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Abstract
CSR-1 is an argonaute of a RNA interference pathway that is important for chromosome segregation in C. elegans.
Live-cell imaging revealed that CSR-1 depletion slows down spindle pole separation in a kinetochore-dependent
manner. In csr-1(RNAi) embryos, the kinetochores may be misattached to the microtubules and chromosome
segregation is disrupted. On the holocentromeres, there are increased levels of some kinetochore proteins, including
the centromeric epigenetic mark, CENP-A or HCP-3. Without affecting HCP-3 expression level, HCP-3 density is higher
on stretched chromatin fibers in CSR-1-depleted embryos. The increased HCP-3 deposition on chromatin after CSR-1
depletion is at least partially independent of HCP-3 loading factors, KNL-2 and LIN-53, suggesting a non-classical,
improper HCP-3 loading pathway. Negative regulation of HCP-3 holocentromere loading by CSR-1 required its slicer
activity and the b isoform. CSR-1 acts as a HCP-3 repressor for its chromosomal occupancy, shedding light on the role
of RNAi pathways in specifying the localization of centromere proteins.
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Introduction
Equal segregation of chromosomes during cell division is crucial for an organism’s survival. Microtubules attach to
chromosomes at the centromeres to pull them apart. During mitosis, the sister chromatid centromeres are
bi-oriented, each facing toward the opposite spindle poles (Tanaka, 2002). One of the functions of centromere is to
assemble kinetochore, so that microtubules can bind. While this function is conserved among organisms, centromere
architecture and centromeric DNA sequences vary greatly. In contrast, CENP-A, a histone H3 variant, is found on the
active centromeres in many organisms, even on ectopic centromeres that are known as neocentromeres (Amor and
Choo, 2002, De Rop et al., 2012). CENP-A is at the top of the hierarchy for centromere identity and kinetochore
assembly. Depletion of CENP-A leads to kinetochore-null (knl) phenotypes and severe chromosome missegregation
(Oegema et al., 2001).
In many organisms, CENP-A is associated with repetitive sequences at the monocentromere on the chromosome, for
example, α-satellite DNA in humans and the minor satellite DNA in mice (Guenatri et al., 2004, Sullivan et al., 2017).
Holocentromeres are positioned along the entire poleward faces on the replicated, condensed sister chromatids
(Buchwitz et al., 1999). Interestingly, the number of microtubules attached per chromosome is similar for human
centromeres and C. elegans holocentromeres (McEwen et al., 1998, Redemann et al., 2017). HCP-3, the CENP-A
homolog in C. elegans, is found to be associated to about 25-50% of the genome, which included both genic and
inter-genic DNA regions (Gassmann et al., 2012, Lin et al., 2021). HCP-3-binding locations seem to be influenced by
transcription. By cross-linked chromatin immunoprecipitation-DNA microarray chip (chIP-chip) , HCP-3 occupancy is
inversely correlated to RNA polymerase II occupancy in embryos (r= -0.67) (Gassmann et al., 2012). HCP-3 occupancy
is correlated positively with repressive histone modifications H3K27me3 (r= 0.64) and negatively with H3K36me3 (r=
-0.6). H3K27me3 is a repressive mark whereas H3K36me3 is associated with active transcription. In another native
chIP-seq study, HCP-3 localizes to about 700 nucleosome-sized peaks with low nucleosome turnover. These peaks
coincide with high occupancy target (HOT) sites, which may be occupied by transcription factors in somatic cells
(Steiner and Henikoff, 2014). Although RNAPol Il is no longer present at these sites in the embryos, regions that are
only transcribed in the germline (169 genes) surprisingly also have low HCP-3 occupancy in embryos (average z-score
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<-0.5) (Gassmann et al., 2012).
Germline transcripts are the major targets for a germline RNA interference (RNAi) pathway containing argonaute
CSR-1, short for chromosome segregation and RNAi-deficient-1. CSR-1-bound short interference RNAs (siRNAs) are
antisense to over 4000 germline-expressed genes (Claycomb et al., 2009, Gu et al., 2009). These CSR-1-associated
small RNAs are primarily 22 nucleotides in length, with 5’ Guanosine triphosphate, and therefore are called the
22G-siRNA. The CSR-1-bound small RNAs are synthesized by the RNA-dependent RNA polymerase EGO-1,
Dicer-related helicase DRH-3 and Tudor domain protein EKL-1 (Claycomb et al., 2009), then uridylated by
nucleotidyltransferase CDE-1 to restrict the association of these 22G-siRNA to argonaute CSR-1 only (van Wolfswinkel
et al., 2009).
Instead of simply silencing its targets, whole genome microarray analysis revealed the complex effects of CSR-1
depletion (Claycomb et al., 2009). The pathway has been implicated in the fine tuning of germline expression, mRNA
maturation, protecting targets against piRNA-induced silencing, and translational regulation (Avgousti et al., 2012,
Friend et al., 2012, Seth et al., 2013, Wedeles et al., 2013b, Gerson-Gurwitz et al., 2016). CSR-1 RNAi pathway is the
only RNAi pathway required for proper chromosome segregation in C. elegans, but its exact role in chromosome
segregation remains elusive (Yigit et al., 2006, Claycomb et al., 2009). Gerson-Gurwitz et al. suggested the
chromosome missegregation in csr-1 mutant is mainly caused by misregulation of multiple embryonic cell division
genes. In particular, overexpression of KLP-7, a kinesin-13 microtubule depolymerase, in csr-1 mutant accounts for its
microtubule assembly defect, but not the chromosome segregation defect (Gerson-Gurwitz et al., 2016). 89% of
CSR-1-targeted germline-expressing genes have low HCP-3 occupancy (Gassmann et al., 2012). We hypothesized that
CSR-1 affects centromere protein HCP-3 occupancy, and the chromosome missegregation in CSR-1 depletion is a
result of defective centromere function. The overloading of centromeric and kinetochore proteins on the mitotic
chromosomes may cause chromosome-microtubule misattachments. Specifically, if the sister kinetochore attaches to
microtubules emanated from the two poles, it will lead to merotelic attachments and lagging chromosomes (Cimini
et al., 2001).
Here, we have characterized mitotic defects related to the defective centromere function and kinetochore
attachment in the CSR-1-depleted embryos. Cell division timing, spindle pole separation dynamics, and congression
of chromosomes were examined. We also evaluated how CSR-1 knockdown affects HCP-3 expression, organization,
and the assembling of a functional holocentromere and kinetochore. While the total centromere protein HCP-3 level
was not increased, its level on the chromosome increased in CSR-1 knockdown. We further deciphered which CSR-1
isoform and domain influences HCP-3, and whether the change of HCP-3 on chromatin depends on the RNAi
pathways and HCP-3 loading pathway.

Results
CSR-1 knockdown embryos are prone to erroneous chromosome segregation
Chromosome missegregation and aneuploidy have been reported in csr-1 hypomorph mutant and RNAi knockdown
embryos through immunofluorescence and fluorescence in situ hybridization (Claycomb et al., 2009). Our RNAi
treatment reduced csr-1 mRNA to 16% of its original level (Figure S1A) and results in over 80% embryonic lethality
(Figure S1B). 70 % of csr-1(RNAi) 1-cell embryos exhibited chromosome missegregation with lagging chromosomes
(Figure 1A) and 30% csr-1(RNAi) embryonic cells were aneuploid for the marked chromosome (Figure 1B). We also
noted a weaker α–tubulin signal in the csr-1(RNAi) embryos by immunofluorescence (Figure 1A).

CSR-1 knockdown prolongs mitosis in 2-cell stage
The mitotic time spent in the first two cell divisions were quantified by live-cell imaging. A worm strain expressing
mCherry::H2B was used for marking the mitotic events (Figure 1C). Time from prophase to anaphase and time from
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anaphase to telophase were taken as early and late mitosis, respectively (Figure 1D). In the first embryonic division
the embryonic founder cell (P0) showed no significant difference in mitosis timing. In the 2-cell embryos, AB and P1
cells exhibited prolonged early mitosis (1.6-fold and 1.7-fold) and late mitosis (2.2-fold and 2-fold) when compared to
the untreated control. Delayed anaphase onset can occur when the spindle checkpoint is activated (Essex et al.,
2009). The lengthened late mitosis suggests the possibility that the chromosomes are oriented in a way that
requires more time to separate, for example if they are tangled or misattached to the microtubules (Gregan et al.,
2011), or alternatively, there could be a weaker astral pulling force to pull the chromosomes apart (Grill et al., 2001).

CSR-1 knockdown slows down spindle pole separation which is kinetochore-dependent

Chromosome-to-pole movement is minimal during chromosome segregation in C. elegans as the process is
predominantly driven by the shortening of astral spindles (Oegema et al., 2001). To measure spindle pole separation
in mitosis, the distance between the two spindle poles in 1-cell embryos expressing GFP::F-tubulin was measured.
Knockdown of CSR-1 significantly delayed the onset and reduced the extent of pole separation (Figure 1E). The
terminal distance between spindle poles in csr-1(RNAi) embryos was reduced by 9% at the mitotic exit. To determine
if the delay is kinetochore-dependent, outer kinetochore protein KNL-1 was depleted singly or together with CSR-1.
knl-1(RNAi) embryos had premature pole separation, while knl-1 csr-1(RNAi) phenocopied the knl-1(RNAi) (Figure 1E).
Thus, the observed pole separation delay in csr-1(RNAi) was dependent on the presence of KNL-1, which implies the
dependence on kinetochore-microtubule attachment. On the other hand, the astral spindle pulling force which is
kinetochore-independent is normal in csr-1(RNAi). Aurora B kinase AIR-2 helps resolve misattached
kinetochore-microtubule to allow re-connection (Kaitna et al., 2002), but the localization of AIR-2 was not altered in
CSR-1 knockdown embryos (Figure S1C).

CSR-1 knockdown affects chromosome position

To generate a scenario without any merotelic attachments and observe the relative position of chromosome to the
spindle pole, we observe the situation with only one spindle pole. ZYG-1 is a centrosome protein important for
centrosome duplication (Caron et al., 1999). Without ZYG-1, the centrosome fails to replicate which gives rise to cells
with only one spindle pole after the first division, so this excluded any merotelic attachment (Powers et al., 2004).
Congressed chromosomes in these cells form an arc-shape around the spindle pole at late prometaphase (Figure 1F).
Measurement of the relative position of the chromatin to the spindle pole reflects the balance between kinetochore
pulling force toward the pole and kinetochore-independent pole repulsion force (Bajer and Molè-Bajer, 1972,
Dumont et al., 2010). In zyg-1(RNAi), the average distance between the spindle pole and the center of mass of the
chromatin was measured to be 4.891 μm. zyg-1 csr-1(RNAi) cells have a shorter average chromatin-to-pole distance
of 3.349 μm (Figure 1F). Thus, the abnormality in chromosome positioning in csr-1(RNAi) cells exists even if there is
no merotelic attachment.
CSR-1 knockdown alters some, but not all, kinetochore protein levels on mitotic chromosomes
Next, kinetochore protein recruitment to mitotic chromosomes was evaluated. Fluorescent labeled kinetochore
proteins were tracked in metaphase plate by live cell imaging (Figure 2A). The total intensities of HCP-3, MIS-12,
KNL-1, KNL-3, and HCP-1 increased significantly in csr-1(RNAi) embryos whereas histone H2B intensity was not
significantly different. The metaphase plates appear bulkier, which is consistent to the chromosome misalignment
phenotype previously reported in csr-1(RNAi) embryos (Claycomb et al., 2009, Gerson-Gurwitz et al., 2016). The
imperfectly aligned mitotic chromosomes, thus increased volume of the chromosomes, cannot explain all about the
increase in the total intensity in csr-1(RNAi) embryos. The average HCP-3 signal on metaphase chromatin also
increased in csr-1(RNAi) embryos (Figure S2A).

To examine the localization of different kinetochore proteins on individual chromosomes, kinetochore proteins levels
were immune-stained and imaged with higher resolution. Average intensities of a 10-pixel-width line along the
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lateral axis of individual prometaphase chromosomes were profiled (Figure 2B). As reported in Gerson-Gurwitz et al.
(2016), the centromere structure remains bipolar in csr-1(RNAi) embryos. While the M18BP1 homolog KNL-2 and
kinetochore protein MIS-12 levels were not significantly altered, the levels of the kinetochore proteins HCP-3, HCP-4
and NDC-80 on the prometaphase poleward faces were all elevated in csr-1(RNAi) embryos. HCP-3 is on the top of
the localization hierarchy among these proteins (Oegema et al., 2001). Our results suggested that at least some of
the kinetochore proteins increased their localization at the holocentromere due to CSR-1 depletion. Note that MIS-12
level was found to be increased by live-cell imaging during metaphase but remained unchanged in prometaphase by
immunofluorescence. GFP-tagged MIS-12 were quantified in the live imaging assay whereas MIS-12 antibody was
used in immunofluorescence for untagged MIS-12. Yet, the reason for the discrepancy is not clear.

CSR-1 knockdown does not affect HCP-3 mRNA nor protein levels

CENP-A overexpression in other organisms usually leads to excess CENP-A loading, which induces formation of
ectopic centromeres (Tomonaga et al., 2003, Heun et al., 2006, Amato et al., 2009). To decipher how CSR-1
modulates the HCP-3 level on the chromatin, we tested if CSR-1 knockdown increases HCP-3 mRNA or protein level.
The strain contains a sole copy of HCP-3 that is GFP-fused by MosSCI in a hcp-3 deletion background hcp-3(ok1892)
(Gassmann et al., 2012). Target genes were knocked down by feeding RNAi to collect sufficient amount for RT-qPCR
and Western blot. In csr-1(RNAi) embryos, hcp-3 mRNA level was not significantly different from the feeding RNAi
control (Figure 2C). Similarly, the total embryonic GFP::HCP-3 protein level of the csr-1(RNAi) was not significantly
different from the feeding RNAi control (Figure 2D).
We also tested whether the CSR-1 repression depends on specific hcp-3 endogenous sequence. However, with hcp-3
gene reencoded (Gerson-Gurwitz et al., 2016), the GFP::HCP-3 level still increased upon the depletion of CSR-1,
which is 2.8-fold of the untreated control (Figure 3F). Additional HCP-3 loading does not seem to depend on specific,
endogenous hcp-3 mRNA sequences.

CSR-1 knockdown increases chromatin HCP-3 level on mitotic chromosomes
The turnover of HCP-3 on chromosome was assayed by photobleaching assay as described in Gassmann et al. (2012).
GFP::HCP-3 on one of the anaphase sister in 1-cell stage was photobleached with 488nm laser. The GFP signal on the next
metaphase represents the amount of new GFP::HCP-3 loaded within one cell cycle. The GFP signals of the two daughter
cells,
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csr-1(RNAi) embryos when compared to that in the untreated control (Figure S2C).

To evaluate HCP-3 distribution on the csr-1(RNAi) chromosomes, chromatin were stretched into fibers based on
Kyriacou and Heun (2018). Consistent with the in vivo imaging, csr-1(RNAi) chromatin fibers contain more GFP::HCP-3
staining (Figure 2F ). We defined GFP foci on the chromatin fiber by manual thresholding and dots clustering. The area
and the mean focal intensity of the GFP foci on csr-1(RNAi) fibers were not significantly different from the feeding
control (Figure 2G & H). The density of the defined GFP foci was measured by the nearest neighboring distance
(NND). The normalized NND of GFP foci on the csr-1(RNAi) fibers was significantly lower than that on the feeding
RNAi control fibers (Figure 2I).

Some HCP-3 chromatin localization are independent on KNL-2 in csr-1(RNAi) embryos

Centromere licensing factor Mis18BP1/KNL-2 and histone chaperone RbAp46/48/LIN-53 are the two known factors
required for HCP-3 localization (Maddox et al., 2007, Lee et al., 2016). To determine whether the loading requirement
of the HCP-3 in csr-1(RNAi) embryos is different, KNL-2 or LIN-53 were co-depleted with CSR-1. Co-depleting CSR-1
and KNL-2 gave rise to dot-like chromatin and severe anaphase bridging as in knl-2(RNAi) embryos (Figure 3A). While
GFP::HCP-3 signal almost abolished on chromatin in knl-2(RNAi) embryos, noticeable GFP::HCP-3 were observed on
the dot-like chromatin mass in csr-1 knl-2(RNAi) embryos, whose intensity equals 6.5-fold of the knl-2(RNAi) and 53%
4
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of the untreated control (Figure 3A). Co-depletion of CSR-1 and LIN-53 gave rise to lagging chromosome as in
lin-53(RNAi) embryos, and the GFP intensity shown a 3-fold increase compared to lin-53(RNAi), and 56% of the
untreated control (Figure 3A). These results indicated that in csr-1(RNAi) embryos, at least a proportion of the HCP-3
can localize onto the chromatin independently of KNL-2 or LIN-53.

The HCP-3 is restricted via CSR-1 RNAi pathway, but is not dependent on the antagonized HRDE-1 RNAi pathway
EGO-1 is the RNA-dependent RNA polymerase in CSR-1 RNAi pathway important for the biogenesis of the 22G-siRNA.
HRDE-1 is the argonaute of another nuclear RNAi pathway, in which CSR-1 is proposed to protect endogenous
germline genes from silencing by HRDE-1 (Seth et al., 2013, Xu et al., 2018). To determine if the repression of HCP-3
loading functions via RNAi pathways, EGO-1 or HRDE-1 was depleted (Figure S3A). GFP intensity in the ego-1(RNAi)
embryos is 2-fold of the untreated embryos (Figure 3B).
If the CSR-1-protection of germline expression against HRDE-1 silencing is coupled to the restriction of HCP-3
localization, then after co-depletion, we would expect to see HCP-3 level back to the untreated level. As HRDE-1
depletion is not embryonic lethal, the knockdown efficiency was verified by RT-qPCR (Figure S3B). Co-depletion of
HRDE-1 and CSR-1 did not prevent excess HCP-3 chromatin localization. The GFP intensities in both csr-1(RNAi) and
csr-1 hrde-1(RNAi) are 3.4-fold of the untreated control (Figure 3C). Thus, CSR-1-repressed HCP-3 localization does
not depend on HRDE-1.

The increase in HCP-3 chromatin localization was not dependent on CSR-1’s target KLP-7 overexpression

To investigate if CSR-1’s effect on HCP-3 localization is indirect through the misregulation of specific CSR-1 targets, we
tried to rescue the phenotype by reversing the level of a specific CSR-1 target, KLP-7. We partially depleted KLP-7
together with CSR-1. The co-depletion alleviated the alignment defect at metaphase but does not improve the
chromosome segregation accuracy as reported previously (Figure S3C). The quantification of metaphase HCP-3 level
is similar for the embryos with or without KLP-7 co-depletion (Figure 3D). Hence, the elevation of HCP-3 level is
independent of KLP-7 upregulation.

The increase in HCP-3 chromatin localization requires both CSR-1 isoforms
CSR-1 have two isoforms, which have different localizations and were proposed to have different functions (Avgousti
et al., 2012). The larger isoform CSR-1A is more abundant in soma cells whereas CSR-1B is more abundant in
germlines (Claycomb et al., 2009). The two isoform genes differ by one exon at the N-terminus. In this study, we use
dsRNA targeting the common sequence of both isoforms for csr-1(RNAi) (Figure S3D). To deplete only CSR-1A, we use
dsRNA targeting the first exon of isoform A. As depletion of CSR-1A alone is not embryonic lethal (Gerson-Gurwitz et
al., 2016, Charlesworth et al., 2021), we validated the csr-1a knockdown by RT-PCR, whose mRNA level is 12.23% of
that in the untreated embryos (Figure S3B). Depletion of CSR-1A results in 1.3-fold increase in chromatin GFP::HCP-3
level in 1-cell stage embryos, compared to the untreated control (Figure 3E). However, the increase of the
GFP::HCP-3 level in CSR-1A depletion is not as much as in CSR-1A and B depletion, which is 3-fold of the untreated
control. Moreover, depletion of CSR-1A does not affect chromosome alignment and chromosome segregation in
early embryos (Figure S3C).

The increase in HCP-3 chromatin localization was dependent on the PIWI domain activity

‘DDH’ motif in the PIWI domain of CSR-1 is important for mRNA cleavage by binding the divalent magnesium ions (Liu
et al., 2004, Schwarz et al., 2004). CSR-1 cuts target mRNA in vitro (Aoki et al., 2007). A CSR-1 slicing inactive mutant
(CSR-1SIN) with point mutations D606A and D681A has been shown to induce chromosome missegregation in the
absence of the endogenous CSR-1 (Yigit et al., 2006, Aoki et al., 2007, Gerson-Gurwitz et al., 2016). We examined
GFP::HCP-3 metaphase intensity in strains expressing the reencoded, hence RNAi-resistant CSR-1WT, and CSR-1SIN
(Figure 3F). After endogenous CSR-1 RNAi is knocked down, embryos expressing CSR-1SIN showed a significant
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increase in the GFP::HCP-3 intensity, when compared to embryos expressing CSR-1WT. Thus, CSR-1-repressed HCP-3
localization requires CSR-1’s PIWI domain slicing activity.

Discussion
We investigated the role of CSR-1 in chromosome segregation by analyzing microtubules and kinetochore function in
multiple embryonic cell cycle events (Figure 4A). The chromosome segregation at anaphase is driven by the
shortening of astral spindles. Astral spindles connect spindle poles to the cell membrane, and mitotic spindles
connect spindle poles to the chromosomes. Although spindle poles separation is slower in csr-1(RNAi) embryos,
CSR-1 depletion does not affect the astral spindle depolymerization. The spindle pole separation speeds up when
they are detached from the kinetochore in knl-1 csr-1(RNAi) embryos. Thus, defective spindle pole separation in
csr-1(RNAi) is dependent on spindle-kinetochore attachment. The attachment is likely merotelic, a situation where
one kinetochore connects to both spindle poles. Merotelic attachment can also hinder chromosome alignment at
metaphase. We tested if eliminating possible merotelic attachment prevents difference in the way chromosomes
position. In zyg-1 csr-1(RNAi) embryonic cells with monopolar spindles, the chromosome-pole distance becomes
shorter. This observation implied a change in the net force acting on the chromosomes, by either a stronger pole
attraction force or a weaker pole repulsion force. Changes in pole repulsion force can affect chromosome movements
and their alignment at the equator at metaphase (Antonio et al., 2000, Guo et al., 2013), which could in turn hinder
amphitelic kinetochore-microtubule attachment (Powers et al., 2004). Weaker pole repulsion force can result from
excessive microtubule depolymerization, which have been previously observed in csr-1(RNAi) embryos (J. Richard
McIntosh et al., 2002). KLP-7, the homolog of mitotic centromere-associated kinesin (MCAK) in C. elegans, whose
expression is suppressed by CSR-1 (Claycomb et al., 2009), limits microtubule outgrowth from centrosomes (Srayko et
al., 2005). Reducing KLP-7 level in csr-1(RNAi) embryos rescued the microtubule assembly defect and improved the
alignment of chromosomes at metaphase plates (Gerson-Gurwitz et al., 2016). However, in these embryos,
chromosomes still missegregate, which may arise from defective centromeres or kinetochore functions.
Among the proteins with elevated levels, HCP-3 is on the top of the kinetochore protein recruitment hierarchy.
Centromeric protein HCP-3 on prometaphase chromosomes remained bipolar in our linescan analysis (Figure 2F), as
in Gerson-Gurwitz et al. (2016). Yet, more HCP-3 was binding onto the poleward faces on the chromosomes,
suggesting that CSR-1 suppressed HCP-3 localization on centromere. None of the HCP-3 mRNA, protein, nor its
chromatin turnover rate changed after CSR-1 depletion (Figure 2C-E). With the total level unchanged in embryos,
more HCP-3 protein localized to the mitotic chromosomes when CSR-1 was knocked down. It implies that in the
untreated condition, not all embryonic HCP-3 are incorporated to the chromatin, and its chromatin level is normally
suppressed by CSR-1. Recruitment of HCP-3 onto the holocentromere is interdependent on KNL-2 and partially
dependent on LIN-53 in embryos (Maddox et al., 2007, Lee et al., 2016). When CSR-1 is depleted, such dependency
no longer holds true, as some level of KNL-2- and LIN-53-independent HCP-3 localization was observed (Figure 3A).
This phenomenon is interesting and it hints that part of the function of CSR-1 is to suppress HCP-3’s non-specific
chromatin localization. Reducing the HCP-3 level does not rescue the chromosome missegregation phenotype in the
CSR-1 and partial HCP-3 co-depletion conditions we tested (Figure S3E). We propose that the organization pattern of
HCP-3 is altered in csr-1(RNAi) embryos, as HCP-3 foci density on stretched chromatin fibers increases.
Ladouceur et al. (2017) have examined the localization of HCP-3 on the squashed prometaphase chromatin. HCP-3
dots have similar size and distribution, but HCP-3 dot intensity is higher after csr-1(RNAi) treatment. By stretching
chromatin into fibers, we observed HCP-3 localization as foci of similar size and brightness, but with increased
density after csr-1(RNAi) treatment. Potentially, our chromatin fibers resolved HCP-3 to a higher degree, so within
one brighter HCP-3 dot in the squashed chromatin, there could be multiple HCP-3 foci. If the HCP-3 foci in our
chromatin fibers represent part of the broader HCP-3-enriched domain as observed in chIP-chip or chIP-seq studies
6
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(Gassmann et al., 2012, Steiner and Henikoff, 2014), our result of a reduced distance between HCP-3 foci suggests
that HCP-3 nucleosomes may become more dense within the HCP-3 domain (Graphic abstract). We noticed that
there were more HCP-3-containing fibers in csr-1(RNAi) than in control as we selected for GFP positive chromatin
fibers. We therefore cannot exclude the possibility that HCP-3 domains expanded into non-permissive sites. However,
either denser or more HCP-3 domains can provide more places for more kinetochore proteins to bind, as this is what
we observed for HCP-4 and NDC-80. Additional microtubule binding sites may nucleate on chromosomes.
The nature of CSR-1’s suppression on HCP-3 remains unclear. CSR-1 may suppress HCP-3 either through indirect
transcript regulation or direct genome interference (Figure 4B). Candidate CSR-1 targets that affect HCP-3 loading
include histone chaperones or other histones. CSR-1 may suppress HCP-3 localization by limiting the expression of
histone chaperones that place HCP-3 onto the chromosomes. However, expression levels of LIN-53 and KNL-2 remain
normal in CSR-1-depleted embryos or in CSR-1 SIN mutant (Claycomb et al., 2009, Gerson-Gurwitz et al., 2016).
Moreover, CSR-1 slices the pre-mRNA of canonical histone mRNAs to promote its maturation (Avgousti et al., 2012).
This may affect the HCP-3 incorporation by altering the level of mature H3, H4 mRNAs, as the H3:H4 ratio has been
shown to affect CENP-ACnp-1 incorporation in fission yeast (Castillo et al., 2007).
Another emerging proposal we favor is that CSR-1 may directly regulate epigenetic marks on genome. CSR-1 can
localize onto its targets’ genomic loci, likely by binding to nascent mRNA target as it co-immunoprecipitates with
RNAPII (Claycomb et al., 2009, Wedeles et al., 2013b, Tu et al., 2015). CSR-1-targeted gene loci were shown to be
enriched with certain histone modifications by chIP, such as H3K4me2,3 and H3K36me2,3 (Gerstein et al., 2010,
Wedeles et al., 2013a). CSR-1 has been shown to exhibit transgenerational protection of its targets from
piRNA-mediated silencing, likely via creating protective epigenetic marks on its targets’ gene loci (Wedeles et al.,
2013b). It will be interesting and important to explore the contribution of epigenetic modifications including histone
marks and CSR-1-genome interaction on restricting HCP-3 localization. However, HRDE-1, one of the argonautes
essential for maintaining the gene silencing status, is not required for CSR-1’s ability to suppress HCP-3. Thus our
results indicated that the suppression does not rely on CSR-1’s antagonistic functions with the HRDE-1 RNAi pathway.
The role of CSR-1’s PIWI domain in HCP-3 suppression is elusive in this hypothesis. While the 2 mutations at the PIWI
domain are crucial for its slicing activity, it is possible that they are required for CSR-1 binding with the other
cofactors to suppress HCP-3, for example glycine-tryptophan (GW) repeat proteins binds to argonaute at the PIWI
domain for translational repression (Liu et al., 2005, Eulalio et al., 2008). The PIWI domain SIN mutant has recently
been shown to change the 22G-siRNA abundance and its profile (Singh et al., 2021). This implied that how the
argonaute interacts with the target mRNAs, and with which mRNAs as targets could also be affected in the CSR-1SIN
mutant.
In this study, we have identified CSR-1 as a repressor against excess HCP-3 centromere localization in C. elegans.
CSR-1 suppresses HCP-3 via its RNAi pathway and with its slicing activity. The regulation likely happens in the
hermaphrodite germline where the CSR-1 isoform b is enriched (Charlesworth et al., 2021). Specific depletion of the
other soma cells-enriched isoform a does not cause embryonic lethality (Claycomb et al., 2009, Gerson-Gurwitz et al.,
2016), chromosome missegregation, as well as a dramatic GFP::HCP-3 elevation as the depletion of both isoforms
does. Our study has shed light on how holocentromeric regions are distinguished from the other chromatin regions
in C. elegans, and exemplified how RNAi pathway can be involved in the determination of centromere regions in
organisms containing non-regional centromeres. In humans, the AGO-2 RNAi pathway is also required for proper
chromosome segregation. Depleting of AGO-2, or with Slicer-inactive AGO-2 mutant, leads to abnormal level of
α-satellite RNA and CENP-C1 mislocalization to the chromosome arms (Huang et al., 2015). It will be interesting to
investigate if argonautes and RNAi pathways have conserved function for maintaining centromere or controlling
CENP-A loading. Even though humans and C. elegans have different centromere architectures and DNA sequences,
the epigenetic regulation, including histone modifications, RNAi pathways, transcription and non-coding RNAs, may
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follow general rules.
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Figure legend
Figure 1. CSR-1 depletion affects chromosome segregation.
(A) Untreated control or csr-1(RNAi) embryos are immunostained for HCP-3 and α-tubulin with DAPI-staining.
Examples of a normal versus a missegregated anaphase chromosomes are highlighted in dashed rectangles and
enlarged on the right. Scale bars: 10 μm. Percentage of lagging chromosomes observed were quantified. n equals the
number of anaphase cells analyzed. ***: p<0.001, Fisher’s exact test.
(B) Embryos containing GFP::LacI-labelled LacO repeats on the translocated Chromosome II/III were immunostained
for GFP with DAPI staining, showing the copy number of the translocated chromosome. Examples of a normal cell
versus an aneuploid cell are highlighted in dashed rectangles and enlarged on the right. Scale bars: 5 μm. Percentage
of aneuploid cells were scored in the untreated and csr-1(RNAi) embryos. n equals the number of cells analyzed. ***:
p<0.001, fisher’s exact test.
(C) The spindle poles (yellow arrows) and chromatin are tracked in the 1st embryonic division in a strain expressing
GFP::γ-tubulin and GFP::H2B. Time from NEBD are indicated on top left. Scale bar: 10 μm. NEBD: nuclear envelope
breakdown; DCON: DNA condensation.
(D) Time spent in early and late mitotic phases of the 1-cell embryos (P0) and the 2-cell embryos (AB and P1)
quantified from live-cell imaging as shown in (C). n equals the number of embryos analyzed.
(E) Distance between spindle poles in mitosis in one-cell embryos with different RNAi treatments. Top: untreated
control and csr-1(RNAi) embryos. Bottom: Kinetochore protein KNL-1 knockdown (MT-KT detachment) with or
without csr-1(RNAi) co-depletion. n equals the number of embryos analyzed. The timing for anaphase onset for
untreated and csr-1(RNAi) P0 embryos are extracted from (D).
(F) zyg-1(RNAi) inhibits centriole duplication and generates monopolar spindle atat 2-cell stage. Live-cell imaging shows
the congressed chromatin mass around the sole spindle pole in cells expressing GFP::γ-tubulin and GFP::H2B with or
without csr-1(RNAi) co-depletion. The distance between the spindle pole and the congressed chromatin was
quantified. Scale bar: 5 μm. n equals the number of monopolar spindle cells analyzed.

Figure 2. CSR-1 depletion affects kinetochore and centromere protein localization.
(A) Maximum-projected live-cell images of metaphase chromosomes in the untreated and the csr-1(RNAi) embryos.
Total metaphase fluorescent intensities in 1-cell embryos expressing different kinetochore proteins fused with
fluorescent protein were quantified. n equals the number of embryos analyzed. Scale bar: 5 μm.
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(B) Immunofluorescence image of prometaphase chromosomes from a single plane in the untreated and the
csr-1(RNAi) embryos. Scale bar: 1 μm. Either 1 or 2-cell embryos were used. Mid-point between two peaks was
taken as the center (0 μm) to align the linescan intensity profiles of different chromosomes. n equals the number
of chromosomes analyzed.
(C) Relative fold change of hcp-3 and csr-1 mRNA levels in the csr-1(RNAi) embryos compared to the feeding RNAi
control. The mRNA levels are normalized to that of act-2. Three biological replicates were performed.
(D) Knockdown CSR-1 in strain with hcp-3 gene reencoded. The strain contains reencoded hcp-3 gene from OD1174
with endogenous hcp-3 knockout allele from VC1393. GFP intensity of the metaphase plate was quantified. n
equals the number of embryos analyzed. Scale bar: 10 μm.
(E) Immunoblot shows that GFP::HCP-3 protein level remains unchanged in the csr-1(RNAi) embryos when
compared to the feeding RNAi control. Loading control: α-tubulin. Ladder sizes are indicated on the right. N2:
wildtype lysate, biological control without GFP::HCP-3. Numbers below α-HCP-3 blot indicate the normalized
fold-change of HCP-3 level from 3 biological replicates (Figure S2B).
(F) Representative images of the chromatin fibers prepared from control feeding RNAi and csr-1(RNAi). Scale bar: 10
μm. Right: diagram explaining how the GFP::HCP-3 foci are defined. 20. 20-pixel-wide line (yellow background)
were drawn across the length of fiber (red). Below are illustrations showing 2 scenarios of HCP-3 mislocalization
on the fibers, I: increase in foci size and/or intensity; II: reduction in nearest neighbor distance. A GFP-intensity
threshold was applied (see Figure S2D) to define the GFP::HCP-3 foci for quantifications shown in (G-I).
(G-I) Properties of the GFP::HCP-3 foci are quantified, including the foci size, foci average intensity, and foci density.
The GFP::HCP-3 foci intensities were normalized with corresponding H4 intensities. Foci density was assessed by
nearest neighboring distance (NND) for each focus and normalized to the inverse of corresponding H4 intensity.
RNAi-control: n= 473 foci from 8 fibers; csr-1(RNAi): n= 723 foci from 7 fibers.

Figure 3. Requirement of CSR-1’s repression of HCP-3 chromatin localization.
Quantification of the GFP::HCP-3 intensity of the metaphase plate in one-cell embryos with different RNAi
treatments. (A) Knockdown of HCP-3 loading factors: KNL-2 and LIN-53. Insets showing the metaphase GFP signal
with higher contrast. (B) Knockdown of the RdRP of CSR-1 RNAi pathway: EGO-1. (C) Knockdown of the argonaute
HRDE-1 of another nuclear RNAi pathway. (D) Partial knockdown of KLP-7 in csr-1(RNAi) embryos. n equals number of
one-cell embryos quantified. (E) Knockdown of specific CSR-1 isoform A alone. (F) Knockdown CSR-1 in strains
expressing transgenic, RNAi-resistant CSR-1 (wildtype or SIN, slicer inactive mutant). *: comparison to the untreated;
#: comparison between RNAi groups. Scale bar: 10 μm.

Figure 4. The current understanding of CSR-1 RNAi in regulating HCP-3 localization on centromere.

(A) A summary of CSR-1 knockdown phenotypes related to chromosome segregation in mitosis.
(B) A proposed mechanism for how CSR-1 affects HCP-3 centromere localization. The germline-enriched CSR-1
isoform B with its PIWI domain is important for regulating HCP-3’s loading onto chromatin. This could be
achieved through regulating (1) the level of a target or a subset of mRNA targets by cleaving mRNA as proposed
in Gerson-Gurwitz et al. (2016) or (2) an epigenetic mark inhibitory for HCP-3 loading on the target genome via
physical interaction in RNAPII-dependent manner as proposed in Wedeles et al. (2013b). Pathways and CSR-1
domains found to be important for HCP-3 repression are summarized in black. Factors that we have tested to be
not required or negative are shown in red.

Materials and methods
1. Worm maintenance and harvesting
Hermaphrodites were maintained at room temperature (20°C) and fed on OP50 on EZ agar plates (Tris-Cl, Tris-OH,
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Bacto Peptone, Cholesterol, and NaCl). Worms were collected from agar plates or from the liquid culture. Embryos
are harvested from hypochlorite-treated gravid-adults (1% hypochlorite, 0.5N NaOH or KOH, in M9 buffer). Lysates
were incubated on ice for 10 minutes until most embryos were released. Embryos were collected by centrifuging
at 700-800g for 1 minutes followed by rinsing in M9 buffer (22mM KH2PO4, 42.3mM Na2HPO4, 2mM MgSO4 and
85.6mM NaCl). Strains used in this study are listed in Table S1.

2. RNAi interference
RNAi knockdown was carried out mainly by injecting dsRNA if not stated otherwise. Other knockdown methods
included feeding and soaking RNAi.
RNAi by injection: L4 larvae or young adults were injected with 1-1.5 μg/μl dsRNA of the target genes. For double
knockdown, dsRNA were mixed in 1:1 ratio. For partial klp-7 RNAi, dsRNA were mixed 1:16 with MQ or with csr-1
dsRNA as described in Gerson-Gurwitz et al. (2016). Injected worms were incubated on EZ worm plate with OP50 for
24 hours at 20-25°C before imaging or experimental procedure.
RNAi by feeding: Feeding RNAi was used when large number of embryos is needed (Figure 2C, D, F-I). L4 larvae were
fed with HT115 bacteria expressing either null, hcp-3 or csr-1 dsRNA for 24-36 hours at 20°C. The negative RNAi
control was HT115 bacteria carrying empty PL4440 vector (a gift from Dr. Garry Wong lab). csr-1-dsRNA expressing
bacteria was ordered from Dharmacon (CeRNAi Feeder F20D12.1). hcp-3-dsRNA vector was generated from PL4440
(WYYp142). 50 ml overnight culture was diluted in 1:50 to incubate for 3 hours at 37°C followed by 4-hours IPTG
(4mM) induction. The induced bacteria were concentrated 10-fold then spiked with IPTG, ampicillin and tetracycline
before seeding onto EZ agar plate. 5 μl of packed L4 larvae was added onto each worm plate with dsRNA-expressing
bacteria or PL4440 containing bacteria (feeding RNAi control). About 10-15 worm plates for each treatment were
used for western blotting or cDNA preparation.
RNAi by soaking: Soaking RNAi was used for ego-1(RNAi). Purified dsRNA was mixed with 10× soaking buffer (109
mM Na2HPO4, 55 mM KH2PO4, 21 mM NaCl, 47 mM NH4Cl, and nuclease-free H2O) to yield a concentration of 1 μg/μl.
20-25 L4 larvae were soaked in dsRNA solution containing 3 mM spermidine and 0.05% gelatin at 22°C for 24 hours
and recovered on EZ worm plate with food at 22°C for 24 hours before analysis.
The RNAi knockdown efficiency was verified by embryonic lethality test. For those genes with no embryonic lethality
upon knockdown, the knockdown efficiency was verified by RT-qPCR instead (Figure S3B).

3. Double-stranded RNA Production

800-1,000 base pairs coding region of targeted genes was amplified from N2 C. elegans cDNA or genomic DNA using
primers listed in Table S2. Purified PCR products were subjected to in vitro transcription (MEGAscript T3/T7
Transcription Kit; Life Technologies). Reaction products were digested with TURBO DNase at 37°C for 15 min and
purified (MEGAclear Kit; Life Technologies). Eluates were incubated at 68°C for 10 minutes followed by 37°C for 30
minutes to generate double-stranded RNA (dsRNA).

4. Immunofluorescence

After dissection of gravid hermaphrodites, embryos were freeze-cracked in liquid nitrogen, fixed in methanol at
−20°C for 30 minutes, rehydrated in PBS for 5 minutes, and blocked in AbDil (4% BSA and 0.1% Triton X-100 in PBS) at
room temperature for 20 minutes. Incubation of primary antibody was done at 4°C overnight (List of antibody and
condition in Table 4). Slides were washed with PBST before fluorescence-conjugated secondary antibody (1:500;
Jackson ImmunoResearch Laboratories) incubation at room temperature for 1 hour. Samples was incubated with
DAPI for 5 minutes and mounted (ProLong™ Diamond Antifade Mountant, Life Technologies).
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5. Image acquisition

Confocal images were acquired from inverted confocal microscopes (LSM 710, LSM780 confocal microscope; Zeiss,
VOX spinning disk confocal microscope; Pekin Elmer) with 40 or 63x oil objective and PMT detectors for DIC images.
For fixed IF samples, z-stacks were captured with z-step size at 0.5 μm. Live-cell imaging was acquired at 30-second
interval with a z-step interval of 1 μm. For chromatin fibers assays, images were acquired with widefield fluorescence
microscope (Nikon 80i Fluorescent Microscope) with 40x 0.75 NA air objective and the imaging software (Spot
Analysis). Images were processed and analyzed in the ImageJ platform.

6. Quantification of metaphase plate signal intensity
Metaphase fluorescence intensity was quantified as in Lee et al. (2016). Metaphase was judged as the time point
right before noticeable separation of chromatin masses. The metaphase plate intensity was quantified by fitting a
rectangle (A1) around the metaphase chromatin in a maximum-projected image (Figure S2A). Area of A1 were kept
constant within each set of experiment. Area 2 (A2) is a slightly bigger rectangle that encloses A1. The average
background intensity and the total signal intensity are calculated as below.
Average Background Intensity (Bg)
Total signal intensity

   

 



 


    
  



   

    1  Bg    1

7. Aneuploidy assay

The aneuploidy assay was performed as described in Lee et al. (2016). The degree of cell’s aneuploidy was assessed
by the chromosome number reporter strain AV221. The strain carries lacO repeats inserted in the translocated
segment of Chromosome II/III and express LacI::GFP. Normal diploid embryonic cells are expected to have two GFP
foci which are from the homologous chromosomes. GFP::LacI are stained by anti-GFP antibodies and foci per
embryonic cells were counted from the confocal images.

8. Chromatin fiber preparation and analysis
The preparation of chromatin fiber was adopted from (Kyriacou and Heun, 2018) (and personal communication with
Kyriacou). Chitinase-treated embryos were lysed and spread on the glass slides to a semi-dry state. Slides were
incubated in lysis buffer (8M Urea and 200mM NaCl) and pulled out slowly. Rigorous lysis condition (8 M Urea)
ensures removal of weakly interacting proteins but not nucleosomal proteins. Control and RNAi samples were
prepared in parallel to ensure similar stretching force applied. Fibers with noticeable GFP::HCP-3, histone H4, and
DAPI staining were imaged. Fibers with similar chromatin width (determined from DAPI-staining) were selected
(Figure 2F-I) and images were cropped as 20-pixel-wide rectangles covering only the linear fibers for analysis. Region
of interest (ROI) was defined using the ‘Analyze particles’ function in ImageJ (circularity: 0.01-1.00, exclude particles
on the edges, threshold: 38 a.u.). Threshold was set based on the fiber and background signal intensities (Figure S2D).
The area and the average intensities of GFP::HCP-3 and H4 staining of the foci ROI were quantified. To account for the
possible variations in the degree of chromatin stretching, the GFP foci intensities were measured as a relative ratio
between GFP::HCP-3 and H4. The Nearest neighbor distance of all these ROI were calculated using ‘NND’ function in
ImageJ. The NND is normalized by multiplying to H4 signal for any given foci, as the more compacted chromatin is
expected to give a smaller nearest neighbor distance and a higher H4 signal.

9. Chromatin HCP-3 turnover photobleaching assay
The photobleaching assay was performed as described in Gassmann 2012 (Figure S2C). Either untreated or
csr-1(RNAi) OD421 (GFP::HCP-3; mCherry::H2B) hermaphrodites were dissected for live imaging using VoX spinning
disk confocal microscope (Pekin Elmer). 1-cell embryos were tracked until they reached the first anaphase. At
anaphase, GFP on the posterior (P-side) sister was photobleached with 440 nm laser (20%, 500 msec, 100 times). The
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photobleached embryo was imaged with 30-60-second interval till the metaphases of two-cell stage. The HCP-3
turnover within one cell division is calculated by the normalized GFP to mCherry intensity ratio of bleached sister
chromatid (B) over that of the unbleached sister chromatid (U). For control embryos that were not photobleached,
the GFP to mCherry ratio of P1 cell over AB cells were calculated.

10. RT-qPCR
Equal amount of untreated or RNAi-treated worms (RNAi by injection) or embryos (RNAi by feeding) were harvested
for RNA extraction using standard TRIzol (Life Technologies) protocol. Reverse transcription was done using
reverse-transcriptase (Applied Biosystems, 4368814). Realtime qPCR was performed in StepOne™ Real-Time PCR
System using SYBR green master mix (Applied Biosystems™). Primers used for RT-qPCR are listed in Table S2.

11. Western blot
Embryos were lysed in 100 μl RIPA buffer using water bath sonication at 4°C for 30 minutes. Protein concentrations
were determined by BCA assay (Pierce™ BCA Protein Assay Kit, ThermoFisher). 20-30 μg protein was loaded in each
lane for SDS-PAGE. Proteins were transferred to PVDF membranes and blocked with 5 % milk in TBST (0.1 % Triton
X-100) then probed with primary antibodies (Table S3) diluted in 5% milk in TBST at 4°C overnight. After washes with
TBST, immunoblots were subjected to HRP-conjugated secondary antibodies incubation (Abcam ab97051 or ab97023)
at room temperature for 1 hour followed by washing. Blot signals were developed and detected using Amersham ECL
Prime western blotting detection reagent (GE Healthcare Life Sciences). Full blots of the three independent biological
replicates can be found in Figure S2B.

12. Statistics
P-values are calculated by unpaired t-test or Fisher’s test (For frequencies, Figure1A-B). Significance would be
reported if p<0.05. All error bars represent 95% confidence interval of the mean. ns: not significant; */#: p<0.05;
**/##: p<0.01; ***/###: p<0.001, ****/####: p<0.0001. Graphs and plots are prepared with Microsoft excel and
Prism.

Supplemental Information
Figure S1. Verification of csr-1 RNA knockdown efficiency and its effect on AIR-2 localization

(A) hcp-3 and csr-1 RNA level with hcp-3 or csr-1(RNAi) knockdown. act-2 was used as the loading control. Three
independent biological replicates of each treatment were used. *: p<0.05, ***: p<0.001, n.s.: not significant.
(B) Percentage of embryonic lethality of the untreated and RNAi knockdown worm. n equals the number of
untreated/RNAi-treated animal used.
(C) Immunofluorescence image showing AIR-2 localization in early embryos at different stages.

Figure S2. Supporting experiment details to decipher the effect of csr-1(RNAi) on HCP-3
(A) Metaphase chromatin in the csr-1(RNAi) embryos shows more high-intensity GFP::HCP-3 pixels and larger area in
maximum projected image. GFP signal, area above threshold (set at 6000), and a color-coded heatmap (LUT
indicated on the right) of a representative maximum projected image showing the metaphases of untreated and
csr-1(RNAi). Illustration on the right showed how the metaphase plate total intensities were quantified in this
study (See also in materials and method). Z-stack images are maximum projected. Around the chromatin, two
rectangular ROIs with different size were defined. The area between the two rectangles are taken for calculating
the background intensity. The mean background intensity is then subtracted from the smaller ROI. Histogram of
GFP::HCP-3 intensity from the z-stacks of the representative image. An enlarged histogram showed GFP
distribution above the threshold. Using the same threshold, chromatin volume of metaphase plate was
quantified. n equals number of one-cell embryos quantified.
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(B) Full blots of the immunoblot in Figure 2E. Three biological replicates were performed. P: Feeding RNAi control
(PL4440 empty vector); H: hcp-3 feeding RNAi knockdown; C: csr-1 feeding RNAi knockdown; N2: control strain
without GFP fused HCP-3. The HCP-3 level of the RNAi-treated embryos are normalized to the feeding control
then to the corresponding α-tubulin level.
(C) Procedure of turnover assay using photobleaching. GFP::HCP-3 on one of the anaphase sister chromatids was
photobleached using high power laser with hand-drawn ROI (dashed-ellipse). The fluorescent intensities of the
two daughter cells are measured in the next metaphases. The intensity ratio of the bleached over unbleached
chromatin (B:U) was measured to quantify protein turnover on chromatin. The reappeared GFP signal on the
bleached chromatin represents newly assembled GFP::HCP-3, which is compared to the total HCP-3 on chromatin
as observed in the unbleached chromatin. The quantification of the ROI GFP signal before and after
photobleaching as a fold change to the unbleached sister. The B:U for untreated control and csr-1(RNAi). n equals
the number of photobleached embryos analyzed.
(D) Scatter plots of the GFP::HCP-3 and H4 pixel intensity of the pixels on the chromatin fibers prepared from the
control (8 fibers) and the csr-1(RNAi) embryos (7 fibers). Segment lines (20-pixel-wide) are drawn along the
image of fibers. The mean-intensity of these 20 pixels was determined. The linear regression line and the
R-square values were indicated. Blue data points are the pixels of a line drawn at non-fiber background in the
fluorescent images. 1533 pixels of fiber -length have been sampled for feeding RNAi control and 1581 pixels for
csr-1(RNAi) from the background. A threshold for GFP::HCP-3 intensity was selected (38 a.u., blue dashed lines)
to exclude fiber pixels with HCP-3 intensity close to the background level for both the feeding control and the
csr-1(RNAi) embryos.

Figure S3. Verification of RNAi knockdown efficiency, transgene expression, segregation fate and embryonic
lethality

(A) Embryonic lethality of different RNAi treatments in Figure 3. Hermaphrodites were isolated for laying embryos
from 24 hours post-RNAi treatment. Percentage of unhatched embryos for each hermaphrodite was quantified.
Average percentage was shown and n equals number of hermaphrodites used.
(B) Quantification of RNA levels of csr-1 isoforms, hrde-1 and act-2 by RT-qPCR in hrde-1(RNAi) and csr-1a(RNAi)
worms or double RNAi-treated worms. 2 technical qPCR replicates were performed, and the mean of the 2
replicates were plotted.
(C) Frequency of misalignment and missegregation in csr-1 klp-7(RNAi) knockdown embryos.
(D) Gene annotation of two csr-1 isoforms. Positions for dsRNA design to knockdown csr-1 and specifically
knockdown csr-1a are in red. The region reencoded in the CSR-1 mutant (WT/SIN) is highlighted in blue. Note
that the reencoded region overlaps with the csr-1 dsRNA, so the mutants used in Figure 3F are RNAi-resistant.
(E) HCP-3 partial knockdown in csr-1 (RNAi), to observe if reducing HCP-3 level can rescue chromosome
missegregation phenotype. The GFP::HCP-3 and mCherry::H2B signals are shown and embryonic lethality
frequency is shown.

Table S1. Strain used in this study
Strain

Genotype

Source

Figure

N2

wild type (ancestral N2 Bristol)

CGC

2B, 2E, S2B

AV221

unc-119(ed3) meT8 (III); meIs4

Kentaro lab

1B

Oegema & Desai lab

1A, 1D, S1, 2A, 2C, 2E, 2F, S2,

[lacOp/rol-6(su1006)::lacO] meT8 (IV);
mels1 [pie-1p/GFP::lacI; unc-119(+)]
OD421

unc-119(ed3) III; ltSi4 [pOD833;
hcp-3p/GFP::hcp-3; cb unc-119(+)] II;

3A-E, S3B, S3E

hcp-3(ok1892) III; ltIs37[pAA64;
pie-1p/mCherry::his-58; unc-119 (+)]
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TH32

unc-119(ed3)III; ruIs32

CGC

1C-F

Oegema & Desai lab

2A

Oegema & Desai lab

2A

Oegema & Desai lab

2A

[pie-1p::GFP::H2B + unc-119(+)] III.
ddIs6 [tbg-1::GFP + unc-119(+)] V.
OD87

ltIs4[pIC32;
Ppie-1::GFP-TEV-STag::mis-12;
unc-119 (+)]; unc-119(ed3) III?;
ltIs37[pAA64; Ppie-1::mCherry::his-58;
unc-119 (+)] IV

OD405

unc-119(ed3) III;
ltSi1[pOD809/pJE110;
Pknl-1::KNL-1reencoded::RFP;
cb-unc-119(+)] II, ltIs3[pIC31;
Ppie-1 ::hcp-1::GFP-TEV-STag +
unc-119(+)]

OD86

unc-119(ed3) III; ltIs1 [pIC22;
pie-1/GFP::knl-3; unc-119 (+)]; ltIs37
[pAA64; Ppie-1::mCherry::his-58;
unc-119 (+)] IV

OD1174

ltSi386[pOD1344/pAG36;

Oegema & Desai lab

Phcp-3::GFP::hcp-3(reencoded);
cb-unc-119(+)]I; unc119(ed3)III?
VC1393

hcp-3(ok1892) III/hT2 [bli-4(e937)

CGC

let-?(q782) qIs48] (I;III)
WYY31

ltSi386[pOD1344/pAG36;

Generated

Phcp-3::GFP::hcp-3(reencoded);
cb-unc-119(+)]I;
hcp-3(ok1892)

crossing

in

this

study

OD1174

by 2D

with

unc119(ed3)III; VC1393
III/hT2[bli-4(e937)

let-?(q782) qIs48](I;III)
OD1231

ltSi386[pOD1344/pAG36;

Oegema & Desai lab

3F

Oegema & Desai lab

3F

Phcp-3::GFP::hcp-3(reencoded);
cb-unc-119(+)]I;
ltSi242[pOD1267/pAG31;
Pcsr-1::csr-1(reencoded; D606A,
D681A: isoform b numbering),
cb-unc-119(+)]II; unc-119(ed3)III?
OD1232

ltSi386[pOD1344/pAG36;
Phcp-3::GFP::hcp-3(reencoded);
cb-unc-119(+)]I;
ltSi240[pOD1265/pAG29;
Pcsr-1::csr-1(reencoded);
cb-unc-119(+)]II; unc-119(ed3)III?

Table S2. Oligo used in this study
For dsRNA production:

Targeted gene

Forward/Reverse

Primer sequence (5’ to 3’)
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Product size
(bp)
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csr-1

Forward

TAATACGACTCACTATAGGGgagaagcgtgactggaaagcac

(F20D12.1)

Reverse

TAATACGACTCACTATAGGGagcggctgtcttaatggtttgc

zyg-1

Forward

AATTAACCCTCACTAAAGGtggacggaaattcaaacgat

Reverse

TAATACGACTCACTATAGGaacgaaattcccttgagctg

Forward

TAATACGACTCACTATAGGGgaagccgctgacaaatcaacga

Reverse

TAATACGACTCACTATAGGGcaacgttgaccacagctggatc

Forward

AATTAACCCTCACTAAAGGgctcaaaaccggctaattca

Reverse

TAATACGACTCACTATAGGtgatcagcagccacatcttc

Forward

AATTAACCCTCACTAAAGGccccgttcttgtacgatctc

Reverse

AATTAACCCTCACTAAAGGggcagattggtcttctccaa

Forward

AATTAACCCTCACTAAAGGgcaaaatgagagcgtcacaa

Reverse

TAATACGACTCACTATAGGtttcgaccaaaaatgcttcc

Forward

AATTAACCCTCACTAAAGGatctgtcgcccactcatttc

Reverse

AATTAACCCTCACTAAAGGtctcgaatcgtcccaaattc

csr-1

Forward

TAATACGACTCACTATAGGGcggataatgtcggtcgtggc

isoform a

Reverse

TAATACGACTCACTATAGGGtctcccgcgatagtttccgc

hrde-1

Forward

TAATACGACTCACTATAGGGgcttcgaattgctccaggcc

Reverse

TAATACGACTCACTATAGGGtccggcttcttctcccttgc

csr-1

Forward

TAATACGACTCACTATAGGGgtagcaggttatactcgaact

(endogenous-specific,

Reverse

TAATACGACTCACTATAGGGccgcatttaatgttggcttt

Forward

AATTAACCCTCACTAAAGGGACGAGCTGGTCTATCGCTTCAC

Reverse

AATTAACCCTCACTAAAGGGCTGTCTGAACGGGACATGTGAG

knl-1

knl-2

lin-53

hcp-3

ego-1

944

1055

1261

516

971

829

804

368

558

419

Figure 3F)

klp-7

662

For RT-PCR:

Targeted gene

Forward/Reverse

Primer sequence (5’ to 3’)

act-2

Forward

CTTGCCCCATCAACCATGAAGATCA 155

Reverse

TGAACAATTGATGGTCCAGACTCG

Forward

AGCGTCACAAGGATCATGCA

Reverse

TGCGCTTCAGTGTAGTCGTT

Forward

CCAGTGCAAGGTACTGCAAAGG

Reverse

TAAAGCCCGGTTCCTCTCTTGG

csr-1

Forward

TCAGAGGTGGACGAGGAGGT

isoform a

Reverse

ACGGTAGTGGTTTGGGTCGA

hrde-1

Forward

GACAAGGGAGAACGCGAGGT

Reverse

GTTGACCTTGATCCGCTGGC

hcp-3

csr-1

Table S3. Antibody list
Antibody (against)

Host

Dilution

Source

Used in Figure

GFP

Rabbit

1:1000

Novus (NB600-308)

1A, 1B, 2E

α-Tubulin

Mouse

1:3000

Abcam (ab7291)

1A, S1C, 2E

LacI

Mouse

1:500

Millipore (05-503)

1B

15

Product size (bp)

164

188

157

168
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AIR-2

Rabbit

1:1000

Gift from OD lab

S1C

HCP-3

Rabbit

1:1000

Novus (29540002)

2B

KNL-2

Rabbit

1:1000

Gift from OD lab

2B

NDC-80

Rabbit

1:1000

Gift from OD lab

2B

HCP-4

Rabbit

1:1000

Gift from OD lab

2B

MIS-12

Rabbit

1:1000

Novus (35550002)

2B

Histone H4

Rabbit

1:500

Abcam (ab10158)

2F

GFP

Mouse

1:500

Abcam (ab1218)

2F
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