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The role of the G1-phase Cyclin D-CDK 4/6 regulatory module in linking germline stem cell (GSC) proliferation to
nutrition is evolutionarily variable. In invertebrate Drosophila and C. elegans GSC models, G1 is nearly absent and Cyclin
E is expressed throughout the cell cycle, whereas vertebrate spermatogonial stem cells have a distinct G1 and Cyclin D1
plays an important role in GSC renewal. In the invertebrate, chordate, Oikopleura, where germline nuclei proliferate
asynchronously in a syncytium, we show a distinct G1-phase in which 2 Cyclin D variants are co-expressed. Cyclin Dd,
present in both somatic endocycling cells and the germline, localized to germline nuclei during G1 before declining at
G1/S. Cyclin Db, restricted to the germline, remained cytoplasmic, co-localizing in foci with the Cyclin-dependent Kinase
Inhibitor, CKla. These foci showed a preferential spatial distribution adjacent to syncytial germline nuclei at G1/S. During
nutrient-restricted growth arrest, upregulated CKla accumulated in arrested somatic endoreduplicative nuclei but did
not do so in germline nuclei. In the latter context, Cyclin Dd levels gradually decreased. In contrast, the Cyclin Db
splice variant, lacking the Rb-interaction domain and phosphodegron, was specifically upregulated and the number of
cytoplasmic foci containing this variant increased. This upregulation was dependent on stress response MAPK p38
signaling. We conclude that under favorable conditions, Cyclin DbB-CDK6 sequesters CKla in the cytoplasm to
cooperate with Cyclin Dd-CDK6 in promoting germline nuclear proliferation. Under nutrient-restriction, this
sequestration function is enhanced to permit continued, though reduced, cycling of the germline during somatic

growth arrest.

Introduction

Stem cells form the basis of development, repair and regenera-
tion during the lifetime of an organism. Accordingly, the cell
cycle and gene expression are regulated by a coordinated network
of cell signaling mechanisms in both somatic and germline stem
cells (GSCs). Signals from stromal cells in the surrounding
microenvironment (or niche) are often involved in controlling
the renewal and differentiation of stem cells.' In addition, stem
cells are also influenced by external stimuli such as nutrients, hor-
mones or physical injuries.l‘3 For instance, in C. elegans and
Drosophila, nutritional signaling modulates the proliferation and
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differentiation of GSCs.*® Nutritional signaling also activates
adult stem cell proliferation by acting on the G1-phase regulatory
complex, Cyclin D-CDK4/6.”

In this study, we used a semelparous, invertebrate, chordate,
Oikopleura dioica, to explore the role of D cyclins in germline
proliferation under nutrient-dependent growth arrest (GA).B
O. dioica, an abundant component of marine zooplankton com-
munities, is a member of the closest extant sister group to verte-
brates.’ During the first half of its short, 6-day, lifecycle,
germline nuclei in mitotic cycles proliferate asynchronously in a
syncytium.'®'? The germline is present as a single, giant, multi-
nucleate cell, surrounded by a single layer of follicle cells enclosed
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by a monolayer epithelium. During the day 3 to 4 transition,
ovarian syncytial germline nuclei give rise to equivalent numbers
(thousands) of nuclei in prophase I of meiosis and those that
enter endocycles as nurse nuclei. Each nuclear population is dis-
tributed homogenously throughout the common “coenocyst”
cytoplasm. Unlike the iteroparous model organisms, C. elegans
and Drosophila, meiotic entry occurs only during this short time
window in O. dioica, and the GSC population is not subse-
quently maintained.

In G1, cell cycle progression is linked to integration of extra-
cellular stimuli »iz nutrition-dependent Insulin and Target Of
Rapamycin (TOR) signaling.13 Mitogenic or stress signaling
mediated by MAPK ERK1/2'"> and MAPK p38'® also regulate
the G1/S transition by activating D-type cyclin expression in
mammalian cells. Classically, Cyclin D-CDK4/6 was thought to
processively hypo-phosphorylate the retinoblastoma protein (Rb)
prior to Rb hyper-phosphorylation by Cyclin E-CDK2. This
stimulates cell cycle progression by releasing the E2F transcrip-
tion factor, a regulator of the G1/S transition transcriptional pro-
gram. Recently it is proposed that Cyclin D-CDK4/6 catalyzes
mono-phosphorylation of Rb to activate early G1 functions of
multiple, mono-phospho Rb isoforms and to prevent cell cycle
exit to GO, regulated in part by un-phosphorylated Rb."” Impor-
tantly, Cyclin D-CDK4/6 complexes can activate Cyclin
E-CDK2 indirectly by sequestering Gl-phase p21/p27-type
Cyclin-dependent Kinase Inhibitors (CKIs), which inhibit Cyclin
E-CDK?2 activity.

Recently, we demonstrated that a reduction in TOR activity
during GA of O. diovica, resulted in immediate Cyclin-Depen-
dent Kinase Inhibitor a (CKla) upregulation and somatic cell
cycle arrest.® Response to GA in the mitotically proliferating
germline nuclei was different. Cell cycle arrest was not immedi-
ate and instead, occurred gradually over a period of several
days. This suggests modulation of the cell cycle arrest mecha-
nism in the O. dioica germline as compared to somatic cells. In
invertebrate Drosophila and C. elegans GSCs, G1 phase is nearly
absent.'®?" In this context, cell cycle profiles of Cyclin E-CDK
activity are altered with Cyclin E present throughout the GSC

cell cycle.'®?!

In these invertebrates, proliferative renewal of
GSCs is nonetheless still responsive to insulin and TOR signal-
ing®** but these nutrient-dependent controls operate during
G2, as opposed to G1. In contrast, mouse spermatogonial stem
cells proliferate with a distinct G1 phase and Cyclin D plays a
major role in the renewal of stem cells.”> In comparison to
other invertebrates, Cyclin D paralogs and their splice variants
have been considerably amplified in O. dioica, with several
exhibiting expression in the ovary.** Therefore, we wished to
determine if the O. dioica germline exhibits a G1 phase and
whether some of these Cyclin D paralogs and their splice var-
iants have roles in regulating germline nuclear proliferation and
in overcoming immediate CKla-mediated germline cell cycle
arrest during nutrient-restricted GA.

The activity of CKI in GSCs is reduced to promote prolifera-
tion in Drosophila, C. elegans and mouse. C.elegans CKI-1 is
required to maintain germline quiescence of starved L1 arrested
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larvae®>?® and RNA depletion of CKI-1 induces hyperprolifera-
tion of GSC during dauer formation.”> Mutants of Cul-2 (a
component of the SCF-degradation complex) allow CKI-1 pro-
tein levels to accumulate, resulting in arrest of GSC prolifera-
tion.”” Suppression of C. elegans CKI-2 activity, through the
RNA-binding protein FBF2, which inhibits translation of CKI-2
mRNA, is also critical for GSC proliferation,28 Similarly, in
Drosophila, the CKI, Dacapo, accumulates and induces cell cycle
arrest in GSCs during starvation. Under favorable conditions,
nutrition-dependent expression of dicer-1 negatively regulates
Dacapo levels.”” These findings indicate that suppressing CKI
activity through nutrition-dependent signaling, either by reduc-
ing CKT mRNA levels or CKI protein stability, positively regu-
lates GSC proliferation.

D-type Cyclins have been reported in several studies to medi-
ate sequestration of p21 and p27 either in the cytoplasm or
nucleus of mammalian cells under nutrient-deprived condi-
tions.?*** Furthermore, mutations in the Cyclin D1, CDK acti-
vating residue (T156), or phospho degradation residue (1T286),
are dominant-negative toward cell cycle progression. These
mutants sequester CDK4 in the cytoplasm in an inactive complex
in mammalian fibroblasts.”” Interestingly Cyclin D2SV, a mouse
Cyclin D2 splice variant, lacks the Cyclin-dependent kinase acti-
vating residue (T156), and degradation residue (T286).%° It is
expressed in the mouse ovary®” and sequesters CDK4 and p27 in
the cytoplasm, possibly targeting them for ubiquitin-dependent
protein degradation.’**®** Human Cyclin D2SV is overex-
pressed in some primary human brain tumors.”” The D2SV
splice variant is responsive to nutrient-dependent signaling and is
upregulated during nutrient limitation.”” Among the amplified
O. dioica Cyclin D paralogs there are intriguing splice variants
of the Db isoform where the Rb-binding motif is absent (variants
a and B) and/or the C-terminal putative phospho degron is
deleted (variants B and 3).24 Thus the Cyclin Db isoforms with
altered stability or impaired Rb-interaction capacity might be
expected to play distinct and possibly opposing roles, in the regu-
lation of cell cycle progression.

Here, we show that O. dioica mitotic germline nuclei prolifer-
ate asynchronously in the syncytium and have a distinct G1-
phase, unlike other model invertebrates such as C. elegans and
Drosophila. In mitotic germ stem nuclei, G1 is regulated by
Cyclin Dd during their proliferative phase. Nutrition-dependant
TOR signaling controls Cyclin Dd expression as previously
reported in somatic endocycling cells.® Reduced TOR signaling
in the germline of growth-arrested O. dioica activates stress-
induced MAPK p38-MSKI1 signaling, and the Cyclin Db splice
variant, lacking the Rb binding domain, is transcriptionally acti-
vated. We further demonstrate the existence of Cyclin Db foci
in the germline cytoplasm which colocalize with CKI during
somatic GA. We propose that activation of MAPKp38 signaling
under reduced TOR activity induces Cyclin Db, which in turn
forms complexes to sequester upregulated CKla in mitotic germ-
line cytoplasm, to permit continued proliferation of germline
nuclei during the initial period of nutrient-restricted somatic
growth arrest.
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Results

Asynchronously proliferating O. dioica germ nuclei have a
distinct G1-phase

Cyclin D regulates self-renewal in mammalian adult stem
cells*! and spermatogonial germ stem cells,”® but is not essential
for GSC proliferation in Drosgphila and C. elegans.'®'**" The
O. dioica Cyclin D variants, Da, Db, Dc and Dd are encoded by
4 different genes.”* Previously, we have shown that O. dioica
Cyclin Dd regulates G1-phase in mitotically proliferating cells
during early development and in post-metamorphic somatic
endocycling cells.** Comparative analysis (SMART, htep://
smart.embl-heidelberg.de, and ELM, htp://elm.eu.org) of
human, mouse and O. divica Cyclin D variants (all accession
numbers given in Table S1) revealed that unlike mammalian
Cyclin Ds, O. dioica Db/c/d variants retain the N-terminal, but

(G2 or early G1). This shows that asynchronously proliferating
O. dioica mitotic germline nuclei have a distinct, regulated, G1-
phase as seen in mouse spermatogonial stem cells, and contrast-
ing observations in Drosophila and C. elegans.

Cyclin Db3/8 variants occur in cytoplasmic foci adjacent to
early S-phase germ nuclei

Alternative splicing of O. dioica Cyclin Db produces 4 var-
iants in which all presence/absence combinations of the Rb-bind-
ing motif/phosphodegron are represented: —/+ Cyclin Dbaoy
—/— Dbp; +/+ Dbry; and +/— Dbd (Fig. 1B). Lack of the
exon expressing the putative phosphodegron produces short
Cyclin Db and 3 splice variants, which have an altered, unique
sequence of 34 amino acids at the C-terminus (Fig. S1). Despite
Cyclin Dbd and B having a distinct C-terminal sequence,
the C-terminal CRM1 consensus is conserved, unlike human

lack the C-terminal, cyclin box (Fig. 1).
The exception is the Cyclin Da variant
that retains a divergent C-terminal
cyclin box.?* O. divica Cyclin D differs
from Cyclin Db splice variants (Fig. 1B,
C): it contains 2 Rb binding motifs
(LxCxE), versus one or none; it has 3
predicted nuclear localization sequences
(NLS) vs. none, as well as 2 nuclear
exporter CRM binding motifs, versus
one. To determine the cell cycle profile
of Cyclin Dd in the germline, pre-mei-
otic animals were immunostained for
Cyclin Dd, IdU (S-phase) and H3pS28
(M-phase). Cyclin Dd levels peaked
during G1, decreased upon entry into
S-phase and were undetectable during
M-phase (Fig. 2A). Thus, Cyclin Dd
oscillations are consistent with a role in
the regulation of the G1 to S transition
during proliferation of germline nuclei,
similar to its role in somatic cells.*

In C. elegans, germ nuclei in the
mitotic zone proliferate asynchronously
even though they are present in a syn-
cytium that shares a common cyto-
plasm within an enclosed lumen.*? The
mitotic germ nuclei of O. dioica are
also present in a syncytium'®'?, and
similar to C. elegans, proliferate asyn-
chronously during the pre-meiotic
phase (Fig. 2A, B). Based on Cyclin
Dd (G1 marker), IdU (S marker) and
H3pS28 (M marker) staining, calcu-
lated indexes (Fig. 2C) revealed that
7% of germline nuclei were in Gl
(cyclin Dd positive/IdU negative), 65%
were in S (IdU positive), 3% were in
M (H3pS28 positive), and the remain-
ing 25% were negative for all markers
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Figure 1. Functional domains in human and Oikopleura dioica Cyclin D splice variants. (A) Human
Cyclin D1 and mouse Cyclin D2 and their splice variants, D1b and D2SV, respectively. (B) O. dioica
Cyclin Db splice variants cover all presence/absence combinations (+/+, —/+, +/—, —/—) of the Reti-
noblastoma(Rb)-binding and phosphodegron domains, respectively. (C) O. dioica Cyclin Dd. NLS,
Nuclear Localization Sequence; CRM, (Chromosomal maintenance 1 or Exportin 1) interaction motif;
LXCXE Rb-binding motif. All motifs were predicted by SMART®® and ELM.®® Cyclin-dependent Kinase 6
(CDK6) and CDK inhibitor (CKI) binding regions on O. dioica Cyclin D splice variants were based on
Zwicker et al.** Unique C-terminal sequences arising in splice variants are indicated by different stip-
pling patterns. BLAST and secondary structure assessments (PsiPred) of the C-termini of O. dioica
Cyclin D variants show residual signatures of a second Cyclin box with low confidence scores.?* Hs,
Human; Mm, Mouse; Od, O. dioica.
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Figure 2. Asynchronous proliferation of germ nuclei with a distinct
G1-phase. (A) Immunostaining of asynchronous mitotic germ nuclei
show different levels of Cyclin Dd expression (n = 10 animals). Actin net-
work within the single-cell coenocyst is stained in green. Cyclin Dd
expression peaks in G1 (arrows), persisted at reduced levels in early S
(arrowheads; Campsteijn et al.>%) and was absent thereafter. Cyclin Dd
expression was not seen in nuclei expressing the mitotic marker H3pS28.
(B) Larger overview of germline nuclei indicating proportions in G- (no
staining), S- (IdU incorporation) and M-phase (H3pS28 staining) prior to
meiotic entry. (C) Proportion of germ nuclei in each of the proliferative
cell cycle phases was assessed (n = 10 animals) by immunostaining in
combination for markers: Cyclin Dd (G1), short IdU pulse (S), and H3pS28
(M). Nuclei that were negative for all of these markers were in G2. Error
bar indicates standard error. Scale bars = 10 pm.

splice variants Cyclin D1b and D2SV, where it is absent. Nota-
bly, all Cyclin Db splice variants lack a predicted NLS. When
the mitotic germline was immunostained with antibodies specific
to the C-terminal region of Cyclin DbR/8, cytoplasmic foci were
observed adjacent to nuclei (Fig. 3A). These isoforms were never
observed within nuclei at any stage of the cell cycle. Interestingly,
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the Cyclin DbB/8 foci were rarely found adjacent to nuclei in G
or M-phase, but were commonly found adjacent to nuclei in S-
phase (Fig. 3B). Thus, there exists a negative correlation between
the occurrence of Cyclin DbB/d cytoplasmic foci and G-phase
germline nuclei or M-phase chromatin. More precisely, we
observed that a high number of early S-phase nuclei have cyto-
plasmic Cyclin Db/ foci adjacent to them as compared to mid
or late S-phase, or G2 nuclei (Fig. 3C, 3'). It was also apparent
that approximately 10% of the germline nuclei were associated
with an adjacent Cyclin DbR/3 foci (Fig. 3C'). It is known that
the human and mouse truncated Cyclin D2 splice variant,
D2SV, with a unique C terminus is also observed in cytoplasmic
foci.”® Our results indicate a possible cytoplasmic role of Cyclin
DbR/8 variants during germline proliferation in O. dioica, with
preferred localizations adjacent to syncytial nuclei during S-phase
entry.

Interaction of Oikopleura dioica CDKG6 with Cyclins Db,
Dd and CKla

Human Cyclin D1b and mouse D2SV splice variants, despite
being truncated at the C-terminus, bind CDK4 efficiently but
are deficient in phosphorylating Rb.***>** Binding sites of
CDKG6 and CKla on O. dioica Cyclin Db splice variants were
predicted from the known binding sites on human Cyclin D1%4
and were present on Cyclin Db and & variants (Fig. 1B and
Fig. S1). Given the presence of these putative binding sites, we
next investigated whether there was a physical interaction of
CDKG6 (O. divica does not have CDK4>%), with Cyclin Dd or
Cyclin Db splice variants, and CKla. Western blots of the immu-
noprecipitated fractions revealed that CDK6 interacts with
Cyclin Dd, Cyclin Db splice variants (,y,3,8) and CKla
(Fig. 4). The interaction of CDK6 with Cyclin Db and 8 splice
variants suggests that Cyclin Db /8 contain the minimum
region required for binding CDKG6. Residues K112 and T156
found on human Cyclin D1 mediate binding of the Cyclin
D-CDK4/6 complexes with CDK activating Kinase (CAK)
which in turn catalytically activates the Cyclin D-CDK4/6 com-
plex. Mutations at these Cyclin D1 residues inhibit activation by
CAK but permit sequestration of both CDK4 and CKI, blocking
their activities.”>* Residues corresponding to human Cyclin
D1, K112 and T154, are conserved in O. dioica Cyclin Db splice
variants including Dbd and (B (Fig. S1). Whereas the Cyclin
DDb3 splice variant contains an Rb-interaction motif, Cyclin Dbf3
lacks this motif. Combined with what appears to be a strictly
cytoplasmic localization, this suggests that a function of Cyclin
Db may be the cytoplasmic sequestration of CDK6 and CKI in
the regulation of the syncytial germ nuclei in response to nutri-
tive conditions.

Nutrient-restricted growth arrest gradually reduces cyclin
Dd levels in the germline

Nutrient-dependent TOR signaling regulates GSC prolifera-
tion and differentiation in Drosophila and C. elegans.> We have
recently found that inhibition of TOR signaling prevents transla-
tion of ¢yclin Dd mRNA, thus causing cell cycle arrest in somatic
endocycling cells during GA.® However, the cell cycle of germ
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Figure 3. Cyclin DbB/8 cytoplasmic foci A
and the G1/S transition in germline nuclei.
(A) Immunostaining of mitotic germline
nuclei with antibodies specific to C-termi-
nal regions of Cyclin Db splice variants (3/8.
Cyclin DbB/d were present as foci in the
syncytial germline cytoplasm adjacent to
nuclei. These foci were not observed adja-
cent to nuclei in M-phase (H3pS28 stain-
ing) and were also not preferentially
associated with nuclei staining most
intensely for Cyclin Dd (n = 10 animals).
Inset depicts magnification of a cyto-
plasmic Cyclin DbB/3 focus adjacent to a
nucleus. (B) Cytoplasmic foci of Cyclin
DbB/d were adjacent to nuclei with low
amounts of IdU incorporation (arrows) but
were not adjacent to nuclei with no IdU
incorporation (G-phase; empty arrow-
heads) or nuclei with large amounts of IdU
incorporation (filled arrowheads). (C)
Cyclin DbB/d foci were selected (n = 10
animals; 1000 foci) and the cell cycle phase
of the closest nucleus was assessed based
on extent of IdU incorporation and
H3pS28 staining. (C’) Reciprocally, nuclei in
G1 (no incorporation of IdU, Cyclin Dd
staining), G1/S (weak incorporation of IdU,
weak Cyclin Dd staining) S or G2 (increased
IdU staining, no Cyclin Dd staining) or M
(H3pS28 staining) were selected (n = 10
animals; 900 nuclei) and assessed for the
presence or absence of adjacent Cyclin
DbR/d foci. Error bars indicate standard
errors. Scale bars = 10 pm.

nuclei did not arrest immediately,
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ing as somatic GA persisted. Therefore, 10 o1
we examined the effects of nutrient- £ g
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levels of cyclin Dd transcripts did not 2 i £ -
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et al.® and Fig. 6A), but immunofluo-
rescent staining in GA animals (Day 3,
Day 6 and Day 12) showed a gradual
reduction in Cyclin Dd levels and IdU
incorporation (S-phase entry) in germ nuclei (Fig. 5). Thus,
nutrient restriction resulting in GA also reduced Cyclin Dd levels
in the germline, though at a slower rate than in O. divica somatic
cells.

cyclin Db expression is stimulated by MAPK p38 signaling
under TOR inhibition
Human c¢yclin D2 mRNA and protein levels increase upon

starvation in primary fibroblasts.’’ In 2 other mammalian cell
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lines, density-dependent growth arrest or starvation decreased
cyclin DI expression and increased cyclin D2 expression.*® To fol-
low expression of O. dioica D-type cyclin genes during GA, tran-
scripts of ¢yclin Da, cyclin Db, cyclin Dc and cyclin Dd were
analyzed at days 3, 4, 5, 7, 9 and 12 of sustained nutrient depri-
vation. Interestingly, compared to animals cultured under stan-
dard conditions, relative transcript levels of ¢yclin Da, cyclin De
and ¢yclin Dd were not affected but there was a significant
increase in ¢yclin Db transcripts (primers recognize all cyclin Db
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Figure 4. Cyclin Db splice variants interact with CDK6 and CKla. Anti-
CDK6 antibody co-immunoprecipitated Cyclin Dd, Cyclin Db splice var-
iants and CKla from whole cell lysates of Oikopleura dioica cultured at
standard densities.

forms o, 3, 'y and 8) (Fig. 6A). Further assessment revealed that
the relative expression of cyclin Db splice variants o, y and & were
unchanged (2 primers sets recognize cyclin Db o and vy, or Db vy
and 8, respectively) (Fig. 6B). Thus, the general increase in over-
all ¢yclin Db expression during GA was due to ¢yclin Db tran-
scripts alone. Similar results were obtained when animals were
cultured in the presence of the TOR inhibitor, CCI-779, under
standard culture conditions (Fig. 6C, D).

During GA in O. dioica, TOR signaling was inhibited
(Fig. 3D in Subramaniam et al®) whereas survival MAPK p38-
MSKI1 signaling was activated (Fig. 5B, D in Subramaniam
et al®). Similar activation of p38 was observed under direct TOR
inhibition alone (Fig. 5B, D in Subramaniam et al®). In mam-
malian fibroblasts, MAPK p38 acts as a mitogenic signal and reg-
ulates ¢yclin DI transcription.'® Mitogen and Stress activating
Kinase 1 (MSK1), a MAPK p38 downstream effector, regulates
levels of D-type Cyclins by activating transcription factor CREB
(CRE binding protein).*’*** Interestingly, a CREB-binding con-
sensus sequence was identified in the cyclin Db promoter
(Fig. S2). To determine the effect of MAPK p38-MSKI1 on tran-
scription of O. divica D cyclins, animals were cultured in the pres-
ence of MAPK p38 inhibitor SB203580 for 24 h and the
expression of the D-type cyclins was examined. Inhibition of
MAPK p38 decreased expression of cyclin Db but did not affect
the expression of other D-type cyclins (Fig. 6E). Western blots
revealed that levels of Cyclin DbB/8 increased during GA, when
there is reduced TOR signaling, whereas the levels of these splice
variants decreased when p38 was inhibited (Fig. 6F). This sug-
gests that during GA/TOR inhibition, activated MAPK p38 sig-
naling increases the levels of Cyclin Dbf.
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Cyclin Db and CKlIa foci colocalize in mitotic germline
cytoplasm and such foci increase in number during growth
arrest

Increased levels of Cyclin D-CDK4 complexes can regulate
the G1/S transition by sequestering CDK inhibitors (CKI) that
would otherwise inhibit the catalytic activity of Cyclin
E-CDK2.>*° Under density-dependent cell cycle arrest in
human cells, Cyclin D2 is induced and forms the Cyclin D2-
CDK4-p27 complex, replacing Cyclin D1 and sequestering
p27.°" Furthermore, cytoplasmic foci of the mouse Cyclin D2
splice variant, D28V, sequester positive regulators of cell cycle
progression and act as a growth suppressor.”” Regarding GSCs, it
is known in C. elegans, Drosophila and mouse spermatogonial
stem cells that suppression of CKI activity is critical for self-
renewal of GSC.2827:2 Intringuingly, our recent studies showed
that under conditions of GA or direct inhibition of TOR signal-
ing, upregulated CKla did not immediately arrest the prolifera-
tion of germline nuclei.® Therefore, we wished to explore the
interaction of O. dioica Cyclin Ds and CKla in the pre-meiotic
germline.

Immunostaining revealed that CKla formed foci exclusively in
cytoplasm of the mitotic germline and that these CKla foci colo-
calized with Cyclin DbR/S foci (Fig. 7A). This was also observed
when GFP-fused Cyclin Db or CKla capped mRNA constructs
were microinjected into gonads (Fig. 7B). Finally, GFP-fused
CKla colocalized with endogenous, immunostained Cyclin
DbR/3 foci (Fig. 7C), confirming their colocalization in cyto-
plasmic foci. We also observed, the number of such foci in the
germline cytoplasm significantly increased upon entry into GA
(Fig. 7D). Taken together, these findings suggest that upregu-
lated Cyclin Db sequesters CKla in the pre-meiotic germline,
permitting GSC cell cycle progression to continue during the
intial period of nutrient-restricted somatic growth arrest.

Discussion

The activity of Cyclin D-CDK4/6 complexes is linked to
downstream activation of Cyclin E-CDK2 complexes through 2
major mechanisms: nuclear phosphorylation of the Rb protein
and sequestration of CKIs that otherwise, inhibit Cyclin
E-CDK2 activity. There is evolutionary plasticity in the relative
extent to which these linking mechanisms are employed, and in
the details that control the interaction, localization and activity
of Cyclin D-CDK4/6-(CKI) complexes. In GSCs, there is also
evolutionary diversity in the extent to which a G1 regulatory
phase is present. Finally, whereas those invertebrates that have
been studied possess a single Cyclin D variant, vertebrates which
exhibit the greatest degree of cell-type diversity, have 3 Cyclin Ds
(D1-3) along with additional splice-variants of these. O. divica, a
member of the urochordate subphylum placed phylogenetically
near the invertebrate-vertebrate transition, also has a diversified
Cyclin D complement of 4 variants (Da-d) and associated splice
variants.”* We have shown that 2 O. disica Cyclin D variants
exhibit distinct temporal-spatial localizations during germline
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nuclear proliferation. They also respond
differently to nutrient-limited conditions
that induce somatic cell cycle and GA but
permit continued, though reduced, cycling
in the germline.

Cyclin Dd and Db cooperate
to promote pre-meijotic germline

Standard
Day 3

nuclear proliferation

In contrast to regulation of cycling of
invertebrate C. elegans and Drosophila pre-
meiotic GSCs, where a G1 is nearly absent
and Cyclin E is expressed throughout the

Day 3

cycle,"®?! we show that O. divica, pre-mei-
otic, germline nuclei have a Gl-phase.
During the period of syncytial germline
nuclear proliferation, both the Cyclin Db
and Dd variants are expressed. However,
whereas Cyclin Dd located to germline
nuclei, Cyclin DbB/8 variants remained
strictly cytoplasmic. These latter variants
co-localized with odCKla in cytoplasmic
foci. The partnership of Cyclin D-CDK4/

6 complexes with CKls and their respective

Dense / GA
Day 6

roles in controlling nuclear localization are
evolutionarily variable. In mammalian
cells, phosphorylation at tyrosine 88
(Y88)53 of the CKI, p27, allows it to act as
an assembly factor to form active nuclear
Cyclin D-CDK4/6 complexes.”* There is
evidence from 2-hybrid data that C. elegans
CKI-1 also binds Cyclin D.*>* In con-
trast, the Drosophila CKI, Dacapo, does
not bind Cyclin D-CDK4 complexes.” O.
dioica CKla and Cyclin Dd both have NLS
whereas odCDKG6 and Cyclin Db do not.
The Cyclin Dd variant contains both Rb-

binding and phosophodegron motifs

Day 12

whereas the Cyclin Db splice-variant con-
tains neither regulatory module. This could
suggest that the Cyclin Db splice variant
might have a stabilized dominant negative function with respect
to cell cycle progression through combination with CDKG6 in
complexes unable to phosphorylate Rb. However, our data show
that the Db splice variant is present in a context where nuclei
are actively cycling, that it is found in cytoplasmic foci where
CKlIa is colocalized, and that in the syncytium, these foci prefer-
entially localize adjacent to nuclei that are entering S-phase. This
leads to an alternative explanation that in the germline syncy-
tium, Cyclin Dd and Db variants cooperate in promoting cell
cycle progression: Cyclin Dd through translocation with CDKG6
into the nucleus to phosphorylate Rb during G1, whereas Cyclin
Db acts to locally sequester CKla in the syncytial cytoplasm,
thus relieving inhibition of Cyclin E-CDK2 activity. Such an
interpretation is further supported by the differential response of
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Figure 5. Cyclin Dd levels in the germline are gradually reduced when growth arrest occurs in
response to nutrient limitation. Oikopleura dioica were pulsed with the S-phase marker IdU for 1 h
at day 3 when cultured under standard conditions or for 1 h at days 3, 6 and 12 when cultured
under dense conditions. IdU incorporation and Cyclin Dd immunostaining were then assessed.
Levels of Cyclin Dd during the early period of growth arrest remained similar to that observed
under standard conditions but then gradually decreased as growth arrest persisted (n = 8 ani-
mals). Scale bars =5 pm.

Cell Cycle

Cyclin Dd Merged

somatic endocycling cells (Cyclin Dd present; Cyclin Db
absent) and the germline (Cyclin Dd present; Cyclin Db pres-

ent) to nutrient-restricted conditions.

During growth arrest, Cyclin Db} is upregulated in the
germline whereas Cyclin Dd is not

Studies of GSC in C. elegans,”® Drosophila® and mouse sper-
matogonial stem cells”>>” have shown that repression of CKI activ-
ity is critical for proliferation of GSCs. This is supported by the
observation in C. elegans Cul-2 mutants (component of SCF-degra-
dation complex) that CKI-1 levels accumulate and cause cell cycle
arrest at the G2-M transition in GSC.* It is also known that under
nutrient-limited conditions, CKI levels increase in GSC of
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C. elegans,”®
be reversed during growth-arrested dauer formation in C. elegans
through depletion of CKI-1 by RNA-mediated interference,

and Drosop/?ila,z9

resulting in cell cycle arrest. This can

causing hyperproliferation of GSC.*> Similarly, in Drosophila,
nutrient limitation leads to lower expression of dicer-1 and the accu-

mulation of Dacapo,?’ causing reduced cycling of GSC.
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Figure 6. For figure legend, see page 2137.
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In O. dioica somatic cells, nutrient-limitation that causes
growth-arrest is accompanied by pronounced nuclear accumula-
tion of CKla.® However, pre-meiotic germline nuclei continue to
cycle under such conditions and nuclear accumulation of CKla is
not observed. The Cyclin Dd variant is expressed in both somatic
tisssues and the germline whereas Cyclin Db expression s
restricted to the germline. During GA, mRNA levels of ¢yclin Dd
remained stable, though Cyclin Dd protein levels gradually
decreased over time. On the other hand, nutrient-limitation spe-
cifically stimulated an increase in the level of ¢yclin D63 mRNA.
These same effects were observed when TOR signaling was
directly inhibited by the rapamycin analog CCI-779. Nutrient-
limited GA also resulted in a significant increase in the number
of Cyclin Db foci found in the germline syncytial cytoplasm.
This specific upregulation of Cyclin Db levels in the germline
could permit increased cytoplasmic sequestration of CKla thus
reducing the rate of germline vs. somatic cell cycle arrest.

Altered Cyclin D variant expression in response to MAPK
p38 signaling

It is known that there is altered expression of mammalian
Cyclin D variants (including splice variants) under conditions of
stress such as nutrient limitation. Levels of Cyclin D2 and D2SV
increase during cell cycle arrest or under serum-starved culture
conditions in mammalian cells®"** and like Cyclin Db, D2SV is
observed to form cytoplasmic foci. A further similarity to Cyclin
Dbp is that both the mammalian Cyclin D2SV and D1b splice
variants have an altered C-terminus and lack the phosphodegron
motif. Under conditions of nutrient restriction, increased levels of
mouse cytoplasmic D2SV splice variants™® exert a suppressive role
on cell cycle progression by sequestering key cell cycle regulators
including cyclin D2, CDK4, Cyclin B and possibly p27.3%%3

Previously we have shown that the survival MAPK p38-MSK-
1 signaling pathway is activated in the O. dioica mitotic germline
during nutrient-dependent GA or when TOR signaling is inhib-
ited.> Common responses to stress-induced p38 activation are
cell cycle arrest or apoptosis.””®® Cell cycle arrest achieved
through p38 signaling acts through inhibition of cyclin D tran-
scription.61 However, p38 activation is also reported to promote
cancer cell growth and survival.%® It appears that the level and/or
duration of p38 activation determines cell cycle arrest or prolifer-
ative outcomes.'® Mitogenic stimuli (serum) lead to weak and
transient phosphorylation of p38, resulting in increased ¢yclin D
transcription and cell cycle progression. Strong, durable

activation of p38 by chemical stress (anisomycin) has the oppo-
site effect, inhibiting cyc/in D transcription and causing cell cycle
arrest.'® MAPK p38-MSK1 signaling phosphorylates the tran-
scription factor CREB1, which in turn stimulates cyclin D tran-
scription.””*® In this study, we have shown that cyelin Db
mRNA levels were upregulated under TOR inhibition or nutri-
ent-restricted GA, whereas the transcription of other ¢yclin D var-
iants was unaffected. When p38 signaling was inhibited, the
transcription of ¢yclin Da, Dc and Dd variants was similarly unaf-
fected, but in this case, ¢yclin Db transcription was significantly
reduced. The increased Cyclin Db levels in the mitotic germline
appear to be part of a survival response in O. divica during nutri-
ent-restricted GA.

Conclusions

During the short life cycle of O. dioica, somatic endocycling
cells drive rapid growth, while a persistent syncytial organization
of the germline allows integration of nutritional history to regu-
late reproductive output over 3 orders of magnitude.'”®* These
2 cellular contexts respond differently to nutrient-restricted GA
(Subramaniam et al.® this study). Whereas somatic endocycling
cells show complete and uniform cell cycle arrest at the mid-
point (day 3) of the life cycle, syncytial germline nuclei continue
to cycle for many days at a gradually slowing rate but do not
enter meiosis as they would under favorable nutritive conditions.
We show that the Cyclin D-CDK6-CKI regulatory module is
implicated in this differential response through the deployment
of different combinations of Cyclin D variants. Cyclin Dd,
expressed in both cell types, contains Rb-interaction and phos-
phodegron motifs, and is found in both somatic endocyling
nuclei and germline diploid nuclei. In contrast, Cyclin Db is
found only in the germline and the Cyclin Db splice variant,
lacking both of the above motifs, localizes strictly to the cyto-
plasm where it is found in foci along with CKIa. Upon GA, the
strong down-regulation of Cyclin Dd in somatic endocycling
cells, was more gradual in the germline, where in addition, an
opposite, specific, up-regulation of Cyclin Db simultaneously
occured. The transcriptional upregulation of this variant in
response to nutrient-restricted stress was mediated by the MAPK
p38 signaling pathway. In concert, up-regulated CKIa® accumu-
lated in nuclei of somatic endocycling cells, but was not detected
in germline nuclei (this study). With respect to the axes through
which Cyclin D-CDK4/6 activity is linked to downstream
Cyclin E-CDK2 activity (Rb  phosphorylation and CKI

Figure 6 (See previous page). Increased cyclin Db levels during TOR inhibition require MAPK-p38 signaling. (A) Cyclin Db expression increased
(*P < 0.05) and persisted at higher levels in O. dioica cultured under dense conditions where growth-arrest occurs. Under these same conditions, no sig-
nificant change in expression of cyclin Da, cyclin Dc, cyclin Dd was observed. (B) The observed increase in cyclin Db expression during growth arrest was
restricted to the B splice variant, as levels of the «, y and & splice variants were unaffected. (C) When animals were cultured under standard conditions
but in the presence of the TOR inhibitor CCI-779 for 24 h, cyclin Db transcripts were upregulated (*P < 0.05) whereas cyclin Da, D¢, and Dd transcripts
were not. (D) Similar to the results in (B) under growth arrest, at dense culture conditions, inhibition of TOR signaling under standard culture conditions
resulted in upregulation of the Cyclin Db splice variant (*P < 0.05), whereas levels of the «, y and & splice variants were unaffected. (E) When animals
were cultured under standard conditions, but in the presence of the MAPK p38 inhibitor, SB203580, for 24 h at day 3, cyclin Db transcript levels were
reduced (*P < 0.05), whereas cyclin Da, cyclin Dc, cyclin Dd transcript levels were not. Expression levels are relative to those observed in day 3 animals cul-
tured under standard conditions (with addition of DMSO in controls when chemical inhibitors were used). Error bars indicate standard errors. (F) Western
blots showed that Cyclin Dba/7y levels were similar under standard culture or growth arrested (GA) conditions, whereas Cyclin Db/8 levels increased
under the latter conditions. Levels of all Cyclin Db splice variants decreased in the presence of MAPK p38 inhibitor SB203580.
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Figure 7. Cyclin DbB/3 foci colocalize with CKla in the syncytial germline cytoplasm and the number
of these foci increase during growth arrest. (A) Antibody staining revealed that Cyclin DbB/3 foci co-
localized with CKla (n = 8 animals). Upper panels show an overview of colocalisation in the gonad;
lower panels show colocalization at higher magnification. (B) Cytoplasmic foci were also observed
when capped mRNAs generated for GFP-fused Cyclin Db or CKla constructs were microinjected into
the gonads of day 3 animals (n = 8 animals). (C) GFP-fused CKla colocalized with endogenous Cyclin
Dbp foci in germline cytoplasm (n = 8 animals). (D) The number of colocalized Cyclin Db-CKla foci rel-
ative to the number of nuclei increased (*P < 0.05) in the cytoplasm of mitotic germ line during
growth arrest (GA). Error bars indicate standard errors. Scale bars = 10 pum.

adjacent to syncytial germline nuclei in
early S-phase is also indicative of a spa-
tial role in organizing the asynchronous
cycling of these nuclei in a common
cytoplasm. Interestingly, under adequate
nutritive conditions, the expression of
cyclin Db variants peaks in the day 2 to
3 window”* when mitotic germline pro-
liferation is maximal. After this juncture,
when half of the germline nuclei enter
prophase I arrest of meiosis, and the
other half enter asynchronous endo-
cycles as nurse nuclei,'"”'? ¢yclin Db
mRNA levels decline considerably. This
coincides with an inability of O. dioica
to enter GA when nutrient restriction is
encountered after meiotic entry.® It also
suggests that the regulatory role of
Cyclin Db with respect to syncytial
germline diploid nuclear proliferation,
prior to the midpoint of the life cycle, is
largely supplanted by other mechanisms
in the more complex coenocyst, when
both different and asynchronous cell
cycles continue to occupy a common,
giant, single-cell cytoplasm.

Materials and Methods

Oikopleura culture and induction of
growth arrest (GA)

Collection, culture and induction of
growth arrest in O. dioica were done as

previously.®%?

Treatment with pharmacological
inhibitors

Treatment with the TOR inhibitor
CCI-779 (LC chemicals) or MAPK p38
inhibitor SB 203580 (LC chemicals)
and DMSO controls were perfomed as
previously.® Under standard culture
conditions, O. dioica were treated with
7.5 uM  CCI-779, or 15 pM SB
203580 for 24 h in a 3-liter beaker.
Treated and control animals were col-
lected and wused for quantitative
RT-PCR and western blot analysis.

RNA isolation and quantitative
RT-PCR

sequestration), germline Cyclin Db appears to have specialized Total RNA was isolated using RNeasy (Qiagen) extraction on
in the cytoplasmic sequestration of CKI to positively regulate samples of 200 animals from day 3 cultures under standard or
germline nuclear proliferation in O. divica. Under normal nutri- GA conditions, or from day 3 animals that had been exposed to
ent conditions, the preferential appearance of Cyclin Db foci CCI-779, SB 203580 or DMSO for 24 h. Following DNase
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treatment (Amp grade-Invitrogen), 1 pg of purified total RNA
was used to make cDNA using MMLV reverse transcriptase
(Invitrogen). Aliquots of 10 pl of 50-fold diluted cDNA were
used to set up 20 pl PCR reaction mixes containing 500 nM
each of forward and reverse primers (Table S2) and 2x power
SYBR green PCR master mix (Qiagen). Reactions were run in
triplicate using the CFX 96 Real time system (Biorad). After ini-
tial denaturation for 5 min at 95°C, 40 cycles of 95°C for 15 s,
58°C for 20 s and 72°C for 20 s were conducted with final
extension at 72°C for 5 min. Negative controls (without MMLV
enzyme) were run 40 cycles. Primer pair specificities were con-
firmed by melting curve evaluation and sequencing of

. 24
amplicons.

Capped mRNA synthesis from eGFP-fusion constructs and
microinjection

Open reading frames (ORF) and 3’ UTRs for CKla and
Cyclin Db B were amplified from ¢cDNA using specific primers
(Table S3) and cloned into TOPO 2.1 vectors (Life Technolo-
gies). The T7 promoter driven eGFP-fused ORF constructs were
cloned using restriction sites EcoRV and BamHI. 3’'UTRs were
inserted using restriction sites BstGI and Xmal. The eGFP fusion
constructs were then linearized using Xmal. Capped mRNA was
synthesized using mMessage mMachine (Ambion) and the poly
(A) tailing kit (Ambion). Purified capped mRNA (400 ng/p.l),
along with Alexa Fluor— 568 fluorescent dye (100 ng/pl;
Molecular Probes), was injected into gonads of anesthetized early
day 3 animals (pre-meiotic stage) using a Nikon Eclipse
TE2000-S microscope equipped with Narishige micromanipula-
tors and transjector 5246 microinjector (Eppendorf). Injected
animals were transferred to watch glasses containing filtered sea-
water and then cultured 8 h in 3 L beakers on a standard diet.
Animals were collected for immunofluorescence as described
below.

Antibodies

Affinity purified polyclonal anti-Cyclin Dd
(GDVDLKKFADHLSIPFEFLRC),***  anti-CKla (CPRSNL
DTKVQKSAIKKS),8 Cyclin Db all (LKLHFDVSEVTEFPD-
FYP), and Cyclin Db B/ (PRRFSRASKMLGQLHANLAEF)
antibodies were produced by 21°* Century Biochemical (Malbora
MA). Primary anti-Histone H3 and anti-CDK6 (Sigma), anti-
phospho H3pS28 (Abcam), anti-GFP (Abcam) and and-IdU
(Accurate Chemicals) were used for immunofluorescence staining
and protein gel blot analysis as described below.

Immunofluorescence staining

Animals were fixed in 4% paraformaldehyde (PFA)/0.1 M
MOPS (pH 7.0)/0.5 M NaCl/5 mM EGTA/0.2% TritonX-100
at 4°C overnight (O/N). Samples were then washed once with
PBSTE (1x PBS, 1 mM EDTA, 0.1% TritonX-100) and
3 times with PBSTG (PBSTE+100 mM glycine) at room tem-
perature (RT). Samples were blocked with 3% BSA in PBSTE at
4°C O/N. Incubation of primary antibodies (1:100) was done in
3% BSA in PBSTE at 4°C for 5 days. Samples were then washed
6 times with PBSTE at RT and post-fixed O/N in 4% PFA in
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PBSTE. Samples were then washed once with PBSTE, 3 times
with PBSTG and twice with PBSTE. Following 4-6 days of sec-
ondary antibody incubation at 4°C, samples were washed 6 times
with PBSTE at RT. DNA was counterstained with 1 uM To-
Pro-3 iodide (Molecular Probes) and mounted in vector shield
(Vector Laboratories). Samples were analyzed using a Leica TCS
laser scanning confocal microscope and Leica (LAS AF v2.3) soft-
ware. Anti-rabbit and anti-rat Alexa488 (Molecular Probes), and
anti-Goat 488, anti-mouse 488 and anti-mouse 568 (Invitrogen)
secondary antibodies were used at 1:500 dilution.

Replication pulse labeling

Replication IdU pulse labeling using IdU (Sigma), was done
as previously.%64 For IdU pulse experiments, animals were
transferred to fresh sea water containing 0.5 mM IdU in a watch
glass and incubated with mild shaking for 45 min. Fixed animals
(4% PFA, at 4°C O/N) were washed once with PBST (PBS,
0.2% Tween 20) and 3 times with PBSTG, followed by incuba-
tion with DNasel (5 U/ml amp grade, Invitrogen) in PBSTG,
containing 0.5% bovine serum albumin (BSA), and 1 mM
MgCl, for 1 h at RT. Reactions were stopped by adding
PBSTG/10 mM EDTA, followed by 6 washes in PBSTE. The
samples were blocked overnight with 3% BSA at 4°C and proc-

essed for immunostaining as mentioned above.

Co-immunoprecipitation

Animals cultured under standard conditions were collected in
fresh seawater and washed once with ice cold PBS prior to snap
freezing in liquid nitrogen. To couple antibodies to beads for
immunoprecipitation, 3 pg anti-CDKG6 or rabbit IgG antibodies
were incubated with 10 pl protein G magnetic beads (Invitro-
gen) for 1 h at RT. Cell lysates from fresh or frozen animals were
prepared in RIPA buffer (50 mM Tris (pH7.4), 150 mM Nadl,
1 mM EDTA, 1 mM PMSF (sigma), 1x Protease cocktail
(Sigma), 0.25 mM DTT). Lysates were passed through a 20-
gauge syringe and centrifuged at 13000 rpm at 4°C to remove
cell debris. Supernatants were collected and protein concentra-
tions estimated by Bradford assay (Pierce). Preclearing of the
lysate was done with 30 pl Protein G magnetic beads for 1 h at
4°C. Aliquots of 1 mg of precleared lysates were incubated with
preconjugated anti-CDK6 or IgG O/N at 4°C. Immunoprecipi-
tated beads were washed with ice cold PBS containing 0.5% tri-
ton X 100 3 times. Immune complexes were collected by boiling
in 2x Laemmli sample buffer (50 mM Tris pH6.8, 2% SDS,
10% glycerol, 250 mM B-mercaptoethanol, 0.001% bromophe-
nol blue) at 95°C for 10 min and analyzed on 10% SDS poly-
acrylamide gels.

Whole cell lysate preparation and Western blotting

Animals collected in fresh seawater were washed once with ice-
cold PBS prior to snap freezing in liquid nitrogen for future anal-
ysis. Whole cell lysates were prepared either from fresh or frozen
animals by boiling in 1x Laemmli sample buffer at 95°C for
10 min followed by vortexing and centrifuging 5 min at
13000 g to remove cellular debris. Equal amounts of protein
were applied to 10-12% SDS Polyacrylamide gels and
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transferred to nitrocellulose membranes (Whatman) in 1 X trans-

fer buffer (250 mM Tris, 190 mM glycine, 0.5% SDS, 20%
methanol). Post-transfer, the membrane was rinsed with 1x Tris

Buffer Saline (TBS: 50 mM Tris-Cl, pH 7.6; 150 mM NaCl)

culture.

and blocked for a minimum of 1 h in 3% BSA in 1x TBST (1x
TBS + 0.1% Tween 20) at RT. Membranes were incubated with
primary antibodies (1:500 dilution, except for anti-Histone H3

at 1:10000) overnight at 4°C in 3% BSA/TBST. Following pri-

mary antibody incubation the membrane was washed 3 times

with TBST at RT followed by incubation with HRP-conjugated
secondary antibodies(Goat anti-rabbit from Zymed, 1:10000;
protein G HRP from Millipore 1:5000) in 3% BSA/TBST for

1 h at RT. Following washes, HRP generated chemiluminescent
signal was detected using either the Chemi Doc XRS+ image sys-

lisher’s website.

tem (Biorad) or X-ray film after addition of the ECL rapid
chemiluminescent detection reagent (Calbiochem).
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