and ends following mitosis 14 in domain 5. Note that foci of Rif1 grow in number and duration as 886 
the cell cycle slows, and that Rif1 foci disappear progressively as interphase completes. Z stacks were acquired every 2 887 
minutes on a 100x oil objective.  888 

Movie 2 Imaging the disappearance of Rif1 foci. This video accompanies Figure 1E. Live imaging of Rif1-GFP at high frame 889 
rate (every 20 seconds) during S phase 13. When Rif1 dissociates from the chromatin the focus of Rif1-GFP erodes from the 890 
outside over the course of 2 minutes as the signal fades. 891 

Movie 3 Coordination of Rif1 dissociation and DNA replication.  This video showing Rif1-GFP (green) and mCherry-PCNA 892 
(purple) during S phase 14 accompanies Figure 2A. Movie starts at the end of S phase 13 and follows nuclei through S phase 893 
14. Rif1 dissociates from chromatin before the underlying sequences acquire PCNA signal indicating onset of late replication. 894 
Absence of coincidence of the two signals is evident throughout the sequence.  While complicated by nuclear movements, 895 
recruitment of PCNA to previously Rif1 staining regions is apparent near the close of S phase.  Z stacks were acquired every 2 896 
minutes on a 100x oil objective.  897 

Movie 4 Rif1 is recruited to the late replicating heterochromatin during Mitosis 14 before the beginning of S phase 15. This 898 
video accompanies Figure 2B. Live imaging of Rif1-GFP (green) and mCherry-PCNA (magenta) during mitosis 14 and the start 899 
of S phase 15. Rif1 binds to the chromatin during mitotic exit, and is enriched at the leading edge of the chromosome mass 900 
where the late replicating pericentric heterochromatin resides. Rif1 binding is evident before the appearance of PCNA signal 901 
on the chromatin, which marks the start of S phase. Once S phase begins, the Rif1 stained heterochromatin does not overlap 902 
with the PCNA stained early replicating euchromatin. Z stacks were acquired every 20 seconds on a 100x oil objective.  903 

Movie 5 Imaging Rif1 and the replication of the 1.686 satellite repeat. This video accompanies Figure 2C. Live imaging of 904 
Rif1-GFP (green) and the late replicating satellite 1.686 using an mCherry labeled TALE-light protein (magenta) during S phase 905 
13. Before 1.686 replicates, it is marked by Rif1 (coincident signal appears white).  Rif1 then dissociates (at 00:04:20) before 906 
this repeat decondenses (at 00:04:40) and replicates.  After replication, the TALE-light signal appears brighter and re-907 
compacted (00:09:00), but lacks a Rif1 signal.  Finally, the 1.686 loci separate, align, and then lose fluorescence upon 908 
progression to mitosis.  Z stacks were acquired every 20 seconds on a 100x oil objective.  909 

Movie 6 Ectopic activation of Cdk1 during S phase 14 drives Rif1 dissociation and accelerates late replication. This video 910 
accompanies Figure 4B. Live imaging of Rif1-GFP (green) and mCherry-PCNA (magenta) during S phase 14 following injection 911 
of Cdc25 mRNA during cycle 13. Introduction of this Cdk1 activator accelerates the loss of Rif1 foci and drives the underlying 912 
sequences to replicate earlier in S phase (compare to movie 3). Z stacks were acquired every 2 minutes on a 100x oil 913 
objective.  914 

Movie 7 rif1 embryos undergo an early mitosis 14. This video accompanies Figure 6C. Live imaging of GFP-HP1a injected into 915 
in a wild-type embryo (left) and a rif1 embryo (right). Movies begin in cycle 12 and follow embryos through cycle 14. Note 916 
that the rif1 embryo undergoes an extra synchronous mitosis approximately 23 minutes into interphase 14. Z stacks were 917 
acquired at minute and twenty second intervals on a 20x air objective.  918 

Movie 8 Level of nuclear Cdc7 decline over the blastoderm cycles leading up to the MBT. This video accompanies Figure 7B. 919 
Live imaging of Cdc7-GFP (green) and His2av-RFP (magenta) during cell cycles 11 through 14. Z stacks were acquired every 920 
minute on a 20x air objective.  921 

 922 

 923 

 924 
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