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Cell cycle duration determines oncogenic
transformation capacity
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Oncogenic mutations are widespread in normal human tissues'. Similarly, in murine
chimeras, cells carrying an oncogenic lesion contribute normal cells to adult tissues

without causing cancer®*. How lineages that escape cancer vianormal development
differ from the minority that succumb is unclear. Tumours exhibit characteristic
cancer hallmarks; we therefore searched for hallmarks that differentiate cancer-
prone lineages from resistant lineages. Here we show that total cell cycle duration (7;)
predicts transformation susceptibility across multiple tumour types. Cancer-prone
Rb-and p107-deficient retina (Rbis also known as Rb1 and p107is also known as Rb(I)
exhibited defects in apoptosis, senescence, immune surveillance, angiogenesis, DNA
repair, polarity and proliferation. Perturbing the SKP2-p27-CDK2/CDK1 axis could
block cancer without affecting these hallmarks. Thus, cancer requires more than the
presence of its hallmarks. Notably, every tumour-suppressive mutation that we tested
increased T, and the T, of the cell of origin of retinoblastoma cells was half that of
resistant lineages. T, also differentiated the cell of originin Rb™" pituitary cancer.
Inlung, loss of Rb and p53 (also known as Trp53) transforms neuroendocrine cells,

whereas Kras®?°

orBra

V600E mutations transform alveolar type 2 cells’”. The shortest

T.consistently identified the cell of origin, regardless of mutation timing. Thus, relative
T.is ahallmark of initiation that distinguishes cancer-prone from cancer-resistant
lineagesin several settings, explaining how mutated cells escape transformation
withoutinducing apoptosis, senescence orimmune surveillance.

Cancersareinitiated with distinct genetic alterations, which indicates
that they constitute context-specific responses. Loss of Ptchl or Ctnnb
(alsoknown as Ctnnbl) triggers medulloblastoma from distinct cells of
origin, and activated Kras mutations induce ectopic division in many
lung epithelial cell types but transforms primarily alveolar type 2 (AT2)
pneumocytes”®. The reason for lineage-specific cancer susceptibility is
usually obscure. Cell death can underlie cancer resistance’, but humans
carry millions of normal cells with oncogenic mutations’, indicating
thatthereis an‘escape mechanism’ whereby most of these cells do not
developinto tumours. The Rbtumour suppressor gene is awell known
example. Systemic Rb loss causes extensive, cell-autonomous ectopic
mitoses in multiple mouse embryonic tissues'™. In chimeras generated
byinjecting Rb”~ embryonic stem (ES) cellsinto wild-type blastocysts,

mutant cells contribute half of nearly all adult tissues, yet all organs
except the pituitary remain tumour-free?. Thus, normal development—
and not cell death, senescence or immune clearance—is the escape
mechanism for trillions of Rb™ cells. Similarly, ectopic division—but not
cancer—is commonintissue-specific Rb-knockout mice, and removing
the Rbrelatives p107 and p130 (also known as Rb[2) increases tumori-
genesis, but most cell types remain resistant'> ™. Indeed, cancer-free cell
survival with normal developmentis the typical response to oncogenic
insults (forexample, inrefs. 4,7). Insightinto this mechanism of cancer
resistance could reveal new preventative and therapeutic strategies.
Established tumours share cancer hallmarks". We sought to uncover
a hallmark that distinguishes cancer-prone and cancer-resistant lin-
eages that survive oncogenic events. Starting with retinoblastoma,
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we blocked tumorigenesis and assessed effects on cancer hallmarks,
reasoning that features that are always altered by tumour suppression
mightalso predict cancer susceptibility. One hallmark, total cell cycle
duration (7)), fulfilled these criteria.

Strategies to block retinoblastoma

The mouseretina, similar to most human ttissues, resists transformation
upon Rb loss. Co-deleting Rb-related genes can cause cancer, but this
only occursinspecificlineages'* 8. Inthe Rb”";p107 ' retina, all seven
differentiating cell types divide ectopically, and whereas four undergo
apoptosis, three survive'®. Horizontal and Miiller cells eventually exit the
cell cycle, resisting cancer, whereas tumours arise from the amacrine
lineage'. Tumours become evident microscopically at postnatal day 8
(P8)'¢, and are visible macroscopically after around 100 days (Fig. 1a).

Consistent with RB controlling multiple cancer hallmarks (https://
cancer.sanger.ac.uk/cosmic/census-page/RB) the Rb™";p107 ' retina
exhibits ectopic division, cell-specific apoptosis resistance, altered
differentiation, DNA damage, disrupted polarity, aberrant angiogenesis
and absence of senescence orimmune surveillance'®”"*', We searched
for interventions that suppress tumorigenesis, and then for altered
hallmarks that always accompany tumour suppression. We then investi-
gated whether such hallmarks distinguish the cancer-prone lineage from
cancer-resistant lineages. We focused first on SKP2, part of the SKP1-
cullin-F-box complex (SCF**??) that ubiquitylates cyclin-dependent
kinase (CDK) inhibitors such as p27 (encoded by Cdknib, also known
as p27), targeting them for degradation, as the SKP2-p27-CDK axis is
linked to Rb™~ cancer?*?. As shown below, we observed unexpected
differences in the effect of Skp2 homozygosity or heterozygosity on
cancer hallmarks. We thus further interrogated this axis by manipulat-
ing p27 or CDKs. SKP2, p27 and CDKs regulate proliferation and many
other processes. Thus, SKP2-mediated ubiquitylation regulates DNA
repair, autophagy, apoptosis, adhesion and epithelial-to-mesenchyme
transition, and E3 ligase-independent SKP2 functions affect genes asso-
ciated with transcription, apoptosis and migration?. p27, indepen-
dently of CDKs, regulates stemness, migration and microtubules®.
CDK2 and CDK1 regulate differentiation and epigenetics®** and CDK1
also regulates apoptosis, Golgi, nuclear-cytosolic transport and vesi-
cle transport®. Given this broad repertoire, we expected that tumour
suppression would alter multiple cancer hallmarks.

To assess SKP2, we crossed a-cre;Rb™;p1077";Skp2*"~ mice. The a-cre
transgene targets the embryonic peripheral retina, and 45% (37 out of
78) of eyes of a-cre;Rb”:p107 7'~ (hereafter referred to as DKO) mice
developed tumours® (Fig. 1a). Deleting two (DKO-Skp27~, 0 out of 44
eyes developed tumours) or one (DKO-Skp2*", 0 out of 40 eyes devel-
oped tumours) Skp2allele blocked tumorigenesis (Fig.1a). Heterozygo-
sity reduced the amount of SKP2 protein by nearly twofold (Extended
DataFig.1a) andincreased the amount of p27 proteinin total lysate by
around 1.4-fold; immunofluorescence revealed an 18-fold increase in
thefraction of p27*amacrine cells, the cell of origin of the tumours (5.4%
in DKO mice versus 90% in DKO-Skp2* mice) (Extended Data Fig. 1b-d).

To assess p27, we utilized two knock-in alleles. The product of the
p27% allele cannot bind CDK2-cyclin, and DKO-Skp2"";p27%/ tis-
sue developed retinoblastoma quickly (Fig. 1b). Thus, preventing p27
binding to CDK2-cyclin binding overrides the protective effect of
Skp2 heterozygosity. p27"%* (hereafter p27¢) prevents recognition
of SCFS*2, We observed some increase in total p27 in DKO-p27<* or
DKO-p27¢"¥ contexts, similar to that seenin DKO-Skp2” retinabut less
thanin DKO-Skp2™ retina (Extended Data Fig. 1b), but p27¢increased
the number of p27-positive amacrine cells (Extended Data Fig. 1c,d).
One copy blocked retinoblastoma development (0 out of 40 eyes devel-
oped tumours), phenocopying Skp2 heterozygosity (Fig.1a,b). Thus,
SKP2inactivation of p27 s critical for retinoblastoma development.

CDK2activity correlates with retinoblastoma susceptibility?. We also
assessed CDKI1, as it compensates for CDK2 (refs. 29-31). We targeted
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both Cdk2 alleles and/or one allele of Cdk1, which is essential for cell
division®2. Cdk2 deletion reduced tumorigenesis, although to a lower
extent than Skp2 heterozygosity, suggesting partial redundancy, and
although CdkI heterozygosity had no effect, tumorigenesis was almost
completely suppressed in CdkI”";Cdk2™" retinas (Fig. 1c).

Apoptosis, senescence or immunity

Leveraging these six tumour-suppressing manipulations (Skp2™",
Skp2”-, p2747, p27° Cdk2”~ and Cdk2™";Cdk1*") we searched for con-
sistently affected cancer hallmarks. Tumoursin the DKO model emerge
microscopically at around P8—many cancer hallmarks are evident at
this stage, and whereas cancer-prone amacrine and cancer-resistant
horizontal and Miiller cells all undergo ectopic division during this
window, the cancer-resistant horizontal and Miiller cells gradually stop
dividing such that by around P30 only tumours derived from amacrine
cells continue to proliferate'. Thus, we focused on P4-P21 to assess
how tumour suppression affects cancer hallmarks.

First, we assessed whether tumour suppression increased cell
death, senescence orimmune infiltration (Fig. 1d-iand Extended Data
Fig.1e-i).InDKOretina, all differentiating lineages divide ectopically,
and amacrine, horizontal and Miller cells resist apoptosis, whereas the
otherlineages undergo E2F-driven apoptosis'>*, p107 " mice served as
controls®. Ectopic division thickens the DKO retina by P8 and P10, but
apoptosis of the four death-prone cell types reduces its thickness by
P21 (ref.16) (Extended Data Fig. 1e). At P8, P10 and P21, the DKO-Skp2 ™/~
retinawas much thinner, yet surprisingly, cancer-resistant DKO-Skp2*
retina did not differ from cancer-prone DKO retina at any time point
(Extended DataFig. le).

Skp2loss can promote Rb™ cell apoptosis?; increased death might
therefore explainwhy Skp2 deletion suppresses retinoblastoma. Hori-
zontal cells (marked by ONECUT2 expression) did not vary between
control, DKO, DKO-Skp2*" and DKO-Skp2™ retinas at P10 or P21, and
Miiller glia (marked by SOX9) were increased in DKO versus control reti-
nas and further increased with heterozygous or homozygous Skp2loss
(Fig.1d). Heterozygous or homozygous Skp2loss reduced the number
of amacrine cells (marked by AP2A) in the DKO versus control retinas
(Fig.1d), butimmunostaining or western blot of active cleaved caspase-3
revealed that, DKO, DKO-Skp2*~ and DKO-Skp2™" retinas exhibited
similar proportions of dying cells at P4, P8, P10 or P21, which were
even reduced in P8 and P10 DKO-Skp2™" retina (Fig. 1e and Extended
Data Fig. 1g). The percentage of AP2A" cleaved caspase-3-positive
cellsamong all AP2A" amacrine cells was also invariant between DKO,
DKO-Skp2”~ and DKO-Skp2™ retinas at P4 or P8 (Fig. 1f). Similarly,
total or amacrine cell apoptosis was not increased in the DKO-p27¢"*,
DKO-p274"%!, DKO-Cdk2™~ or DKO-Cdk2™”";CdkI" retinas (Fig. 1e,fand
Extended DataFig.1g). Thus, increased cell death does not explainthe
tumour-suppressive effect of manipulating the SKP2-p27-CDK axis.

Skp2loss can drive senescence®, but at P4 and P8, all genotypes
exhibited only background senescence-associated (3-galactosidase
staining, and whereas the DKO-Skp2™~ or DKO-p27</¥ retina became
senescent by P10, with senescence persisting at P21and beyond, other
genotypes that suppress tumorigenesis (Skp2”", p27¢, Cdk2”~ and
Cdk27;Cdk1*") did notinduce senescence (Fig. 1g and Extended Data
Fig.1h).

Next, we assessed immune infiltrate. Fluorescence-activated cell
sorting (FACS) of dissociated tumour-prone DKO and tumour-resistant
DKO-Skp2*" retina revealed negligible levels of B cells, T cells, natu-
ral killer (NK) cells, macrophages/microglia and leukocytes (Fig. 1h).
Quantification of galectin 3 (GAL3)-expressing microglia also
revealed no inflammatory response in tumour-prone retina, which
was unchanged in the six genotypes that suppressed tumorigenesis
(Fig. 1i and Extended Data Fig. 1i). Thus, tumour suppression could
occur independently of increased death, senescence orimmune infil-
tration (Extended Data Fig. 2).
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Fig.1| Tumour suppression withoutincreasing cell death, senescence or
immuneinfiltration. a-c, Kaplan-Meier curves showing how Skp2”~and
Skp2™~(a), p274"*, p274"K and Skp2* ;p27°¢/ (b) and Cdk2"~ and Cdk1"";

Cdk27 (c) genotypes affect tumorigenesis in the DKO mouse retina. Pvalues
by log-rank (Mantel-Cox) test comparingindicated genotypes with DKO.

d, Quantification of AP2A" (amacrine), ONECUT2-expressing (OC2") (horizontal)
and SOX9* (Miiller) cellsin P10 retina of indicated mouse genotypesasa
percentage of all retinal cells. e, Active caspase-3* cellsinretinas of indicated
agesand genotypes.f, Percentage of AP2A" active caspase-3* cellsamongall

DNA repair, angiogenesis or polarity

SKP2 can promote DNA repair®, but the proportion of yH2AX" cells
was unaltered in Skp2”/~ and Skp2* retina (Fig. 2a,b). Similarly, p279,
p274 Ccdk2™ or Cdk2™;CdkI* mutations did not ameliorate DNA

== |sotype IgG-APC == |sotype IgG-PE

AP2A"amacrine cells. g, Counts of senescence-associated f3-galactosidase-
expressing (SA-B-gal®) cells per retinal section. h, Representative flow
cytometry histograms showing the proportion of B220* B cells, CD3" T cells,
NKp46* natural killer (NK) cells, CD11b" macrophage/microglial cellsand CD45*
leukocytesin P8 retinaand spleen.i, Quantification of GAL3" microglia of P8
retinaasapercentage of allretinal cells. Dataind-g,iare mean +s.d. (n= 6 mice
per cohort), and asterisks indicate asignificant difference between indicated
genotypes and DKO; one-way analysis of variance (ANOVA) with Bonferroni
correction.*P<0.05;**P<0.01.

damage (Fig. 2a,b). Tumour suppression also did not alter DNA damage
inthe cell of origin (Supplementary Fig. 2).

In postnatal retina, blood vessels invade from the tissue surface
around P7 to form intra-retinal vessels, but because Rb loss kills
0,-requiring neurons, the Rb™ retina lacksintra-retinal (deep vascular
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Fig.2| Tumour suppression without altering DNA damage, aberrant
angiogenesis or apical polarity defects. a, Horizontal retinal sections of retina
from P8 mice of indicated genotypes were stained for nuclei (DAPI, blue) and
DNA damage (YH2AX, green). GCL, ganglion cell layer; INL, inner nuclear layer;
ONL, outer nuclear layer. Scale bars, 50 pm. b, Quantification of yH2AX" cell
densityinretinafroma. c-e, Quantification of mean vessellength (c), vessel
coveragearea (d) and lacunarity (e) of isolectin B4 (IB4)-stained whole-mount
P8retinas of indicated genotypes. SVP, superficial vascular plexus. f, Horizontal
retinal sections from mice of theindicated ages and genotypes were stained

for DAPI (blue) and markers that detect F-actin atadherens junctions (green),

plexus (DVP)) vessels, whereas superficial vascular plexus remains unaf-
fected?®. The DVPisalsoabsentinRb™;p107 ' retina® (Extended Data
Fig.3a,b). None of the six cancer-suppressing manipulations resulted
inimproved DVP (Fig. 2c-e and Extended Data Fig. 3a, b).

Apical polarity is disrupted in the DKO retina®. Inembryonicretina,
each apical cell membrane has a ring of adherens junctions linked by
filamentous actin (F-actin). In cross-sections, they appear as a con-
tinuous line (the outer limiting membrane) that separates apical and
basolateral domains. This outer limiting membrane was intact in
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amacrine cells (calretinin, green) and photoreceptor precursors (CRX, green).
Arrowsindicate breaksin the outer limiting membrane at E14 or E17-PO, or
rosettes at P8.NBL, neuroblastlayer.Scale bars, 50 pm. g, Whole-mount retinas
of PO mice of the indicated genotypes were stained for F-actin (green). Scale
bars,200 pm. h, Area of disrupted F-actin staining in g as a percentage of the
wholeretina. Experiments were repeated independently with similar results at
leastthree timesina,fand twotimesingforeachmouse.Dataare mean +s.d.
(n=6mice (b-e) and 9-29 mice (h) per group asindicated). Asterisks indicate
significant difference compared with DKO by one-way ANOVA with Bonferroni
correction.

cancer-resistant Rb™” retinabut disrupted in cancer-prone Rb™";p107 "~
retina (Fig. 2f). Asecond inverted retinaformed at the back of the eye,
with CRX" photoreceptors ontheinner surface and calretinin® (encoded
by Calb2) amacrine cells on the outer surface (Fig. 2f). By P8 the dual
retinas fused and resolved into amacrine rosettes (Fig. 2f). In DKO
whole mounts, abnormal F-actin staining was apparent in the periph-
eral a-Cre-expressing retina; we therefore quantified the abnormal
tissue area (Extended DataFig. 3c). We used p107 " retinaas a control
(Fig. 2g), as it retained the polarity seen in wild-type or Rb™ retina



(Extended Data Fig. 3d). The polarity defects seen in the DKO retina
were almost completely rescued in DKO-Skp2™" retina (Fig. 2g,h)—
this was supported by cross-sections stained for atypical PKCA/tand
N-cadherin (Extended Data Fig. 3d). By contrast, none of the other five
tumour-suppressing genotypes that we tested rescued polarity defects
(Fig. 2g,h and Extended Data Fig. 3d). Skp2”~ may rescue polarity by
inhibiting CDK to levels below that obtained with p27¢, and indeed Skp2
lossinduced more p27 than p27X (Extended DataFig.1b). Nonetheless,
the results show that RB and p107 maintain, whereas SKP2 disrupts,
apical polarity. More importantly, multiple genetic manipulations
suppress tumorigenesis without correcting apical polarity (Extended
DataFig. 2). Notably, our data demonstrate that cancer-prone and
cancer-resistant tissue can exhibit the same set of cancer hallmarks.
Thus, a cancer initiation hallmark must exist that is more sensitive to
Skp-p27-Cdk mutations than survival, senescence,immune infiltration,
DNA repair, angiogenesis or apical polarity.

Tumour suppression without lineage change

The proportion of AP2A"amacrine cells was reduced, without increased
celldeath, intumour-resistant genotypes (Fig.1d-f), implicating altered
differentiation or division. We used multiple approachesto assess these
hallmarks. First, using single-cell RNA sequencing (scRNA-seq) we com-
pared P8 tumour-prone DKO retina with cancer-free DKO-Skp2* retina.
Tumour growth begins around this time, progenitors (usually the only
dividing cells) are almost depleted, their death-prone differentiating
descendants are either gone (ganglion cells) or depleted (bipolar cells
and photoreceptors), and there is extensive ectopic division among
surviving amacrine and Miiller cells, and horizontal cells make up only
around 0.2% of wild-type retina and less than 4% of the tumour-prone
retina'®. We obtained scRNA-seq data for 3,621 DKO cells with 52,983
mapped reads per cell and 2,200 genes per cell, and 5,196 DKO-Skp*
cells with 31,520 reads per cell and 1,873 genes per cell. Genotype did
not affect rare astrocytes or immune cells (Extended Data Fig. 4a),
confirming prior analyses (Fig. 1h,i and Extended Data Fig. 1i). Initial
analysis using uniform manifold approximation and projection (UMAP)
generated clusters biased by cell cycle phase, which we regressed out
to focus on lineage, generating 13 clusters (Extended Data Fig. 4b-f),
whichwere consolidated (Extended Data Fig. 4g-iand Supplementary
Table1) into 7 annotated clusters (Fig. 3a). Top differentially expressed
genes (DEGs) included known markers such as Apoe (marker for Miiller
glia (Mu cluster)), Rom1 (photoreceptors (PR)), EbfI (amacrine pre-
cursors (AmP)), Pcskin (mature amacrine cells (AmM)), FbxoS (rare
remaining mitotic progenitors (ProgM)), Is/I (bipolar cells (BiP)) and
Otx2, Neurod1 and Neurod4 (neurogenic (Neu)) (Fig. 3b, Extended
Data Fig. 4g, Supplementary Table 2 and Methods). Genotype barely
affected BiP, Mu, Neu, PR and ProgM clusters but, matching AP2A stain-
ing (Fig.1d), tumour-free DKO-Skp2" retinahad 1.7x fewer AmM cells
and 1.4x fewer AmP cells (Fig. 3c). Seurat cell cycle phase classification
revealed that tumour suppression reduced the number of AmP cluster
cellsinSand G2/M phase twofold, with smaller effectsin other clusters
(Fig. 3d). Differential expression analysis revealed induction of cell
cycle genesin tumour-prone AmP and, to a lesser extent, Mu and Neu
clusters (Fig. 3e and Supplementary Tables 3 and 4). Hypergeometric
analysis revealed enrichment of Cdk2 (ref. 37) as well as G2/M and S
phase signature genes in DKO AmP, Mu and Neu clusters (Fig. 3e,fand
Supplementary Tables 3 and 5). These dataimplicate cell cycle rather
than lineage in tumour suppression.

Tofurther examine whether Skp2” affects Rb™;p107" celllineage we
performed retroviral clonal analyses. We interbred Rb”;p1077;Skp2""
mice, injected PO pups subretinally with low-titre Cre-GFP retrovirus
to knockout Rb and mark progenitors, and then scored cell types in
GFP* clones at P21. PO progenitors generate rods, Miiller glia, and
bipolar and amacrine cells. The proportion of clones with at least one
of these cell types would change if there was a lineage effect, but the

proportion of DKO and DKO-Skp2"" clones with these cell types were
identical (Fig. 3g). Thus, scRNA-seq and clonal analyses indicate that
Skp2heterozygosity does not alter lineage.

T.marks theretinal cell of origin

To further interrogate the cell cycle, we assessed Ki67 index at P4, P8,
P10 and P21. This marker for dividing cells disappears within a day in
newborn post-mitotic differentiating retinal neurons®, but remains
in ectopically dividing differentiating Rb™" cells!**. Most DKO cells
gradually stop dividing within 1-2 months of birth'®. Skp2 status had
noeffectat P4, P8 or P10, whereas at P21the Ki67 index was 19% in DKO
retina but negligible in DKO-Skp2™ tissue (Fig. 4a). However, Skp2*",
p27%, p27° Cdk2'~ or Cdk2™";Cdk1" mutations did not affect prolif-
erationindex atany time (Fig. 4a). We also assessed proliferationindex
with ten different markers (Extended Data Fig. 5a) that label various
clusters (Extended Data Fig. 5b,c). Relative to DKO, Skp2loss affected
twoout of the ten populations, but the other five tumour-suppressive
genotypes had no effect (Extended DataFig. 5a). Thus, perturbations of
the SKP2-p27-CDK axis can prevent cancer initiation withoutaltering
the proportion of dividing cells.

Proliferation index does not reflect cell cycle duration, and a
30-min pulse of 5-bromo-2’-deoxyuridine (BrdU) at P8 revealed that
tumour-suppressing mutations reduce the proportion of cells in
Sphase (Fig. 4b). Fewer S phase cells could reflect increased duration
of other phases or shortening of S phase, increasing or decreasing
the duration of the cell cycle duration, respectively. To quantify T. or
S phase duration (7;), we used staggered 5-ethynyl-2’-deoxyuridine
(EdU)-BrdU double labelling®. P8 mice were first pulsed with EdU and
thenwith BrdU 2.5 h later, and sections were stained for these markers
plusKi67 to calculate 7.and T, (Supplementary Figs. 3 and 4a). The six
tumour-suppressing genotypes had little effect on T, but increased
average T.in the DKO tissue from 41 hto 62 h (Skp2”"),107 h (Skp2™"),
69 h (p274), 81 h (p27X7%"), 53 h (Cdk2™") or 60 h (Cdk2™~;Cdk1"")
(Fig. 4c).

Asalltumour-suppressing mutations increased the duration of the
cell cycle, we explored whether the cell of origin had a distinct T.. We
applied quadruplelabelling using EAU, BrdU, Ki67 and cell-type mark-
ers to compare T, and T, in cancer-prone AP2A" amacrine cells versus
cancer-resistant SOX9*Miiller or ONECUT2" horizontal cells (Supple-
mentary Figs.3cand 4b-d). Notably, T, of DKO amacrine cells was only
26 h, compared with143 h for Miiller cellsand 77 hfor horizontal cells,
whereas T,was similar for all cell types (Fig. 4d). Thus, the cell of origin
divides faster than cancer-resistant cell types. Moreover, T, of Skp27-,
Skp2'", p27°*, p274%, Cdk2- and Cdk2™";Cdk1”~ DKO amacrine cells
was109 h,43 h,41h,46 h,33 hand 39 h, respectively, compared with
26 h for DKO amacrine cells (Fig. 4d). Notably, the reduced effect of
CDK loss parallels its weaker tumour-suppressive effects (Fig. 1c). We
further measured cell cycle duration in AmP cells expressing PTF1A,
which drives the amacrine lineage upstream of AP2A*. T.in DKO PTF1A*
cellswas28.3 h,comparedwith44.4 h,60.9 h,44.2h,44.2 h,41.1hand
42.4 hinSkp2", Skp2™", p274*, p27°", Cdk2'~, and Cdk2"";CdkI”~ DKO
PTF1A* cells, respectively, and only Skp2 ™~ affected T, (Extended Data
Fig. 5d). Other populations, such as those expressing p21 or MYCN
that primarily mark Neu cells, did not show a consistent increase in T,
with tumour-suppressing mutations (Extended Data Fig. 5b,d). Thus,
tumour suppression always affects T, of the cell of origin, and the cell
of origin has the shortest T, (Extended Data Fig. 2).

T.as ageneral initiation hallmark

Relative T, may only distinguish the cell of origin for retinoblastoma.
To assess the generality of this effect, we surveyed additional cancer
models. In Rb* pituitary, 100% of mice develop Rb™" intermediate
lobe cancer but only around 20% develop anterior lobe tumours*.
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Toassess T, weinjected creERT2;LSL-tdTomato;Rb” mice with tamoxifen
at four or eight weeks of age, then two weeks later applied staggered
EdU-BrdU labelling and assessed tissue at six and ten weeks of age.
LSL-tdTomato;Rb” mice served as wild-type controls. Nearly all inter-
mediate lobe and anterior lobe creERT2;LSL-tdTomato;Rb” cells were
positive for tdTomato, and all mice developed intermediate lobe cancer
despite ectopic division in both intermediate lobe and anterior lobe
(Supplementary Fig. 5a,b). Proliferationindex was higher for intermedi-
atelobe than anterior lobe cells at ten weeks but similar in six-week-old
mice (Extended DataFig. 6a); thus, proliferationindex does not reliably
predict cancer susceptibility. Pro-opiomelacortin (POMC), which is
expressed in all intermediate lobe cells and around 20% of anterior
lobe cells, is cleaved to generate adrenocorticotropic hormone in the
anterior lobe and melanocyte stimulating hormone (MSHa) in the
intermediate lobe. MSHa antibodies label both these POMC lineages,
which are easily distinguished by intermediate lobe versus anterior
lobe locations* (Supplementary Fig. 5a). Deletion of Rb in lineages
labelled with anti-MSHa generates intermediate lobe tumoursin 100%
of cases but no anterior lobe tumours?*, In 6-week-old mice, T,of Rb™
anti-MSHa-labelled cancer-resistant anterior lobe cells was 45 h versus
25 hin cancer-prone intermediate lobe cells, and at 10 weeks, T, was
96 hin the anterior lobe versus 32 hiin the intermediate lobe (Fig. 5a).
T.wasalso higherinanterior lobe cells (Fig. 5a). Thus, T, predicts cancer
susceptibility in Rb™ pituitary regardless of whether Rb is deleted at
four or eight weeks of age.

Neuroendocrine cells represent less than 0.5% of lung epithelium but
aggressively form multiple small cell lung cancers (SCLCs) in all mice
after loss of Rb and p53, and despite being orders of magnitude more
abundant, lung AT2 and club cells are far less prone to developing into
tumours***, Multiple Rb™" lung cells divide ectopically*®, so neuroen-
docrine cells are uniquely highly prone to cancer. To assess T.in Rb-and
p53-deficient lungs, we fed pregnant ASPC-rtTA; tet-cre;Rb”;p53” mice
with doxycycline from plug detection to birth. Endogenous SPC (also
known as PSPC) is specifically expressed in AT2 cells, but the transgene
expresses rtTA throughout lung epithelium, causing ubiquitous tet-Cre
induction and SCLC that is lethal within five to six months***’. We con-
firmed SCLC lesionsin Rb™";p53”" lung by P60 (Supplementary Fig. 5¢).
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Dataaremean +s.d. (n=6 mice per cohortasindicated by bars). Asterisks
indicate significant difference compared with DKO by one-way ANOVA with
Bonferronicorrection. Exact Pvaluesareindicated for comparisons with
amacrine (AP2A*) and Miiller (SOX9*) or horizontal (ONECUT2") cellsin DKO
retinas by two-tailed unpaired t-test.

Ki67 labelling confirmed ectopic division in embryonic day 18 (E18)
neuroendocrine (CGRP*), AT2 (SPC") or club (CCSP*) cells (Supplemen-
tary Fig. 5c), and cancer-prone neuroendocrine cells had the lowest
proliferation index (Extended Data Fig. 6b). Despite this, quadruple
labelling (examplesin Supplementary Fig. 5d) revealed T values of 22 h
and42 hinAT2and clubcells, respectively, but only 11 hin cancer-prone
neuroendocrine cells (Fig. 5b, left). Thus, relative T.also predicts cancer
susceptibility in Rb”";p537" lung.

Toassess adultlung, we generated creERT2:LSL-tdTomato; Rb”:p53"
mice or control creERT2;LSL-tdTomato littermates. We added tamoxifen
atfour weeks of age, then performed EAU-BrdU labelling at eight weeks
and collected the lung. Intotal, 50-70% of neuroendocrine, AT2 or club
cells were labelled with tdTomato (Extended Data Fig. 7a), Ki67 label-
ling confirmed ectopic division (SupplementaryFig. 5e), and although
proliferationindex was 0-3% in tdTomato* or tdTomato™ cells of control
miceorintdTomato™ cells of creERT2;LSL-tdTomato;Rb”:p53” mice, it
increased to 11%, 10% or 8% in tdTomato* Rb- and p53-knockout neu-
roendocrine, AT2 and club cells, respectively (Extended Data Fig. 7a).
Quadruplelabelling (Supplementary Fig. 5f) revealed T, values of 33.8 h,
60.4 hand 71.3 hin neuroendocrine, AT2 and club cells, respectively,
whereasS phase durations were similar across these cell types (Fig. 5b,
right). Therefore, relative T, predicts the cancer-prone lung lineage
independently of initiation event timing.

Next, to extend these studies beyond Rb mutations, we assessed
KRAS, which, similar to RB, regulates many cancer hallmarks (https://
cancer.sanger.ac.uk/cosmic/census-page/KRAS). In contrast to the
Rb™;p537 lung, Kras activation transforms AT2, but not neuroen-
docrine cells, generating adenocarcinoma®. To assess T, we used a
Cre-activated Kras®? allele*. creERT2;LSL-tdTomato;Kras®*® mice or
control creERT2;LSL-tdTomato littermates were treated with tamoxifen
atfour weeks of age, and then two weeks later, EQU-BrdU labelling was
applied and the lungs were collected. Nascent tdTomato* tumours
were positive for SPC (AT2 cells) but negative for CGRP (also known as
CGRP1) and CCSP (also known as uteroglobin) (Supplementary Fig. 6a)
even though 50%-80% of AT2, neuroendocrine and club cells were
tdTomato" (Extended DataFig. 7b, left). In tamoxifen-treated mice, the
proliferationindexintdTomato®or tdTomato™ cells of control mice or
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ofageand assessed at 6 or 10 weeks of age, respectively. b, T.and T, of lung
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at4 weeks of age and assessed at 8 weeks of age. ¢, T.and 7, of lung NE, AT2 and
club cells of Kras®?" (creERT2;Kras®*°;L SL-tdTomato mice) mice injected with

tdTomato™ cells of creERT2;LSL-td Tomato;Kras“*® mice was 0-5%, but
increased to 14%, 20%, and 11% in tdTomato* Kras“***-expressing neu-
roendocrine, AT2 and club cells, respectively (Extended Data Fig. 7b.).
Quadruple labelling (Supplementary Fig. 6b,c) revealed T, values of
21h, 58 h and 43 hin Kras“**-expressing AT2, neuroendocrine and
club cells, respectively, whereas T, values in these cells were similar
(Fig.5c, left). Thus, cancer-prone AT2 cells had the shortest relative T..
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tamoxifen at4 weeks, 4 weeks, 5 weeks or 10 weeks of age and assessed at 6 weeks,
8weeks, 7 weeks or 13 weeks of age, respectively.d, T.and 7, of lung NE, AT2 and
club cells of Braf“! (creERT2;LSL-tdTomato;Braf “*) mice that were injected with
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two-tailed unpaired t-test (a,c (right)) are shown.

Next, we varied the timing of Kras activation and the incubation
period. We activated Kras at 4, 5 or 10 weeks of age and assessed T, 4,
2or3weekslater, respectively. As before, Cre was efficiently activated
(indicated by tdTomato* expression) and Kras®?° induction at four or
five weeks of age triggered ectopic division in neuroendocrine, AT2
and club cells, whereas induction at ten weeks of age caused division
of AT2 and club cells, but not neuroendocrine cells (Extended Data



Fig. 7c-e). Regardless of the timing of Kras activation, T, was always
shortest in cancer-prone AT2 cells (Fig. 5c).

Finally, we tested a different Ras pathway component. KRAS binds
and activates the BRAF serine/threonine kinase, and constitutively
active BRAF(V600E) (BRAF(CA), encoded by the Braf allele) generates
adenomas from AT2 cells, but not neuroendocrine or club cells’. We
generated creERT2;LSL-tdTomato;Braf“ mice, and following tamoxifen
treatment at four weeks of age observed tdTomato* lesions arising from
AT2 (SPC") cells two weeks later (Supplementary Fig. 7a). Tamoxifen
induced tdTomato expressionin 50-80% of cells, and ectopic division
tosimilar levelsin neuroendocrine, AT2 and club cells in mice with the
Braf“ allele (Extended Data Fig. 7f). Quadruple labelling (Supplemen-
tary Fig. 7b) revealed a similar T; across lineages, and 7. was 24.8 h,
59.7 hand 54.8 hin AT2, neuroendocrine and club cells, respectively
(Fig.5d). Thus, regardless of how the Ras pathway is activated in lung,
cancer-prone cells exhibit the shortest relative .. Insummary, among
many surviving lineages, the shortest 7. marks the most cancer-prone
lineageinalltested cancer modelsindependent of tissue type (retina,
pituitary and lung), oncogenic driver (Rb and p107inactivation, Rb
inactivation, Rb and p53inactivation, Kras activation or Braf activa-
tion) or initiation event timing, and for different cancers arising from
distinct cells of originin the same tissue (SCLCin Rb- and p53-deficient
neuroendocrine cells and non-small cell lung cancer (NSCLC) inKras- or
Braf-activated AT2 cells).

Discussion

Although transformation captures the most attention, oncogenic muta-
tions are harmless in most lineages and are common in cancer-free
human tissues'. Chimeric studies provide notable examples of the
abundant contribution of “initiated’ cells to cancer-free adult tissues.
Thus, normal development, rather than cell death, senescence or
immune clearance, is awidespread, yet poorly understood mechanism
of tumour evasion®™*. Cancer genes are usually associated with the
function to which they were first assigned (for example, cell cycle for
Rb, cytoplasmic signal transduction for Ras genes, and development
for Wntl or Notchl), but affect multiple cancer hallmarks, explaining
why they are so commonly mutated. Given the complexity of cancer
initiation, it was unclear whether any one hallmark would predict cancer
susceptibility in cells that survive oncogenic lesions across multiple
cancers. However, we find here that 7. distinguishes cancer-prone from
resistant lineages in tumours initiated by different oncogenic events.
First, we found that the cell of origin of Rb”~;p107 /" retinoblastoma has
ashorter 7.(26 h) than cancer-resistant lineages (over 77 h). Moreover,
mutations that block retinoblastomaincreased the 7. of the cell of ori-
gin. Notably, weaker tumour-suppressing mutations (such as Cdk2™",
33 h) had aless potent effect on 7. than those that completely blocked
tumorigenesis (such as Skp2*, 45 h). This rule held in cancer-prone
lineages in Rb™" pituitary and Rb™;p537" lung. T, also predicted lung
cancer susceptibility following Kras or Braf mutation. Studies in pitui-
tary and lung revealed that T, predicts outcome independently of the
timing of the oncogenic event. The lung dataare particularly revealing,
since despite causing ectopic divisionin the same lineages, the cells of
origin of Rb and Ras pathway cancers are distinct, and 7, was predictive
in both circumstances. Further studies are needed to determine the
extent to which this correlation holds across other tissues and onco-
genicevents, but our work explains how many cell types escape cancer
without deploying senescence, apoptosis orimmune surveillance'™.

Our study began with suppression of retinoblastoma, which we
expected to affect many cancer hallmarks. Indeed, Skp2”~ induced
senescence, rescued polarity and decreased proliferationindex. How-
ever, although Skp2* suppressed tumorigenesis with similar potency, it
did notaffectany of the eight hallmarks assessed. p27”“induced senes-
cence, but did not rescue polarity or affect other hallmarks, and none
of the other p27 or Cdk2 or combined Cdk1 and Cdk2 manipulations

affected any of the tested hallmarks. Remarkably, cancer could be sup-
pressed without altering cell death, senescence, immune infiltration,
DNA damage, angiogenesis, apical polarity, differentiation or prolif-
eration index. It is remarkable that a tissue with so many cancerous
defects can resist transformation. Thus, cancer has many hallmarks,
but they do not necessarily cause cancer. T, may need to fall below a
critical threshold, which varies with context, to synergize with other
cancer hallmarks to enable tumorigenesis.

Our results do not minimize the importance of other hallmarks to
initiation: alone, a short T is insufficient for tumorigenesis, because
normal cells can divide rapidly—for example, T.in the E6.5-E7.5 mouse
embryois5-7 hinepiblastandless than3 hinthe proliferative zone®.
Our results show that whereas relative T.reveals cancer susceptibility
inoneset of circumstances (Rb- and p107-deficient retina, Rb-deficient
pituitary, Rb- and p53-deficient lung, Kras-activated lung and
Braf-activated lung), it does not predict susceptibility across different
initiation events or tissues. For example, the T.in cancer-prone Kras®*
AT2 cells (21 h) was similar to the T, in cancer-resistant Rb™;p537~ AT2
cells (22 h). Thus, T, is prognostic in a single context (one initiation
event, onetissue), but not between contexts (differentinitiation events
or tissues). To use a behavioural analogy, T. resembles a self-control
score’®: between two groups in different settings that are exposedtoa
particular stress or temptation (initiation event), absolute score alone
could not predict who would lose control, because it also depends on
circumstances; however, the score could predict this effect within one
group in one setting. The complexity underlying neoplastic transfor-
mation underscores the predictive power of T.across in vivo settings.

When CDK2 activity is reduced upon exit from M phase, cells in G1
cellswith the lowest CDK2 activity do not re-enter S phase™; shorter T,
may therefore reflect higher CDK2 activity in this G1 trough. Cells with
insufficient CDK2 activity would eventually cease dividing and never
form tumours. Notably, CDK2 phosphorylates and inhibits transcrip-
tion factors that promote differentiation and cell cycle exit”, and CDK1
and CDK2 phosphorylate epigenetic regulators thatinfluence S phase
re-entry*>*3, Unlike T, T, did not predict cancer-prone lineages, but
future work will delineate whether effects on G1, G2 and/or M phase
determine T.; CDK2 also regulates general transcription through the
C-terminal domain of RNA polymerasell, a quarter of CDK2 targets are
transcriptional regulators, and agene expression signature accurately
tracks CDK2 activity26375+56,

The observation that varying 7. may block cancer initiation suggests
itmay be possibletoreduce cancerincidencein high-risk cohorts with
occasional treatments to expand short cell cycles in initiated clones.
Indeed, drug-based cell cycle inhibition can reduce retinoblastoma
or colon cancer initiation”** and a threshold of CDK activity appears
to be critical in the early stages of multiple human cancers®. Elegant
non-toxic methods exist to inhibit CDKs without perturbing normal
division®, Chemoprevention trials have been performed in high-risk
groups, especially smokers**®, and similar trials to increase T, in
initiated cells may promote cell cycle exit, mimicking the beneficial
cul-de-sacin ectopically dividing but cancer-resistant lineages.
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Methods

Mouse strains and genotyping
Allanimal experiments were performed according toinstitutional and
national guidelines approved by the Toronto Centre for Phenogenom-
ics (TCP) and Cincinnati Children’s Hospital Medical Center. Mice were
housed under controlled conditions (specific-pathogenfree,12 h:12 h
light:dark cycle,19-22 °C, 45-65% humidity) with ad libitumaccess to
food and water. We added environmental enrichment in the form of
plastic tunnels and nesting material to all the cages. Clinical symptoms
define the welfare of animals. Thatincludes visible masses, any degree
of reduced mobility/distress, weight loss or evidence of haemorrhage.
Humane intervention points are set based on institutional standard
operating procedure (SOP) of Humane Intervention Point Guidelines
and Cancer Models-Humane Intervention Point Guidelines. In brief,
tumour size exceeding 1,700 mm?®in adult mice is considered the end-
point for cancer models. No mouse exceeded the humane endpoints
stipulated in our animal SOPs. Both male and female mice were used
inthe study.

a-cre mice (P. Gruss, age E14-P400), B6.129P2(Cg)-Braf ™™™/
(Jackson Laboratory, strain 017837, common name: BRaf**, age PO-
P42), B6.Cg-Gt(ROSA)26Sortmi4(CAG-tdTomato)"***, also known as
Ail4(tdTomato) (Jackson Laboratory, strain 007914, age PO-P91),
B6.129-Gt (ROSA)26Sortmli(cre/ERT2)™” (Jackson Laboratory, strain
008463, age PO-P91), B6.12954-Kras™™” (Jackson Laboratory,
strain 008179, age PO-P91), Cdk?” (D. Santamaria and M. Barbacid,
age PO-P400), Cdk2” (D. Santamaria and M. Barbacid, age PO-P400),
p1077~mice (M. Rudnicki, age PO-P400), p27%7** mice (A. Besson
and]J. Roberts, age PO-P400), p27"%* (A. Besson andJ. Roberts, age
P0O-P400), p53” mice (A. Berns, age E18-P56), Rb” mice (A. Berns,
age E14-P400), Skp2™~ mice (K. Nakayama, age PO-P400), SPC-rtTA
(Whitsett, age E18-P60), TetO-Cre (Whitsettage age E18-P60) and
Z/Red (Jackson Laboratory, strain 005438, age E16) mice were main-
tained on a mixed background. Different genotypes were compared
withinthe samelitter and at least four to six litters. We have not noted
any phenotypic differences in separate litters. Genotyping was per-
formed as before and per The Jackson Laboratory guidelines using
established primers (Supplementary Table 6).

a-creretinoblastoma model

a-cre mice®® were mated with Rb” mice®*** and p107~" mice® to
generate a-cre; Rb”:p107 - (Rb/p107 DKO) mice, an established ret-
inoblastomamouse model'*, DKO mice were further mated with Skp2/
(ref. 66), CdkI” (ref. 32), Cdk2 (ref. 67), p27°* (ref. 68) and p27"57
(p274")% mice to elucidate the mechanism of tumorigenesis. Genotypes
were determined by PCR using established primers (Supplementary
Table 6). p1077" littermates were used as controls.

Doxycycline-induce Rb and p53 double-knockout SCLC model
SPC-rtTAtransgenic mice’®and tet-OCretransgenic mice***”” were mated
toRb” mice®*** and p53” mice’, togenerate SPC-rtTAtet-OCre;Rb” :p53”
mice, an established SCLC animal model*. Genotypes were determined
by PCR analysis using established primers**”® (Supplementary Table 6).
Gestational age was assigned by vaginal plug date designated embry-
onic day (E) 0.5. A 50x doxycycline stock solution (50 mg mI™in 50%
ethanol) was freshly prepared prior to each administration of drug and
dilutedinwater orin PBS for injection. Dams were treated with 125 ug
doxycycline (Sigma, D9891) in 0.5 mI PBS by intraperitoneal injection
on E0.5-E1.5 and administered doxycycline in the drinking water at
afinal concentration of 1.0 mg ml™. Doxycycline water was replaced
three times per week because of the light sensitivity of doxycycline.

Tamoxifen-induced Rb and p53 double-knockout SCLC model
Rosa-creERT2 and Ail4 (tdTomato) transgenic mice were mated to
Rb” (refs.63,64) and p53” mice’*togenerate creERT2;td Tomato;Rb”;p53”

mice, an established SCLC animal model”. Genotypes were deter-
mined by PCR analysis using established primers*®’* (Supplementary
Table 6). creERT2;tdTomato littermate mice were used as control. Both
creERT2; tdTomato;Rb"”;p53” mice and control mice were treated with
100 mg kg™ body weight Tamoxifen (Sigma, T5468) in 0.45 ml corn oil
(Sigma, C8267) once by intraperitoneal injection on P28, and the lung
was collected 4 weeks later.

Tamoxifen-induced Rb-knockout pituitary cancer model
Rosa-creERT2 and Ail4 (tdTomato) transgenic mice were mated to Rb”
mice®*** to generate creERT2;tdTomato;Rb” mice. Genotypes were
determined by PCR analysis using established primers (Supplemen-
tary Table 6). tdTomato;Rb" littermate mice were used as control.
Both creERT2;tdTomato;Rb” mice and control mice were treated with
100 mg kg™ body weight Tamoxifen (Sigma, T5468) in 0.45 ml corn oil
(Sigma, C8267) once by intraperitoneal injection on P28 or P56, and
the pituitary was collected 2 weeks later.

Tamoxifen-induced Kras®*® NSCLC model

Rosa-creERT2 and Ail4 (tdTomato) transgenic mice were mated to
LSL-Kras® mice to generate creERT2;tdTomato;Kras®*® mice. Kras®'*
miceisawell-established NSCLC mouse model*®. Genotypes were deter-
mined by PCR analysis using established primers (Supplementary
Table 6). creERT2;tdTomato littermate mice were used as control. To
optimize tamoxifen treatment to obtain ectopic division of multiple
cell types we treated these mice with 7 doses (0.1, 1, 2.5, 25, 50, 100,
250 mg kg body weight). For 0.1-25 mg kg™ doses, the overall per-
cent of tdTomato" cells correlated with dosage but reached a plateau
using at higher levels. However, while 0.1-50 mg kg™ doses induced
ectopicdivision of Spc* AT2 cells, it did notinduce ectopic cell division
of Cgrp* neuroendocrine cells and Ccsp” club cells, but both 100 and
250 mg kg doses induced ectopic cell division all three cell types.
We used the 100 mg kg™ dose in this study. Both creERT2;tdTomato;
Kras®?® mice and control mice were treated once with100 mg kg body
weight Tamoxifen (Sigma, T5468) in 0.45 ml corn oil (Sigma, C8267) by
intraperitoneal injection at the indicated age, and lung was collected
2-4 weeks later, as indicated.

Tamoxifen-induced Braf® model

Rosa-creERT2 and Ail4 (tdTomato) transgenic mice were mated to Braf“
mice to generate creERT2;tdTomato;Braf“ mice. Genotypes were deter-
mined by PCR analysis using established primers (Supplementary
Table 6). creERT2;tdTomato littermate mice were used as controls. Both
creERT2;tdTomato;Braf “* mice and control mice were treated once with
100 mg kg™ body weight Tamoxifen (Sigma, T5468) in 0.45 ml corn oil
(Sigma, C8267) by intraperitoneal injection at 4 weeks of age, and the
lung was collected 2 weeks later.

Staggered EAU-BrdU labelling

For cell cycle duration analysis, animals were injected subcutaneously
once with EAU (Sigma, 900584.30 pg per g of body weight) to label all
cellsin S phase (DKO retina at P8, Rb™ pituitary at 4 or 6 weeks of age;
Rb™;p537 lung at F18 and 8 weeks of age; Kras®*® lung at 6,7, 8and 13
weeks of age, Braf lung at 6 weeks of age). After 2.5 h, BrdU (Sigma,
B5002.100 pg per g of body weight) was injected once subcutane-
ously. Tissues were collected 0.5 h after BrdU injection, fixed in 4%
paraformaldehydefor1h (eyes) or 2 h (pituitary, lung) and dehydrated
in30% sucrose for 24 h.

Histology, immunofluorescence and measurements

Allcollected mouse tissues wereembedded in OCT (TissueTek 4583), fro-
zenondryiceand cutinto12-14 pumsections on Superfrostslides. For S
phaselabelling, BrdU" cells were detected using arat anti-BrdU antibody
(Abcam, ab6326,1:500) or amouse monoclonal antibody (DSHB, G3G4,
1:1,000). EAU"* cells were detected using Click-iT EAU Alexa Fluor 555
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ImagingKit (Life technologies, C10338). Other antibodies were active
caspase-3 (Cell Signaling Technology, 9661,1:500), AP2A (Santa Cruz,
SC-8975,1:500), aPKCt(BD Transduction lab, 610176,1:500), ARR3 (Mil-
lipore, AB15282,1:500), BRN3 (Santa Cruz, SC-6062,1:500), calretinin
(Santa Cruz, SC-11644,1:500), CCSP (Seven Hills Bioreagent, WRAB-
3950,1:1,000), CGRP (Sigma, C8198,1:1,000), CRX (C.Y. Gregory-Evans,
1:500), cyclin A2 (Abcam, Ab181591, 1:500), cyclin B1 (Cell Signaling
Technology, 4138S, 1:500), galectin 3 (Santa Cruz, SC-19283, 1:500),
Ki67 (BD science Pharmingen, 550609, 1:500; ThermoFisher Scientific,
14-5698-82,1:500), MSHA (Fisher Scientific, AB508MI, 1:200), MYCN
(Santa Cruz, SC-791,1:500), N-cadherin (Santa Cruz, SC7939,1:500),
0C2 (R&D systems, AB6294,1:500), P21°"' (Abcam, ab188224, 1:500),
p27 (BD Biosciences, 554069,1:500), phospho-aPKCi/A (ThermoFisher,
44-968 G, 1:500), phospho-histone H3 (Santa Cruz, SC-8656, 1:500),
PKCa (Sigma, P5704,1:500), PTF1A (Pierre Cordelier, INSERM, France,
1:200), rhodopsin (Santa Cruz, SC-57433, 1:500) and SOX9 (EMD Mil-
lipore, MAB5535,1:500),Spc (Abcam, ab40879,1:1,000).

Validation of the primary antibodies is provided on the manufac-
turer’s websites or in the referenced citations: antigen retrieval was
performed as described” by boiling sections in citric acid (H-3300,
Vector Lab) or Target Retrieval Solution (51699, Agilent). Primary
antibodies or labelled cells were visualized using donkey anti-mouse,
donkey anti-rabbit, donkey anti-rat and donkey anti-goat antibodies
conjugated with Alexa-488, Alexa-568 or Alexa-647 (1:1,000; Molecular
Probes), or donkey anti-mouse IgG H&L (Alexa Fluor 405) (Abcam,
ab175658), DyLight 405 AffiniPure donkey anti-ratIgG (H + L) (Jackson
ImmunoResearch, 712-475-153). F-actin was labelled by Alexa Fluor 488
Phalloidin (ThermoFisher Scientific, A12379) or Alexa Fluor 568 Phal-
loidin (ThermoFisher Scientific, A12380). Nuclei were counter-stained
with 4, 6-diamidino-2-phenyindole (DAPI; Sigma).

Labelled cells were visualized and images captured with a Nikon
Eclipse Ti or Ti2 laser scanning confocal microscope. Retinal thick-
ness measurements were performed with Nikon NIS-Elements AR 3.10
software. Quantification used horizontal retinal sections containing
the opticnerve, and lung/pituitary gland sections, and were analysed
with Image] (https://imagej.nih.gov/ij/). Atleast 3 sections per sample
and 4-6 samples from different litters were counted.

For whole-mount retinal staining, eyeballs were enucleated and incu-
bated for 30 minin 4% paraformaldehyde. Theretinas wereincubated
at4 °Cwith FITC-conjugated IB4 (SigmaL2895) and DAPIin PBS for1-2
days. After brief washes with PBS, radial cuts were made to divide the
retinainto4 quadrantsto flattentheretina, and the tissue was mounted
with Mowiol. For vascular blood vessel analysis, representative images
were analysed with AngioTool (https://ccrod.cancer.gov/confluence/
display/ROB2/Home) to assess the vessel covered area (%), average
vessel length and mean E lacunarity of the vascular plexus. In brief, at
least three 200x magnificationimages (320 x 320um field of view per
retina) per eye and 6 eyes from the same genotypes of different litters
were counted. To compare the vascular density of the DKO retina to the
control, we used vascularimages taken fromasimilar depth below the
GCLtorepresent the IVP and DVP for the DKO retina.

Whole-mount F-actin staining

E16 or PO eyeballs were enucleated and incubated for 30 min in 4% para-
formaldehyde in PBS. With adissection microscope, a circumferential
incision was made around the limbus, followed by removal of the ante-
rior segment, lens and vitreous body. The retinas wereincubated with
AlexaFluor 488 Phalloidin (ThermoFisher Scientific, A12379,1:500) or
Alexa Fluor 568 Phalloidin (ThermoFisher Scientific, A12380, 1:500)
and DAPIin PBS for overnight. After brief PBS washes, radial cuts were
madetodivide theretinainto four quadrantsto flatten theretina, and
flat retinas were mounted with Mowiol. Immunofluorescent staining
was analysed with the Nikon Eclipse Ti laser scanning confocal micro-
scope. The wholeretinal area and polarity-defect areawere measured
with the microscope program.

Senescence-associated B-galactosidase staining

Frozen horizontal retinal sections were stained for B-galactosidase at
pH 6.0 using the senescence-associated 3-galactosidase staining kit
(Cell Signaling, 9860) according to the manufacturer’s guidelines. In
brief, 120 pl staining solution was added to each slide, cover-slipped
andsealed with rubber cement. The slide boxes were placed in asealed
humid container in a 37 °C dry incubator (no CO,) and incubated for
1-2days. Colourimages were taken with an Olympus BX61 microscope.
Positive cells/sections were counted under the Olympus BX61 micro-
scope. For each genotype, at least six retinas were analysed. For each
retina, at least three representative sections were counted.

Immune cell detection

P8 eyeballs of p1077", a-cre;Rb™;p107 7~ and a-cre;Rb":p107 " ;Skp2"
mice were enucleated, and peripheral retinas were dissected in fresh
cold HBSS. Dissected peripheral retinas were transferred to 200 pl of
cold HBSS per retina. An equivalent amount of Papain solution was
added andincubated at 37 °C for 10 min, and the tube inverted gently
every 2 min. Next, the digestion solution was discarded by pipetting
without disturbing the retina. Mechanical trituration of the retina was
performedin 600 pl of neurobasal medium supplemented with10% FBS
by pipetting slowly 10 to 15 times witha P1000 pipette tip. Samples were
then DNAse treated for 5 minat37 °C. Cell suspensions were centrifuged
using aswing-bucket rotor at 200g for 5 min. The supernatant was care-
fully aspirated off the cell pellet, and the pellet was suspended in1-5 ml
neurobasal medium with 1% FBS. Cellular aggregates were removed by
straining cells through a 50-pum cell strainer (pluriSelect). Splenocytes
were collected by grinding a p107 7~ mouse spleen through a 40-um
mesh, and then red blood cells (RBC) were removed by incubating cells
for 10 min in RBC lysis buffer (Sigma, 11814389001).

To stain for immune markers, the dissociated retinal cells or sple-
nocytes were washed in FACS buffer (PBS +1% FBS) and then blocked
with mouse Fc block (BD 553141, 1 pg per 10° cells) for 10 min onice.
After washing with FACS buffer, 4 x 10° cells in 200 pl FACS buffer were
stained with phycoerythrin (PE) or allophycocyanin (APC)-conjugated
anti-B220 (0.5 pg, 12-0452-81), anti-CD3 (0.75 pg, 17-0032-80), anti-
CD335/NKp46 (0.75 pg, 12-3351-80), anti-CD45 (0.1 pg, 12-0451-82),
anti-CD11b (0.25 pg, 17-0112-81) or appropriate isotype control anti-
bodies (all from ThermoFisher) for 30 min on ice then washed with
FACS buffer.Samples were analysed using a Gallios flow cytometer and
Kaluza analysis software (Beckman Coulter). Dead cells were excluded
using FxCycle violet DNA dye (ThermoFisher). The gating strategy is
provided in Supplementary Fig. 8.

Measurement of cell cycle duration

Similar toa prior method®, animals were subject to staggered EQU/BrdU
labelling and tissues were collected and fixed (as detailed above). For
retinal sections, EdU was detected with the Click-iT EdU Alexa Fluor 647
ImagingKit first, then co-labelled with antibodies against BrdU (mouse
anti-BrdU antibody, DSHB, G3G4), Ki67 (rat antibody, ThermoFisher
Scientific, 14-5698-82) to label all dividing cells, and cell-type-specific
markers including mature amacrine cells (AP2a), amacrine precur-
sors (PTF1A), Miiller glia (SOX9), horizontal cells (OC2), and predom-
inantly neuronal retinal precursors (p21°"* and MYCN). Matching a
prior report™, staining retinal sections from mice subject only to EAU
labelling confirmed that the G3G4 mouse anti-BrdU antibody does
not cross-react with EdU.

Forlungand pituitary sections, EdU was specifically detected using
the Click-iT EdU Alexa Fluor 647 Imaging Kit first, followed by an
EdU-blocking procedure to prevent cross-reaction with rat anti-BrdU
antibody” (Abcam, ab6326). In brief, after EdU was detected using the
Click-iTEdU Alexa Fluor 647 ImagingKit, slides were treated with2 mM
azidosulfide (Sigma, 244546) in the Click-iT buffers for 30 min. Staining
sections from mice subject only to EdU labelling confirmed that the
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anti-BrdU antibody did not cross-react with EdU. After the EdU-blocking
procedure, slides were co-labelled with antibodies against BrdU (rat
anti-BrdU antibody, Abcam, ab6326), Ki67 (mouse antibody, BD science
Pharmingen 550609) to label all dividing cells, and cell-type-specific
markers including lung neuroendocrine cells (CGRP, rabbit, Sigma,
C8198), lung club cells (CCSP, rabbit, Seven Hills Bioreagents, WRAB-
3950), lung alveolar type Il cells (SPC, rabbit, Abcam, ab40879), and
pituitary melanotropes in the intermediate lobe and corticotropesin
the anterior lobe (MSHA, Fisher Scientific, AB508MI), and imaged by
confocal microscopy.

ImageJ (Fiji, version 1.54g) was used to manually count EAU/
BrdU-labelled cells in 60x images using the image\color\channels tool.
For cell-specific cell cycle data, we first counted the number of cell
types of interest (for example, CGRP* neuroendocrine cells). Next (or
firstin cases where no cell type-specific marker was used), we added
the Ki67 channelto count dividing cells (CGRP*; Ki67*), then we added
the EdU channel to count how many dividing cells were EdU-positive
(CGRP*; Ki67"; EAU"). Next, we added the BrdU channel to count how
many dividing cells were BrdU-positive (CGRP*; Ki67"; BrdU"). After
that, we combined EdU and BrdU data with Marker/Ki67 to count
marker'Ki67'BrdU EdU" cells. Counting each image was performed
three times to ensure accuracy. Functions used to calculate 7. and T;
areillustrated and explained in detail in Supplementary Fig. 3. All the
raw countsusedin 7.and T, calculations are provided in Supplementary
Table 7. Examples of images used for counts are provided in Supple-
mentary Figs. 4-7.

The number of EAU*;BrdU™ cells forms the denominator of T.and T,
calculations (Supplementary Fig. 3), thus if some of these cells divide
this denominator wouldincrease, artificially decreasing 7.and T,. Prior
publications assume that no or very few EdU-labelled cells divide, and
that the EdU-only cells have reached G2/M but not beyond. We per-
formed additional assays to examine this assumption.

First, welabelled P8 Rb/p107 DKO micewithEdUfor1h,1.5h,2h,3h,
4 h,5horé6 h,thenstained retinal sections for EAU, phospho-histone H3
(PH3) and DAPI (Supplementary Fig. 9a). H3 phosphorylation begins
in late G2 with chromosomal condensation, but is most prominent
in early-mid M phase, and H3 dephosphorylation commences in late
anaphase/early telophase’, thus PH3 is widely used as a late G2/M
marker. If G2/M was <3 h, all cells in S phase at the time of EAU label-
lingwould have reached M phase by then, and the EdU" cells that were
labelled in early-mid S phase would continue to enter G2/M at later times
(S phase in DKO P8 retinais ~25 h, Fig. 4c), ensuring a long plateau of
100% EdU*;PH3" double-labelled cells beyond 3 h. Conversely, if G2/M
is>3h, only a fraction of PH3" cells would also be EAU*, which would
continue to rise with time, eventually reaching the 100% plateau. As
expected, the fraction of PH3" cells that were also EAU" increased over
time, confirming the movement of prior S phase cells through G2intoM
(Supplementary Fig. 9b). No double-labelled cellswere detected at1h
orl.5h,atiny fraction was seenat2 h, which continued toincrease only
reaching100%at 6 h. At 3 h, the time point used inour T.measurement
studies, only 23.9% of PH3" cells were EdU" (Supplementary Fig. 9b).
These data suggest that 3 his insufficient for EdU-labelled cells in the
P8 DKO retina to divide.

Second, we also performed EQU/PH3/DAPI triple labelling in sections
from Rb pituitary, Rb/p53lung, Kraslung, and Braflung cancer models
usedinthe paper (Supplementary Fig. 9¢). The fraction of M phase cells
that were EAU" after 3 hwas -30-50%, similar in range to the DKO retina,
and well below the100% expectedif EdU* cells could complete mitosis
in3 h (Supplementary Fig. 9d). Thus, 3 h also appears insufficient for
EdU-labelled cells to divide in these cancer models.

Third, as an additional test in retina, P8 DKO mice were exposed to
EdUat O h, then BrdU from 2.5-3 hand retinal sections were stained for
EdU. A cocktail of three rabbit antibodies targeting cyclin A2, cyclinBl,
and PH3tolabelS, all G2 and all M phase cells (Supplementary Fig. 9e).
Any EdU-only cells that traverse Minto G1 would be EAU* but negative

for allthe other markers (cyclin A2, mid/late S phase and G2; cyclinB1,
G2 and early M phase; PH3, late G2 and M phase). Notably, all the EAU*
cells co-labelled with the A2/B1/PH3 antibody mix, and no cells were
positive only for EdU (Supplementary Fig. 9f). This result confirms
that EdU-labelled cells do not dividein a3 h window.

Single-cell RNA sequencing

Retinal dissociation. P8 eyeballs of a-cre;Rb":P107 - (DKO, tumour-
prone) and a-cre; Rb”; P1077"; Skp2*~ (DKO-Skp2*", tumour-resistant)
mice were enucleated, and peripheral retinas (a-cre expression areas)
were dissected in fresh and cold HBSS. Dissected peripheral retinas
were then transferred to 200 pl of cold HBSS per retina. An equiva-
lent amount of Papain solution (for 1 ml, 700 pl reagent grade water,
100 pl of freshly prepared 50 mM L-cysteine (Sigma), 100 pM 10 mM
EDTA,10 pM 60 mM 2-mercaptoethanol (Sigma), and Papain added to
1mg ml™ (Worthington)) was added and incubated at 37 °C for 10 min,
the tube was inverted gently every 2 min during the incubation. After
theincubation steps, the digestion solution was discarded by pipetting
without disturbing the retina. Mechanical trituration of the retina was
performedin 600 plof neurobasal medium supplemented with 10% FBS
by pipetting slowly 10 to 15 times with aP1000 pipette tip. Samples then
were subjected to DNAse treatment (5 pl DNAse | (RNAse-free Recom-
binant DNAse I; Roche) for every 1 ml of dissociation solution) for 5 min
at37 °C. Cell suspensions were then centrifuged using aswing-bucket
rotor at 200g for 5 min. The supernatant was carefully aspirated off
the cell pellet, then resuspended in 1-5 ml neurobasal medium with
1% FBS. Cellular aggregates were removed by straining cells through a
50-um cell strainer (pluriSelect).

Single-cell library preparation and sequencing. Single-cell gene
expression libraries were prepared using the Single Cell 3’ Reagent Kit
v2 (10x Genomics) according to the manufacturer’s protocol. Libraries
were sequenced using the HiSeq3000 (Illumina) with the 10x Gene
Expression recommended parameters (read 1, 28 cycles and read 2,
100 cycles).

CellRanger pre-processing. Raw data were processed through the
CellRanger pipelines (10x Genomics, V2.2.0). For each run of DKO and
DKO-Skp2' genotypes, reads were quantified into UMI gene-barcode
matrix using the mouse reference index provided by 10x Genomics
(refdata-cellranger-mm10) and default parameters of the count pipe-
line to filter out low-quality cell barcodes. This process resulted in
3,621 estimated cells with an average of 52,983 reads and a median of
2,884 genes per cell for the DKO sample and 5,196 estimated cells with
anaverage of 31,520 reads and a median of 1,873 genes per cell for the
DKO-Skp2*sample. Then, matrices for individual runs were aggregated
togetherinto asingle gene-barcode matrix with the CellRanger’s aggr
pipeline to avoid artefacts that may be introduced due to differences
in sequencing depth when comparing the two genotypes. The aggre-
gation kept 74.3% reads from the DKO sample and 100% reads from
the DKO-Skp2”~ sample and ended with 8,817 estimated cells with an
average of 34,749 reads and a median of 1,941 genes per cell.

Identification of non-retinal cell types. The cloupe files generated
by CellRanger were viewed using the 10x Genomics Loupe Browser
and cellsin clusters were explored by their over-expressed genes and
expression of typical retinal,immune and astrocyte cell marker genes.
We defined clusters as immune for their outstanding expression of
marker genes Aifl and Lgals9, and astrocyte cells by marker gene Agp4.
The proportions ofimmune and astrocyte cellsin total cells were com-
pared between DKO and DKO-Skp2*” genotypes. For further analysis
of retina cells, these non-retinal cells were excluded.

Quality control and normalization. After removing non-retinal cells,
data was further processed and analysed mainly by Scanpy Python
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toolkit (https://github.com/scverse/scanpy) and Seurat R toolkit
(https://github.com/satijalab/seurat). For downstream analysis,
low-expression genes and poor-quality cells were further filtered out
from each single-cell dataset. After filtering, only genes expressed
in >3 cells and cells expressing >500 genes and less than 15% of mito-
chondrial genes were retained, with 3,501 cells in DKO and 5,019
cells in DKO-Skp2*~ dataset. The retained data were normalized, and
log-transformed by Scanpy’s normalize-total and loglp, respectively.
The aggregated data were filtered by only keeping the cells retained
in eachindividual sample after the above filtering and genes with >10
countsintotal. Thisresulted in 8,520 cells, including 5,019 DKO-Skp2*
and 3,501 DKO retinal cells,and 15,731 genes. Then the aggregated data
were normalized and log-transformed following the same methods
asabove.

Assigning cell cycle phases. To identify cycling cells and the effect of
cell cycle heterogeneity on the data, each cell was assigned cell cycle
scores and phases using Scanpy’s function score_genes_cell_cycle.
Alistof cell cycle marker genes, including markers for S and G2M phase”
were used for the scoring, which calculates the difference of mean
expression of the given cell cycle genes and the mean expression of
randomly selected reference genes from binned gene pools that match
thedistribution of the givengenes’ expression. The humangene names
were converted to mouse gene names by biomaRt package. Based on
itscell cyclescores, acellis predicted tobein G2M, S or Gl phase. Cells
expressing neither S nor G2M genes are likely not cycling (GO) or in
Glphase.

Detection of doublets. To detect if any cells were grouped together
as a cluster by artefacts of the problematic doublets or multiplets,
where two or more cellsreceive the same barcode and resultinahybrid
transcriptome, the python package “scrublet””® was used to calculate
doublet score and predicted doublets for each sample and possible
artefact clusters by default parameters and expected doublets rate—
DKO, 0.03; and DKO-Skp2"”~, 0.04—based on the number of captured
cells. Raw data matrices for each individual sample were used for this
analysis. The annotation of the detected doublets for cells were trans-
ferred onto the aggregated data.

Clustering and identifying major retinal cell components. To mini-
mize the effects of cell cycle heterogeneity and to emphasize clustering
based ongenesrelated to celllineage, the cell cycle was regressed from
the previous normalized expression matrix. Both scores for G2M and
S phase were regressed out with the regress_out function of Scanpy.
After scaling, the top 2,000 highly variable genes were selected for
the principal component analysis to reduce the dimension of data.
The neighbourhood graph of cells was computed with the top 50
principal components, and then, the graph was embedded into two
dimensions using UMAP. Cell clusters were identified by the Leiden
graph-clustering method”, which directly clustering the neighbour-
hood graph of cells.

To annotate the retinal cell identity of each cluster, we associated
the clusters with retinal cell types based on scores of known retinal
cell-type-specific genes (Extended Data Fig. 4h). The scores of each cell
type were calculated for each cell using the Scanpy’s score_genes func-
tion withthe same algorithm of the score_genes_cell_cycle. A cluster was
assigned to a cell type with the highest average score and percentage
of cells detected with positive scores within the cluster. The cell-type
annotated clusters were further refined and verified by highly differ-
ential expressed genes for each cluster. The DEGs were identified for
each cluster against the rest of the clusters using the rank_genes_group
function with Wilcoxon rank-sum test. Of them, marker genes for each
cluster were further filtered by the filter_rank_genes_groups function
with default parameters. Expression of the top 10 marker genes for each
cluster were compared between mouse normal retinal development

and these samples by UMAP visualization. Using the normal mouse
retina development scRNA-seq data® As a reference, we also identi-
fied each individual cell for its cell type with the ingest function of
Scanpy, which fit amodel on the reference data and used it to project
new data with cell annotations. This mapping was applied using data
foreachindividual sample, and mapped cell types were transferred to
the aggregated data. The cell cycle effects were regressed out fromthe
reference data and genotype data before mapping.

Top genes that distinguished particular cell types included: Apoe,
Miiller glia cluster (Mu); Rom1, photoreceptors (PR); Ebfl, amacrine
precursors (AmP); PcskIn, mature amacrine cells (AmM); Fbxo5, rare
remaining mitotic progenitors (ProgM); Isl1, bipolar cells (BiP); and
Otx2, Neurodl and Neurod4, neurogenic (Neu) cluster®-%¢ (Fig. 3b,
Extended Data Fig. 4g and Supplementary Table 2).

Differential gene expression between two genotypes within each
cluster. Toidentify DEGs between two genotypes within each cluster,
the function FindMarkers from the Seurat package was used with the
MAST test for two condition comparisons. Significant DEGs were select-
edasthosewith adjusted Pvalueslessthan 0.1, average log, fold change
higher than 0.25 and percentage (proportion) of cells with expression
within a cluster larger than 0.1. The enrichment of CDK2-associated
genes® and cell cycle genes expressed inSand G2M phases in the DEGs
were evaluated by the hypergeometric test phyperinR. The Bioplanet
terms enriched in the DEGs were also identified using the online tool
Enrichr (https://maayanlab.cloud/Enrichr/)%.

Western blotting

Peripheral mouse retinas were homogenized with a 30-gauge needle
5-10timesin1xcelllysis buffer (Cell Signaling 9803) with 0.1 mM PMSF,
1pg ml™ aprotinin and 1pg mi™ leupeptin. Proteins were separated
by SDS-PAGE, transferred to nitrocellulose membrane, and analysed
using ODYSSEY Infrared Imaging System (LI-COR) with antibodies
against active caspase-3 (Cell Signaling Technology 9661,1:200), p27
(554069, BD Biosciences, 1:200), SKP2 (SC-74477; Santa Cruz,1:1,000)
and -actin (A5441, Sigma, 1:2,000).

Statistical analysis

Sample sizes were chosenbased on power analysis and common prac-
tice in mouse experiments. Sample sizes (n) were estimated by the
formula n=[2(Z, + Z, 5)*1/SES®. Type l error (a) is set as 0.05, type Il
error (f) issetas10-20% and is atwo-sided effect. The SES (Cohen’s d)
is the standardized effect size, equal to the ES (effect size) divided
by the pooled s.d., so it is the magnitude of the difference between
the means of two groups in s.d. units®, For animal experiments, SES
of 1.1x,1.5x and 2.0x s.d. are suggested to represent small, moderate
and significant responses, respectively®. According to the formula
above,4-7 mice arerequired to detect effect with 80% power, and 6-10
mice are needed to detect effects with 90% power. Thus, 4 or more
typically 6 mice were used for each experiment to detect impact with
80-90% power. All data are presented as mean + s.d. Kaplan-Meier
survival curves and statistical analysis were performed using GraphPad
Prism software. An unpaired Student’s t-test was used to compare two
groups. One-way ANOVA followed by Bonferroni correction was used
for multiple comparisons. The Pvalues for Kaplan-Meier curves were
calculated using the log-rank (Mantel-Cox) test.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data files for transcriptomic scRNA-seq analyses are available at the
Gene Expression Omnibus (GEO) under accession GSE245137. Mouse
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referenceindex provided by 10x Genomics (refdata-cellranger-mm10)
can be downloaded from https://www.10xgenomics.com/support/
software/cell-ranger-arc/downloads. All other data are available in
the main text or supplementary materials. Source data are provided
with this paper.
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Extended DataFig.1|See next page for caption.



Extended DataFig.1|Disruptingthe Skp2-p27-Cdk axis cansuppress
retinoblastomawithoutincreasing cell death, senescence, orimmune
infiltration. a) Representative Skp2 Western blot fromretinas of the indicated
genotypes (upper panel) and quantification (lower panel). b) Representative
p27 Westernblot from P8 retinas of the indicated genotypes (upper panel) and
quantification (lower panel). c) Horizontal retinal sections from P10 retinas
oftheindicated genotypes were stained for nuclei (DAPI, blue), p27 (green)
and amacrine cells (Ap2a, red). d) The percentage of p27*amacrine (Ap2a‘)
cellsfrom (c). e) Thickness of the retinas of indicated ages and genotypes.

f) Quantification of Brn3*, Pkca*, Rhodopsin (Rho)*and Cone arrestin (Arr3)*
cells per mm?of P21 retina, normalized to p107KOretinas. g) Representative
active caspase 3 Western blot from P8 retinas of theindicated genotypes

(left panel) and quantification (right panel). h) Horizontal retinal sections of the
indicated ages and genotypes were stained for SA-B-gal. White squares were
blown up to show positive SA-B-gal staining (Arrows). i) Horizontal P8 retinal
sections of theindicated genotypes were stained for nuclei (DAPI, blue) and
Galectin-3 (Gal3) to label microglia cells (green). Experiments were repeated
independently with similar results atleast three timesinc,handiforeach
animal. Dataare presented asmean +s.d.ina, b, d, e-gfromn =6 mice per
cohortasindicated by bars, and asterisks indicate a significant difference
betweenretinas of DKO and the indicated genotypes (*, p < 0.05;**; p<0.01,
one-way ANOVA, Bonferronicorrection). Scalebarinc, h,i: 50 pm. ONL: outer
nuclear layer. INL:inner nuclear layer. GCL: ganglion cell layer.
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Extended DataFig.2|Aninvivo strategy toidentify acancer cell-of-
originhallmark. The top panel summarizes the four steps. Step lintroduces
mutationsto suppress cancer (here, retinoblastoma). Step 2 assesses multiple
(here, nine) cancer hallmarks to determine whether any are always altered upon
tumor suppression; only cell cycle length (Tc) fulfilled this criterion. Step 3 asks
whether Tcisshorterinthe cancer-prone (here, amacrine cell) vs. cancer-resistant

lineages (Miiller glia, horizontal cells). Tcin cancer-prone or resistant lineages
isindicated ontheleft, and the effect of multiple tumor-suppressing mutations
onTcisshownontheright.Step 4 compares Tc of cancer-prone vs. resistant
lineages in multiple other contexts. Tc was always shortestin the cancer-
pronelineage independent of oncogeniclesion or tissue (indicated by green
check marks).
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Extended DataFig. 3| Tumor suppression without rescuing aberrant
angiogenesis and apical polarity. a) IB4 staining of P8 whole-mount retinas
ofindicated genotypes. Selected areas are blown up to show the superficial
vascular plexus (SVP) and deep vascular plexus (DVP). b) IB4 (green) and DAPI
(blue) staining of P8 retinal sections of indicated genotypes. c¢) E16 whole-
mountretina of aCre;Rb”:p1077;Z/red mouse stained for F-actin (green). Red
fluorescenceindicates Cre-activity. Arrows indicate OLM breaks in Cre* region
labelled by F-actin. d) Horizontal retinal sections from PO mice of the indicated

genotypes were stained for nuclei (DAPI, blue) and amacrine cells (Ap2a, green),
orapical polarity complex components (aPkct, red; phospho-aPkct/A: green),
oradherensjunctions (N-cadherin, green). Arrows asin (c). Dotted linesinaand
cindicate theboundary betweenno a-Cre expression (central retina) and a-Cre
expression areas (peripheral retina). Experiments were repeated independently
withsimilar results atleasttwo timesina, band d for eachanimal. Scalebars:

50 uminb, d;200 umina, c. ONL: outer nuclear layer. INL: inner nuclear layer.
GCL:ganglioncelllayer.NBL: Neuroblast layer. ON: optic nerve head.
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Dataarepresentedasmean+s.d.inaandd (n=6 mice per cohortasindicated
by bars). Asterisks: significant difference between DKO and the indicated
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Theexact p-values between amacrine precursors (Ptfla*) and mitotic neural
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Extended DataFig.7|tdTomato (tdTmt) index and proliferation (Ki67)
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cells. a) Control (CreERT2;LSL-tdTomato) and Rb/p53 DKO animals
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection 1. Labeled cells were visualized and images were captured using a Nikon Eclipse Ti or Ti2 laser scanning confocal microscope. Measurements
were performed with Nikon NIS-Elements AR 3.10 software.
2. Western blots data were collected and analyzed using ODYSSEY Infrared Imaging System (LI-COR).
3. Flow cytometry data were collected on a Gallios flow cytometer and Kaluza analysis software (Beckman Coulter).
4. Single-cell sequencing data were collected using the HiSeq3000 platform (lllumina).

Data analysis . Quantitation used Image J (Fuji, version 1.54g). Retinal blood vessels were analyzed by Angiotool (Version 0.6a).

. Kaplan—Meier survival curves and statistical analysis was performed using the GraphPad Prism software.

. Western blots data were analyzed using ODYSSEY Infrared Imaging System (LI-COR).

. Flow cytometry data were analyzed by Kaluza analysis software (Beckman Coulter).

. Single-cell sequencing data were analyzed by CellRanger pipelines (10x Genomics, V2.2.0), 10x Genomics Loupe Browser, Scanpy python
toolkit, Seurat R toolkit, biomaRt package, the python package scrublet
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For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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- Accession codes, unique identifiers, or web links for publicly available datasets
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy
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Data files for transcriptomic scRNAseq analyses are available at the Gene Expression Omnibus (GEO) under accession numbers GSE245137. Mouse reference index provided by 10x Genomics (refdata-
cellranger-mm10) can be downloaded from: https://www.10xgenomics.com/support/software/cell-ranger-arc/downloads.
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Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was determined by power analysis (Cohen’s d). Different genotypes were compared within the same litter and across four to six litters.
Data exclusions  No data were excluded. Both sex of animals were used in the study.
Replication Findings were reliably reproduced across four to six litters

Randomization  The experimental approaches did not require samples to be randomized. Samples, and the subsequent data collection and analysis, were
handled the same way in all experiments.

The investigators were not blinded to group allocation during data collection or subsequent analysis for two reasons: (1) they were performing the experiments themselves and
were aware of experimental conditions, groups and outcomes. All mice in each group were analyzed in the same way. (2) Non-blinding also facilitates veterinary and staff
monitoring tumor growth.

Blinding
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Antibodies

Antibodies used

The following antibodies were obtained from commercial sources: Active caspase 3 (Cell Signaling Technology 9661, WB: 1:200, IF:1:500),
Ap2a (Santa Cruz SC-8975, IF: 1:500), aPKC zeta (BD Transduction lab 610176, IF: 1:500), BrdU (Abcam ab1893, IF: 1:500;DSHB, G3G4,
1:1000), Brn3 (Santa Cruz SC-6062, IF: 1:500), Calretinin (Santa Cruz SC-11644, IF: 1:500), CCSP (Seven Hills Bioreagent, WRAB-3950,
1:1000), CGRP (Sigma, C8198, 1:1000), Cone arrestin (Millipore AB15282, IF: 1:500), Cyclin A2 (Abcam, Ab181591,1:500),Cyclin B1
(Cell Signaling Technology, 4138S, IF: 1:500), Galectin 3 (Santa Cruz, SC-19283,IF: 1:500), Ki67 (BD science Pharmingen 550609, IF:
1:500; Thermo Fisher Scientific, 14-5698-82,1F:1:500), MSHa (Fisher Scientific, ABS08MI, 1F:1:200), Mycn(Santa Cruz, SC-791, IF:1:500),
N-Cadherin (Santa Cruz SC7939, IF: 1:500), OC2(R&D systems, AB6294, IF: 1:500), P21 cipl (Abcam,ab188224, IF:1:500), P27 kipl (BD
Biosciences 554069, IF: 1:500, WB: 1:200), Phospho-aPKCzeta/lamda(ThermoFisher 44-968G, IF: 1:500), Phospho-histone H3 (Santa Cruz
SC-8656, IF: 1:500),Protein kinase C alpha(Sigma, P5704, IF:1:500), Rhodopsin (Santa Cruz SC-57433, IF: 1:500), Skp2 (SC-74477; Santa
Cruz, WB:1:1000), Sox9 (EMD Millipore, MAB5535, IF:1:500), SPC (Abcam, ab40879, 1:1000), beta-actin (A5441, Sigma, WB: 1:2000
).Flow cytometry used the following antibodies: anti-B220 (0.5 g, ThermoFisher Scientific Cat# 12-0452-81), anti-CD3 (0.75 g, ThermoFisher
Scientific Cat# 17-0032-80), anti-CD335/NKp46 (0.75 g, ThermoFisher Scientific Cat# 12-3351-80), anti-CD45 (0.1 g,ThermoFisher
Scientific Cat# 12-0451-82), and anti-CD11b (0.25 g, ThermoFisher Scientific Cat# 17-0112-81). F-actin was labelled by Alexa Fluor® 488
Phalloidin (ThermoFisher Scientific, A12379, IF: 1:500) or Alexa Fluor® 568 Phalloidin(ThermoFisher Scientific, A12380, IF: 1:500). Blood
vessel endothelium cells were labelled by FITC-IB4 (Sigma, L2895, 1:200). Crx antibody was from Dr. CY Gregory-Evans at Imperial
College School of Medicine. Ptfla antibody was from Dr. Pierre Cordelier,INSERM, France.

Validation The vendors validated the commercially available antibodies, Phalloidin and 1B4.
Crx antibody had been validated by Dr. CY Gregory-Evans: Bibb LC et al., Temporal and spatial expression patterns of the CRX
transcription factor and its downstream targets. Critical differences during human and mouse eye development. Human Molecular
Genetics, 2001, 10 (15): 1571-1579; in our previous studies, see Chen D, Livne-bar |, Vanderluit JL, Slack RS, Agochiya M, Bremner R.
Cell-specific effects of RB or RB/p107 loss on retinal development implicate an intrinsically death-resistant cell-of-origin in
retinoblastoma. Cancer Cell. 2004 Jun;5(6):539-51.
Ptfla antibody had been validated by Dr. Pierre Cordelier: Hanoun et al., The E3 ubiquitin ligase thyroid hormone receptor-
interacting protein 12 targets pancreas transcription factor 1a for proteasomal degradation J Biol Chem. 2014 Dec
19;289(51):35593-604.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals a-Cre mice (P. Gruss, age E14-P400), B6.129P2(Cg)-Braftm1 Mmcem/J (Jackson Laboratory, strain# 017837, Common Name: BRafCA, age P0-P42), B6.Cg-Gt
(ROSA)26Sortm14(CAG-tdTomato)Hze/J, also known as Ail4(tdTomato) (Jackson Laboratory, stock#007914, age P0-P91), B6.129-Gt (ROSA)26Sortm1(cre/ERT2)
Tyj/J (Jackson Laboratory, Stock No: 008463, age P0-P91), B6.129S4-Krastm4Tyj/J (Jackson Laboratory, Stock No: 008179, age P0-P91), Cdk1f/f (D.Santamaria
and M. Barbacid, age P0-P400), Cdk2f/f (D. Santamaria and M. Barbacid, age P0-P400) , p107-/- mice (M.Rudnicki, age E14-P400), p27Ck-/Ck- mice (A. Besson
and Roberts, age P0-P400), p27T187A (A. Besson and J. Roberts, age P0-P400), P53f/f mice (A. Berns, age E18-P56), Rbf/f mice (A.Berns, age E14-P400), Skp2-/-

mice (K. Nakayama, age P0-P400), Spc-rtTA(Whitsett, age E18-P60), TetO-Cre (Whitsett, age E18-P60) and Z/Red (Jackson Laboratory, stock#005438, age E16)
mice

Wild animals Study did not involve wild animals
Reporting on sex No studies have reported sex-dependent differences in the tumor types examined, thus sex was not assessed.

Field-collected samples  The study did not involved field samples.




Ethics oversight Mice were treated according to institutional and national guidelines approved by the Toronto Centre for Phenogenomics and
Cincinnati Children's Hospital Medical Center.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry
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Methodology

Sample preparation 1. P8 eyeballs of p107-/-, a-Cre; Rbf/f;p107-/- and a-Cre; Rbf/f;p107-/-; Skp2+/- mice were enucleated, and peripheral retinas
were dissected in fresh cold 1X HBSS.
2. Dissected peripheral retinas were transferred to 200ul of cold HBSS per retina.
3. An equivalent amount of Papain solution was added and incubated at 37°C for 10 min, and the tube inverted gently every
2 min.
4. Next, the digestion solution was discarded by pipetting without disturbing the retina.
5. Mechanical trituration of the retina was performed in 600ul of Neurobasal Media supplemented with 10% FBS by pipetting
slowly 10 to 15 times with a P1000 pipette tip.
6. Samples were then DNAse treated for 5 min at 37°C.
7. Cell suspensions were centrifuged using a swing-bucket rotor at 200xg for 5 min.
8. The supernatant was carefully aspirated off the cell pellet, and the pellet was suspended in 1-5ml Neurobasal media with
1% FBS.
9. Cellular aggregates were removed by straining cells through a 50 um cell strainer (pluriSelect).
10. Splenocytes were collected by grinding a p107-/- mouse spleen through a 40um mesh and then red blood cells (RBC)
were removed by incubating cells for 10 min in RBC lysis buffer (Sigma, Cat# 11814389001).

Instrument Gallios flow cytometer
Software Kaluza analysis software (Beckman Coulter)
Cell population abundance FACS analysis of dissociated tumor-prone DKO and tumor-resistant DKO-Skp2+/- retina revealed very low levels of B, T, or NK

cells, macrophage/microglia, or leukocytes in both genotypes

Gating strategy Cells were first gated on Forward Scatter by Side Scatter Density Plots to exclude debris. The resulting cells (~90% of total)
then underwent doublet exclusion by comparing Forward Scatter Peak Height vs. Forward Scatter Time-of-flight (or peak
width) and then again for Side Scatter Peak Height vs. Side Scatter Time-of-flight. Approximately 0.5% of the cells were
excluded as doublets at this stage. Finally, the triple-gated cells (FS x SS, 2 rounds of doublet exclusion) were analyzed using
Single Parameter Histograms to identifying cells positive for each marker. Isotype control antibodies were used to define
negative cells and splenocytes were used as a positive control to define positive cells.

K] Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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