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dependent on tankyrase 1,
condensin II, and
topoisomerase Ila
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Formation of individualized sister chromatids is essential
for their accurate segregation. In budding yeast, while
most of the genome segregates at the metaphase to ana-
phase transition, resolution of the ribosomal DNA
(rtDNA) repeats is delayed. The timing and mechanism in
human cells is unknown. Here we show that resolution of
human rDNA occurs in anaphase after the bulk of the ge-
nome, dependent on tankyrase 1, condensin II, and topo-
isomerase Ila. Defective resolution leads to rDNA
bridges, rDNA damage, and aneuploidy of an rDNA-con-
taining acrocentric chromosome. Thus, temporal regula-
tion of tDNA segregation is conserved between yeast and
man and is essential for genome integrity.
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Resolution of sister chromatids in mitosis requires that
cohesin be removed, sister chromatids be condensed, and
intersister linkages be untangled (Shintomi and Hirano
2010; Kschonsak and Haering 2015). In budding yeast, sis-
ter chromatids are cohered along their arms and centro-
meres until metaphase (Guacci et al. 1997; Michaelis
et al. 1997). At anaphase onset, proteolytic cleavage of
cohesin rings triggers sister chromatid separation (Uhl-
mann et al. 1999, 2000). However, separation is delayed
for some specialized repetitive sequences (telomeres and
ribosomal DNA [rDNA]) until late anaphase (D’Amours
et al. 2004; Sullivan et al. 2004; Torres-Rosell et al. 2004;
Wang et al. 2004). In human cells (unlike in yeast), resolu-
tion of telomeres occurs at the same time as arms and
takes place in G2/prophase prior to centromere resolution
(Waizenegger et al. 2000; Ofir et al. 2002; Canudas and
Smith 2009; Bisht et al. 2013). Centromeres then resolve
at anaphase onset upon cohesin cleavage (Waizenegger
etal. 2000). Despite occurring at the same time as chromo-
some arms (in G2/prophase), resolution of human telo-
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meres (but not arms) requires the poly(ADP-ribose)
polymerase tankyrase 1 (Smith et al. 1998). In the absence
of tankyrase 1, arms and centromeres resolve normally,
but telomeres remain cohered (Dynek and Smith 2004).
Cells delay briefly in anaphase, but, ultimately, sister chro-
matids separate (Kim and Smith 2014). The timing for res-
olution of human rDNA, which (like telomeres) comprise
ahighly repetitive element in the genome, isnot known. In
human cells, a 13-kb pre-rRNA is transcribed by RNA po-
lymerase I from a 43-kb gene (Gonzalez and Sylvester
1995] found in repetitive clusters on the short (p) arms of
the five acrocentric chromosomes (Henderson et al.
1972). The rDNA genes are highly transcribed in nucleoli
throughout interphase, until late prophase when tran-
scription is repressed and nuclear envelope breakdown ini-
tiated (McStay 2016; Nemeth and Grummt 2018). How
these specialized sequences resolve and segregate and
the impact of aberrant resolution on genome stability
has not been determined. Here we elucidate the mecha-
nisms for accurate segregation of the human rDNA repeat
arrays in mitosis.

Results and Discussion

To measure the resolution status of rDNA in mitosis,
HelLa cells were isolated by mitotic shake-off from asyn-
chronous cultures, (which yields mostly prophase cells),
fixed immediately to preserve cohesion, and analyzed by
fluorescent in situ hybridization (FISH) using a probe
against the 43-kb rDNA gene that detects the arrays on
the five acrocentric chromosomes (13, 14, 15, 21, and 22)
(Fig. 1A; Henderson et al. 1972). The number of rDNA re-
peats on each chromosome can vary greatly from one re-
peat (43 kb) to >140 repeats (>6 Mb) (Stults et al. 2008).
As shown in Figure 1B, we observed ~10 loci of varying
size; most appeared as singlets (unresolved). Dual FISH
with an acrocentric centromere 15 probe (trisomic in
HeLa cells) revealed three single loci. Thus, like centro-
meres (but unlike arms and telomeres) rDNA remains un-
resolved in mitosis (Fig. 1B,C).

To determine whether the unresolved status was a prop-
erty of the rDNA itself or a feature of the acrocentric p-
arm, we performed FISH analysis using probes against
junctional sequences that flank the rDNA arrays: the
proximal junction (PJ) and the distal junction (DJ) (see
Fig. 1A; Floutsakou et al. 2013). The DJ and PJ can be de-
tected as 10 or more singlets in interphase cells (Supple-
mental Fig. S1A,B). In FISH analysis of mitotic cells, the
majority of DJ signals appeared as doublets (resolved), in
contrast to the rDNA singlets, indicating that sequences
flanking the rDNA on the telomere side are resolved in
mitosis (Fig. 1D,E). The same pattern was observed in nor-
mal BJ fibroblasts (Supplemental Fig. S1C,D). The PJ probe
appeared similar to the DJ in mitotic cells; the majority of
signals appeared as doublets (resolved) (Fig. 1F,G), indicat-
ing that the sequences flanking the rDNA on the
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Figure 1. rDNA resolution is delayed until anaphase and depends on
tankyrase 1. (A) Schematic diagram of the rDNA arrays on the p-arms
of the five acrocentric human chromosomes. (PJ) Proximal junction;
(DJ) distal junction. The repeating unit is a 43-kb gene comprised of
pre-TRNA and untranscribed IGS (intergenic spacer). (B—-G) rDNA is
not resolved in prophase. FISH analysis of mitotic cells isolated by
shake-off from asynchronously growing HeLa cells and probed for
rDNA (red) (B,D,F) and 15 cen (green) (B), DJ (green) (D), or PJ (green)
(F). (C,E,G) Quantification of results in B, D, and F, respectively. Mi-
totic cells were scored as having rDNA, DJ, or PJ unresolved if >50%
of their loci appeared as singlets. Average of two independent experi-
ments = SEM. (C) n=54-83 cells each. (E) n=32 cells each. (G) n=50-
51 cells each. (*) P<0.05, (**) P <0.01, Student’s unpaired t-test. (H-])
rDNA is resolved late in anaphase, dependent on tankyrase 1. Follow-
ing a 48-h transfection with GFP or TNKS1 siRNA, HeLa cells were
arrested in prometaphase by a 16-h nocodazole treatment (H) or in
anaphase by a 4.5-h nocodazole treatment followed by a 45-min re-
lease (I), isolated by mitotic shake-off, and analyzed by FISH using
rDNA (red) and 13/21 cen (green) probes. (/) Quantification of results
in H and I. (pro) Prometaphase; (ana) anaphase. Mitotic cells with
three or more stretched rDNA lines were scored as having stretched
rDNA. For anaphase, only cells with separated centromeres were
scored. n=31-51 cells. (K-M) FISH analysis of IDNA stretching in mi-
totic cells isolated by shake-off from asynchronously growing HeLa
cells following a 48-h transfection with GFP or TNKS1 siRNA and
probed for IDNA (red) (K-M) and 15 cen (green) (M). Deconvolved im-
ages are shown. (L) Quantification of results in K. Mitotic cells with
three or more stretched rDNA lines were scored as having stretched
rDNA. Average of two independent experiments + SEM. n=300-596
cells each. (**) P<0.01, Student’s unpaired t-test. (B,D,F,H,I,K,M)
DNA was stained with DAPI (blue). Bar, 2 ym.

centromere side were resolved. Thus, the rDNA repeat ar-
rays constitute a unique domain that (unlike its flanking
junctional sequences) remains cohered in mitosis.

To determine the timing of rDNA resolution and its de-
pendence on tankyrase 1, HeLa cells were treated with
siRNA (GFP or TNKS1) (immunoblot in Supplemental
Fig. S2A)and either arrested in prometaphase (16-h incuba-
tion in nocodazole) or released into anaphase (4.5-h incu-
bation in nocodazole followed by a 45-min release). FISH
analysis of control (GFP siRNA) cells showed rDNA and

Resolution of human ribosomal DNA in anaphase

centromeres unresolved in prometaphase (Fig. 1H, top
panels), whereas, upon release into anaphase, centromeres
and rDNA resolved into doublets (Fig. 11, top panels). Anal-
ysis of TNKS1 siRNA cells in prometaphase showed a sim-
ilar pattern as control; rfDNA and centromeres were
unresolved (Fig. 1H, bottom panels). However, upon re-
lease into anaphase, centromeres separated as in control
cells, but rtDNA did not and instead appeared as stretched
lines (Fig. 11 [bottom panels], J). Together, these data indi-
cate that rDNA resolves late after the bulk of the genome
in anaphase, dependent on tankyrase 1.

For further analysis, tankyrase siRNA mitotic cells were
isolated from asynchronous cultures cells without drug
treatment, subjected to FISH analysis, and the images an-
alyzed using deconvolution software. In those cells, the
rDNA appeared as thick stretched lines across the meta-
phase plate (Fig. 1K,L) that stretched between the centro-
meres (Fig. 1M), similar to the pattern observed in
anaphase cells shown above in Figure 1I and consistent
with previous studies indicating that tankyrase 1-depleted
cells undergo anaphase delay (Dynek and Smith 2004; Kim
and Smith 2014). The rDNA stretching was observed in
HeLa cells using a probe against the nontranscribed inter-
genic spacer region (IGS) (rDNA-IGS; see Fig. 1A; Supple-
mental Fig. S2B,C), confirming that the stretches result
from rDNA rather than rRNA. Stretching was observed
following treatment with a tankyrase small molecule in-
hibitor Ti8 in HeLa (Supplemental Fig. S2D,E), BJ (Supple-
mental Fig. S2F,G), and WI38 (Supplemental Fig. S2H,I)
cells, and in HEK293T TNKS1 knockout cells generated
by CRISPR/Cas9 (Supplemental Fig. S2J,K; Bhardwaj
et al. 2017). Together, these data demonstrate that IDNA
stretching occurs upon depletion, inhibition, or deletion
of tankyrase 1 in multiple cancer and normal cell types.

The rDNA stretching observed upon tankyrase 1-deple-
tion could reflect a lack of compaction or condensation.
We thus determined the role of condensins I and II (Fig.
2A; Ono et al. 2003) in rDNA resolution. Depletion of
the common SMC2 subunit in HeLa cells (immunoblot,
Fig. 2B) led to rDNA stretching between the centromeres
(Fig. 2C,D). To determine whether one or both complexes
were required, we depleted complex-specific subunits
CAP-D3/condensin IT or CAP-D2/condensin I (Fig. 2E, im-
munoblot). Condensin I localizes to the nucleus during
interphase where it participates in the early stages of com-
paction, whereas condensin I is cytoplasmic and only
gains access upon nuclear envelope breakdown in pro-
metaphase (Hirota et al. 2004; Ono et al. 2004). HeLa
cell lines stably expressing CAP-D3 or CAP-D2 shRNAs
were arrested in nocodazole for 4.5 h, released for
45 min into anaphase, and analyzed by FISH. As shown
in Figure 2, F and G, depletion of CAP-D3, but not CAP-
D2, led to rDNA stretching. Immunoprecipitation analy-
sis of endogenous proteins showed that under conditions
where the condensin I and IT complexes remain assembled
(Supplemental Fig. S3), CAP-D3, but not CAP-D2, coim-
munoprecipitated with tankyrase 1 (Fig. 2H).

Tankyrase binds to its partners though a consensus
RXXG(A/P)XG) site. CAP-D3 (but none of the other con-
densin subunits) has potential sites at positions 5 and
519 (see Fig. 2A). To determine their role in resolution of
rDNA, we mutated the essential terminal G to A to gener-
ate s1ng1e CAP-D3%104 CAP-D3%524A and double CAP-
D3SAA mutants. Vector, wild type, or mutant alleles
were introduced into the CAP-D3 shRNA#2 HeLa cell
line and expressed at similar levels (Fig. 2I). FISH analysis
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Figure 2. rDNA resolution requires CAP-D3/condensin II. (A) Schematic diagram of conden-
sins I and II. Horizontal lines indicate CAP-D2 and D3. TNKS-binding sites at positions 5 and
519 are indicted in CAP-D3. (B-D) Depletion of SMC2 leads to rDNA stretching. Following a
48-h transfection with GFP or SMC2 siRNA, HeLa cells were analyzed by immunoblot (B) or iso-
lated by mitotic shake-off and analyzed by FISH using rDNA (red) and 13/21 cen (green) probes
(C) and quantified (D). Mitotic cells with three or more stretched rDNA lines were scored as
having stretched rDNA. Average of two independent experiments (n=63-70 cells each)+ SEM.
(**) P<0.01, Student’s unpaired t-test. (E-G) CAP-D3, not D2, is required for rDNA resolution
in anaphase. HeLa cell lines stably expressing CAP-D3 or CAP-D2 shRNAs were analyzed by im-
munoblot (E) or isolated by mitotic shake-off following a 4.5-h incubation in nocodazole and 45-
min release into anaphase and analyzed by FISH using rDNA (red) and 13/21 cen (green) probes
(F) and quantified (G). Anaphase cells (separated centromeres) with >3 stretched rDNA lines
were scored as having stretched rDNA. Average of two independent experiments + SEM. n=
56-112 cells each. (*) P <0.05, Student’s unpaired t-test. (H) CAP-D3, but not D2, coimmunopre-
cipitates with TNKS1. Immunoblot analysis of HeLa cells immunoprecipitated with control or
TNKSI antibodies and probed with the indicated antibodies. (I-K) The TNKS-binding site in
CAP-D3 at amino acid 519 is required for resolution of cohesion. CAP-D3 shRNA#2 cells
were transfected with GFP-Vec, GFP-CAP-D3 wild type, or GFP-CAP-D3 single G10A or
G524, or double GAA mutant plasmids for 18 h and analyzed by immunoblot (I) or isolated
by mitotic shake-off following a 4.5 h incubation in nocodazole and 45-min release into anaphase
(J) and analyzed by FISH using rDNA (red) probes and quantified (K). Anaphase cells (separated
centromeres) with three or more stretched rDNA lines were scored as having stretched rDNA.
Average of two independent experiments = SEM. n=56-112 cells each. (**) P<0.01, Student’s
unpaired t-test. (L) CAP-D3 GAA mutant does not bind tankyrase 1 but retains its association
with SMC2. Immunoblot analysis of U208 cells immunoprecipitated with anti-GFP antibody
following transfection with GFP-Vec, GFP-CAP-D3 wild type, or GFP-CAP-D3 GAA and probed
with the indicated antibodies. (C,F,]) DNA was stained with DAPI (blue). Bar, 2 ym.

stretching (Fig. 2J,K), indicating a re-
quirement for the second (position
519) tankyrase binding site. Immuno-
precipitation analysis showed that in
contrast to wild-type CAP-D3, CAP-
D3%AA did not coimmunoprecipitate
tankyrase 1, but, importantly, retained
its association with SMC2/condensin
(Fig. 2L). Together, these data indicate
that tankyrase 1 binds CAP-D3, and
binding is required for resolution of
rDNA. The rDNA stretching that we
observed in anaphase is specific to the
rDNA, as we did not observe stretch-
ing with the PJ or DJ probes in tankyr-
ase 1- or CAP-D3-depleted anaphase
cells (Supplemental Fig. S4).
Condensin action is a prerequisite
for topo II-mediated decatenation
in budding yeast (D’Ambrosio et al.
2008; Baxter et al. 2011; Charbin
et al. 2014). To determine the role of
topo Ila in rDNA resolution in human
cells, HeLa cells were treated with the
topo Ila inhibitors etoposide or ICRF-
193 for 2 h, isolated by mitotic shake-
off, and analyzed by rDNA FISH. As
shown in Figure 3, A and B, inhibition
of topo Ila led to rDNA stretching.
We also observed some centromere
stretching; however, it occurred at a
much lower frequency than rDNA
stretching and only at a high concen-
tration of etoposide or with ICRF-193
(Supplemental Fig. S5). The similarity
of the rDNA phenotypes raised the
possibility that the rDNA stretches
observed in CAP-D3- and tankyrase
1-depleted cells resulted from topo Ila
inaction. To determine whether over-
expression of topo Ia could rescue
the rDNA stretches induced by CAP-
D3 or tankyrase 1 depletion, plasmids
expressing topo Ila, tankyrase 1,
CAP-D3, or a vector control were
introduced into HeLa cells stably ex-
pressing TNKS1 shRNA (Supplemen-
tal Fig. S6A, immunoblot) or CAPD3
shRNA#2 (see immunoblot, Fig. 2E).
Expression of the transfected proteins
was confirmed by immunoblot anal-
ysis (Supplemental Fig. S6B,C). In
TNKS1-depleted cells, topo Ila res-
cued the rDNA stretches to a similar
extent as TNKS1 (Fig. 3C,D). In con-
trast, CAP-D3 did not rescue and was
similar to the vector. In CAP-D3-de-
pleted cells, topo Ila rescued the
rDNA stretches, as did CAP-D3 (Fig.
3E,F). In contrast, TNKS1 did not res-

of anaphase cells showed that rDNA stretching was res-
cued by introduction of wild-type CAP-D3 (Fig. 2],K). Res-
cue was also observed with CAP-D3%'%4 indicating that
the amino terminal tankyrase binding site was not critical
(Fig. 2],K). In contrast, the CAP-D3%°24A mutant and
the CAP-D3“A* double mutant did not rescue rDNA
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cue and was similar to the vector. Together, these data in-
dicate that topo Ila overexpression can compensate for the
absence of CAP-D3 or TNKS1. Additionally, the observa-
tion that CAP-D3 overexpression does not compensate
for TNKSI1-depletion and vice versa indicate that they
are both required for rDNA resolution.
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Figure 3. Topo Ila is required for IDNA resolution. (4, B) Inhibition of Topo Ila leads to rDNA
stretching. HeLa cells were isolated by mitotic shake-off following a 2-h treatment with (vehicle)
DMSO or the Topo Ila inhibitors etoposide or ICRF-193 and analyzed by FISH using rDNA (red)
and 13/21 cen (green) probes (A) and quantified (B). Mitotic cells with three or more stretched
rDNA lines were scored as having stretched rDNA. Average of two independent experiments
(n=50-95 cells each)+ SEM. (*) P<0.05, (**) P<0.01, Student’s unpaired t-test. (C—F) Topo Ila
overexpression rescues stretched rDNA in TNKS1- or CAP-D3-depleted cells. TNKS1 (C,D) or
CAP-D3 (E,F) shRNA HelLa cell lines were transfected with vector, Flag-TNKS1, Flag-Topo Ila,
or GFP-CAP-D3 plasmids for 18 h; incubated for an additional 4.5 h in nocodazole; released for
45 min into anaphase; isolated by mitotic shake-off; and analyzed by FISH using rDNA (red)
and 13/21 cen (green) probes (C,E) and quantified (D,F). Anaphase cells (separated centromeres)
with three or more stretched tDNA lines were scored as having stretched rDNA. Average of
two independent experiments + SEM. (D) n=51-111 cells each. (F) n=76-127 cells each. (*) P <
0.05, (**) P <0.01, Student’s unpaired t-test. (G-K) TNKS1 or CAP-D3 depletion leads to rDNA
segregation defects that are exacerbated by topo Ila inhibition. HeLa cell lines stably expressing
GFP, TNKS1, CAP-D3, or CAP-D2 shRNA were treated with nocodazole for 1 h and released in
DMSO or 50 pm etoposide for 1 h and analyzed by FISH using an rDNA probe (red) (G) and quan-
tified (H). Arrows indicate DAPI-staining bridges. Late anaphase cells with rDNA laggards and
bridges were scored. Average of three independent experiments + SEM. n=45-112 cells each. (*)
P<0.05; (**) P<0.01; (***) P<0.001, Student’s unpaired t-test. (I,]) Double depletion of TNKS1
and CAP-D3 does not exacerbate the phenotype. (I) CAP-D3 shRNA cells treated with GFP or
TNKSI1 siRNA for 48 h were analyzed by immunoblot (I) or FISH (]) following treatment with
nocodazole for 1 h and release in DMSO for 1 h and quantified. Late anaphase cells with IDNA
laggards and bridges were scored. Average of three independent experiments + SEM. n=41-58
cells each. (K) Graphical representation of the frequency of IDNA-positive DAPI bridges versus
total DAPI bridges from H. (A,C,E,G) DNA was stained with DAPI (blue). Bar, 2 um.
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To determine whether impaired
rDNA resolution (indicated by tDNA
stretching) led to rDNA segregation
defects (lagging rDNA and bridges) as
mitosis progressed to late anaphase,
HeLa shRNA cell lines (GFP, TNKS],
CAP-D3, and CAP-D2) were arrested
in prometaphase by a brief (1-h) treat-
ment with nocodazole, released into
anaphase/telophase for 1 h, isolated
by mitotic shake-off, and analyzed
by FISH. As shown in Figure 3, G (three
left panels) and H, depletion of TNKS1
or CAP-D3 (but not CAP-D2) resulted
in a threefold increase in rDNA segre-
gation defects compared with the
GFP shRNA control. Notably, deple-
tion of TNKS1 in CAP-D3-depleted
cells (confirmed by immunoblot in
Fig. 3I) did not exacerbate the pheno-
type (Fig. 3]), indicating that TNKS1
and CAP-D3 act in the same pathway
to promote resolution and segregation
of IDNA.

To determine whether TNKS1 and
CAP-D3 are required to facilitate topo
Ha-mediated decatenation of rDNA,
we performed the analysis as described
above, but included the topo Ila inhib-
itor etoposide in the 1-h release from
nocodazole. As shown in Figure 3, G
(two right panels) and H, inhibition of
topoIlaled to an increase in IDNA seg-
regation defects that was most promi-
nent in the TNKS1- and CAP-D3-
depleted cells. CAP-D2-depleted cells
showed a weaker, but significant, in-
crease in rDNA segregation defects,
suggesting that CAP-D2/condensin
Imay be important for topo Ila-mediat-
ed decatenation of rDNA late in mi-
tosis. Strikingly, calculation of the
frequency of rDNA bridges relative to
total DAPI-staining bridges showed a
significant increase in TNKSI1- and
CAP-D3-depleted cells (compared
with GFP or CAP-D2) that was exacer-
bated in the presence of etoposide; up
to 53% of the DAPI-staining DNA
bridges contained rDNA (Fig. 3K). To-
gether, these data indicate the tankyr-
ase 1 and CAP-D3 facilitate topo Ila-
mediated segregation of rDNA.

We next determined the impact of
rDNA segregation defects on genome
stability in tankyrase 1-depleted cells
without drug treatment. As shown
in Figure 4A,B, TNKS1 siRNA-treated
HelLa cells isolated by mitotic shake-
off from asynchronous cultures
showed DAPI-staining DNA bridges
and lagging rDNA in late stages of mi-
tosis. Such unresolved rDNA could
lead to nondisjunction. Indeed,
FISH analysis showed a significant in-
crease in aneuploidy for the rDNA-
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Figure 4. Impaired rtDNA segregation leads to genomic instability.
(A,B) TNKS1-depleted cells have rDNA bridges in late anaphase.
HeLa cells were isolated by mitotic shake-off from asynchronously
growing cultures following 48-h transfection with GFP or TNKS1
siRNA and analyzed by FISH using an rDNA probe (red; deconvolved
images are shown) (A) and quantified (B). Arrow indicates DAPI-stain-
ing bridge. Late anaphase cells with rDNA laggards and bridges were
scored. Average of two independent experiments+SEM. n=25-34
late anaphase cells each. (C-G)Increased aneuploidy of the acrocentric
chromosome 15 in TNKS1-depleted cells. FISH analysis of interphase
cells from (C) HTC75 or (F) BJ-hTERT cells stably expressing GFP or
TNKS1 shRNA using a 15 cen (green) or 10 cen (red) probe.
(D,G) Quantification of the deviation from the modal copy number
for C and F, respectively. (D) Average of two independent experi-
ments + SEM. n=201-222 cells each. (G) Average of three independent
experiments = SEM. n=108-140 cells each. (*) P<0.05; (**) P<0.01,
Student’s unpaired t-test. (E) Immunoblot analysis of BJ-hTERT cell
lines stably expressing GFP or TNKS1 shRNA. (H,I) Increased
rDNA-containing micronuclei in TNKS1-depleted cells. FISH analy-
sis of HeLa cells following 72-h transfection with GFP or TNKS1
siRNA with an rDNA probe (red). (I) Quantification of interphase cells
containing one or more micronuclei without (—) or with (+) rDNA. Av-
erage of two independent experiments + SEM. n=301-388 cells each.
(*) P <0.05, Student’s unpaired t-test. (J,K) Increased rDNA associated
DNA damage foci in TNKS1-depleted cells. (/) Asynchronous HeLa
cells were fixed in 3.7 % paraformaldehyde and analyzed by immuno-
fluorescence by dual staining with anti-UBF (red) and yH2AX (green)
antibodies. (K) Quantification of mitotic cells containing two or
more colocalizing foci. Average of two independent experiments =
SEM. n=36-65 cells each. (*) P <0.05, Student’s unpaired t-test.

containing acrocentric chromosome 15 compared with
a control nonacrocentric chromosome 10 in TNKSI
shRNA-depleted HTC75 cells (Fig. 4C,D) and in TNKS1
shRNA-depleted B] TERT-immortalized fibroblasts (Fig.
4E-G). We observed a similar increase in aneuploidy for
chromosome 15 compared with two other nonacrocentric
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chromosomes 6 and 16 (Supplemental Fig. S7). In addition
to nondisjunction, rDNA segregation defects could lead to
micronuclei formation. TNKS1 siRNA-depleted HeLa
cells exhibited a threefold increase in micronuclei com-
pared with control cells, with a sevenfold increase in
micronuclei that were IDNA-positive (Fig. 4H,I). Finally,
we queried the consequence of rDNA segregation
defects on the induction of tDNA-specific DNA damage.
Asynchronously growing TNKS1 shRNA or GFP shRNA
control HeLa cells were subjected to dual immunofluores-
cence analysis using antibodies against the DNA damage
marker yH2AX and UBF for the rDNA. As shown in Figure
4],K, 34% of TNKS1-depleted mitotic cells (at all stages of
mitosis) showed two or more colocalizing foci compared
with 6% in control, indicating profound consequences
for genomic stability at rDNA.

Our studies show that resolution of human rDNA de-
pends on tankyrase 1, condensin II, and topo Ila. We pro-
pose that tankyrase 1 acts together with condensin II by
direct interaction with the CAP-D3 subunit to promote
topo II-mediated decatenation of rDNA. We showed that
resolution of rDNA occurs in anaphase after the bulk of
the genome. Previous studies in human cells have shown
that resolution of sister chromatid arms is complete by
the end of prophase, dependent on condensin II and topo
Ila (Abe et al. 2011; Nagasaka et al. 2016) and that conden-
sin IT localizes to the nucleus in interphase and acts as ear-
ly as S phase to initiate resolution (Ono et al. 2013).
However, despite its nuclear localization, condensin II
appears to be excluded from nucleoli and thus may not
gain access to the rDNA (Ono et al. 2013). Exposure to con-
densin I may occur only after the rDNA is released from
the nucleolus upon nuclear envelope breakdown in late
prophase. This window would coincide with repression
of rDNA transcription in human cells (Prescott 1964),
which (at least in budding yeast) is required for condensin
binding (Tomson et al. 2006; Clemente-Blanco et al. 2009).
It is tempting to speculate that resolution of rDNA is de-
layed in humans, as in yeast, to allow repression of tran-
scription as a prerequisite for condensin binding.

The importance of timely resolution of the rDNA is il-
lustrated by the impact of aberrant segregation on genome
integrity, reflected by the increase in rDNA bridges,
rDNA-containing micronuclei, aneuploidy of the rDNA-
containing chromosome 15, and rDNA-associated DNA
damage in mitosis. Interestingly, while rDNA stretching
was greatly stimulated by depletion of condensin II or
tankyrase 1, or inhibition of topo Ila, we observed some
level of stretching in untreated control cells (ranging
from 4% in normal cells up to 20% in cancer cells), sug-
gesting that delayed resolution of IDNA could pose a here-
tofore unappreciated threat to genome integrity.

Materials and methods

Chromosome-specific FISH

Mitotic cells were isolated by shake-off, fixed, and processed as described
previously (Dynek and Smith 2004) and hybridized with green centromere
probes (15 cen and 13/21 cen) and red AcroP (rDNA) probes (Cytocell) or
with green DJ or PJ probes and red rtDNA-IGS probes (van Sluis et al. 2016).

Image analysis

Images were acquired using a microscope (Axioplan 2; Carl Zeiss, Inc.)
with a Plan Apochrome 63x NA 1.4 oil immersion lens (Carl Zeiss, Inc.)
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and a digital camera (Hamamatsu Photonics, C4742-95). Images were ac-
quired and processed using Openlab software (Perkin Elmer).

Statistical analysis

Statistical analysis was performed using Prism 7 software. Student’s un-
paired t-test was applied. Data are shown as mean + SEM (standard error
of the mean); P<0.05 values were considered significant. A detailed de-
scription of the Materials and Methods is in the Supplemental Material.
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