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Abstract

SCFSkp2/Cksl ybjquitinates Thr187-phosphorylated p27 for degradation. Over-expression of Skp2
coupled with under-expression of p27 are frequent characteristics of cancer cells. When the role of
SCFSkp2/Cksl mediated p27 ubiquitination in cancer was specifically tested by p27 Thr187-to-Ala
knockin (p27T187A KI), it was found dispensable for Kras®22C induced lung tumorigenesis but
essential for Rb1 deficient pituitary tumorigenesis. Here we identify pRb and p53 doubly deficient
(DKO) prostate tumorigenesis as a context in which p27 ubiquitination by SCFSkP2/Cksl jg
required for p27 down-regulation. p27 protein accumulated in prostate when p27T187A Kl mice
underwent DKO prostate tumorigenesis. p27T187A Kl or Skp2 knockdown (KD) induced similar
degrees of p27 protein accumulation in DKO prostate cells, and Skp2 KD did not further increase
p27 protein in DKO prostate cells that contained p27T187A KI (AADKO prostate cells).
p27T187A Kl activated an E2F1-p73-apoptosis axis in DKO prostate tumorigenesis, slowed
disease progression, and significantly extended survival. Querying co-occurrence relationships
among RB1, TP53, PTEN, NKX3-1, and MYCin TCGA of prostate cancer identified co-
inactivation of RB1and 7P53as the only statistically significant co-occurrences in metastatic
castration resistant prostate cancer (nCRPC). Together, our study identifies Skp2/Cks1 pocket
inhibitors as potential therapeutics for mCRPC. Procedures for establishing mCRPC organoid
cultures from contemporary patients were recently established. An Skp2/Cks1 pocket inhibitor
preferentially collapsed DKO prostate tumor organoids over AADKO organoids, which
spontaneously disintegrated over time when DKO prostate tumor organoids grew larger, setting the
stage to translate mouse model findings to precision medicine in the clinic on the organoid
platform.
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Introduction

Results

Levels of p27, a cyclin-dependent kinase inhibitor, can be regulated by mRNA expression,
protein synthesis, and protein degradation. One down-regulation mechanism is its
ubiquitination by SCFSkP2/Cks1 ypjiquitin ligase, which prepares p27 for degradation in the
proteasomes (1). SCFSkPZ/Cksl.mediated p27 ubiquitination requires its phosphorylation on
Thr187. Replacing Thr187 with alanine (p27T187A) to render this position
unphosphorylable prevents p27 binding to and ubiquitination by SCFSkP2/Cksl (2 3) This is
because T187p and a conserved E185 together mediate p27 binding to a pocket formed
jointly by Skp2 and the accessory protein Cksl (4-6). To test the physiological significance
of this biochemical mechanism, p277167A/T187A (n27T187A KI) mice were generated (7).
p27T187A KI mice do not show p27 protein accumulation, demonstrating that p27
ubiquitination by SCFSkP2/Cksl js dispensable for p27 degradation in normal physiology.

p27 is a haplo-insufficient tumor suppressor (8), whose reduced expression is frequently
associated with aggressive cancers (9). Knockout of p27 induces spontaneous pituitary
tumorigenesis and can accelerate tumorigenesis induced by a large number of oncogenic
events in numerous tissues, suggesting that stabilizing p27 can be therapeutic for many types
of cancer. However, when p27 KO accelerated lung tumorigenesis in KrasGZ2P/* mice,
p27T187A KI did not have a protective effect (10), suggesting that p27 ubiquitination by
SCFSkp2/Cksl js dispensable for p27 degradation in lung tumorigenesis by KraséZ2P. On the
other hand, p27 KO accelerated pituitary melanotroph tumorigenesis in R67*/~ mice (11)
and p27T187A KI blocked it (12). Thus, the role of SCFSkPZ/CKsL jn mediating p27
degradation can be highly critical in promoting tumorigenesis but only in specific contexts.

Finding additional tumorigenic contexts in which SCFSkPZ/Cksl plays a critical role in
promoting tumorigenesis could be challenging, since most tissues resist tumorigenesis by
deletion of /b1 alone. It is however evident that, once the susceptible contexts are identified,
inhibition of SCFSkP2/Cksl s technically feasible (13, 14), affects a highly select sub-group
of SCFSKPZ substrates, and is forecasted by the p27T187A KI mice to be non-toxic. Here we
identify pRb and p53 doubly deficient (DKO) prostate tumorigenesis as an additional
susceptible context. We further make the case for translating mouse model findings to
clinical metastatic castration resistant prostate cancer (nCRPC) on the organoid platform.

p27T187A Kl accumulates p27 in pRb and p53 doubly deficient prostate

Based on our previous findings that Skp2 KO and p27T187A KI accumulated p27 in Rb1
KO melanotroph tumorigenesis (15) and Skp2 KO accumulated p27 in RbZand 7rp53 DKO
prostate tumorigenesis (16), we hypothesized that p27T187A Kl could also accumulate p27
in DKO prostate tumorigenesis. To test this hypothesis, we generated mice of p27*/*,
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p277'16’7/V7'187A, and PB—C/‘6'4,'R171/0X//0X,'Tl’p53/0X//0X on ,027+/+ or p27T137A/7'16’7A
background to determine p27 expression in their prostate epithelium by IHC. At 5-6 months
of age, co-deletion of RbZ and Trp53induced neoplastic lesions only in proximal prostate
acini. We show p27 staining in distal prostate acini to compare the four genotypes in normal
appearing tissues (Figure 1Aa,c,e,g). Similar p27 staining were observed in p27*/* and
p27T187A/TIS7A prostates (Figure 1Ab,d). When Rb1and 77p53were co-deleted, p27
staining reduced in p27*/* prostate (Figure 1Af), but increased in p277187A/T167A prostates
(Figure 1Ah). p27 Western blot of the prostate ventral and anterior lobes provided similar
findings (Figure 1B). This Western blot also revealed increased Skp2 protein levels in DKO
prostate in p27%/* and p277167A/T187A mice. This finding resembles similar findings in
human prostate cancer and explains in part the reduction of p27 in p27/* prostate but
increase of p27 in p27T167A/T187A prostate (please see Discussion for more details).

To learn the molecular basis for this requirement for p27 Thr187 phosphorylation, we
established early passage prostate cells from DKO prostate in p27*/* mice (called DKO
cells) and in p277167A/TI87A mice (AADKO cells). We found that Skp2 knockdown in DKO
cells increased p27 protein levels while AADKO cells intrinsically contained similarly
increased levels of p27 (Figure 1C). RT-gPCR and CHX experiments suggest that p27
accumulation in AADKO prostate cells was not due to increased expression of p27 mRNA
(Figure 1D) but was due to increased protein stability (Figure 1E). If p27T187A KI
prevented p27 ubiquitination by SCFSkP2/Cksl tg accumulate p27, knockdown of Skp2 in
p27T187A KI cells would not further increase p27, and this proved true (Figure 1C). These
genetic and molecular findings suggest that ubiquitination of p27T187p by SCFSkp2/Cksl
became rate-limiting in preventing p27 accumulation in prostate when Rb1 and 7rp53 were
co-deleted in it.

p27T187A Kl activates a p27-E2F1-p73-apoptosis axis in DKO prostate tumorigenesis

Skp2 KO or p27T187A Kl inhibited pRb deficient pituitary melanotroph tumorigenesis by
E2F1 induced apoptosis (Figure S1A) (15, 17). To determine whether this E2F1 induced
apoptosis could remain effective when 7rp53is additionally deleted, we determined the
contribution of p73, an E2F1 target gene and a p53 family member, to this apoptosis. As
shown in Figure S1B. Rb1 deletion did not increase apoptosis, measured as sub-G1 cells, in
Skp2 WT MEFs, but increased them to 19% of the population in Skp2 KO MEFs.
Combining knockdown of p73 reduced sub-G1 cells to 7-8% of the population (Figure
S1C), demonstrating that p73 contributed about half of the E2F1 induced apoptosis in this
context.

We next investigated whether p27T187A Kl activated this p27-E2F1-p73 axis in AADKO
prostate tumor cells. We found that Skp2 knockdown in DKO cells increased p73 protein.
AADKO cells intrinsically contained a similarly increased level of p73 protein, which Skp2
knockdown did not further increase (Figure 2A). Thus, effects of Skp2 knockdown and
p27T187A Kl on p73 protein mirrored those on p27 protein. At mMRNA levels however,
p27T187A KI significantly increased expression of p73 mRNA in AADKO cells compared
to DKO cells (Figure 2B), different from p27 (Figure 1D). The increased p73 mRNA
expression was accompanied by significantly increased occupancy of E2F1 and p73
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promoters (both are typical E2F target genes) but not GAPDH promoter (a housekeeping
gene) by E2F1 in AADKO cells compared to DKO cells (Figure 2C, left). E2F4 occupancy
on E2F1 and p73 promoters did not increase in AADKO cells (Figure 2C, middle), which is
consistent with the fact that E2F4 does not bind cyclin A. ChIP with normal 1gG did not
enrich E2F1 or p73 promoter sequences in AADKO cells (Figure 2C, right).

We next determined p73 protein expression in prostate tissues. Of the four genotypes
examined, we found robust anti-p73 staining only in p277187A/T187A pB.
Cred;Rb1/0X1ox - Trp53/0x/IoX prostate (Figure 2D). Western blot of prostate tissues confirmed
the staining findings (Figure 2E). p73 protein similarly increased in Skp2™~,PB-
Cred;Rb1/0X10X - Trp53/0X/10X prostate (Figure S2).

The Western blot also revealed accumulation of cleaved caspase 3 in p277187A/T187A pB.
Cred;Rb1/0X1oX - Trp53/0x/10X prostate tissues (Figure 2E), suggesting that the increased p73 in
this genotype induced apoptosis in the absence of p53. We next used TUNEL staining to
demonstrate that DKO neoplastic lesions contained more apoptosis in p277287A/T167A mice
than in p27** mice (Figure 3A,B,C). p73 can induce apoptosis independent of p53 likely
because the TAp73 isoform activates similar target genes for cell cycle arrest (p21) or
apoptosis (PUMA, BAX) as p53 (see (18) for a recent review). To determine whether p73
contributed to this apoptosis, we determined the effects of p73 knockdown (Figure 3D) in
AADKO prostate tumor cells. In untreated AADKO cell culture, 8.8% of the population
showed sub-G1 DNA content. Knockdown of p73 reduced the sub-G1 population to 1.4%,
which was confirmed by a 2" shp73 (Figure 3E). We further show that DKO prostate tumor
cells contained little sub-G1 cells (0.6%), which was increased to 17% by Skp2 knockdown,
additional knockdown of p73 reduced it to background levels (Figure 3F). These findings
delineate a p27-E2F1-p73-apoptosis pathway activated by p27T187A KI in DKO prostate
tumorigenesis (Figure S3).

p27T187A Kl significantly delays progression of DKO prostate tumorigenesis to lethality

DKO prostate tumorigenesis is invasive, metastatic, castration resistant, and becomes lethal
within 7-10 months (19), but cannot progress beyond PIN stages in Skp2 KO mice (16).
Skp2 KO mice are significantly smaller and less fertile (20), which are not seen in
p27T187A Kl mice (7). We next determined how DKO prostate tumorigenesis progressed in
p27T187A KI mice.

In addition to inducing p53-independent apoptosis via a p27-E2F1-p73 axis, p27T187A Kl
inhibited cell proliferation in DKO prostate tumorigenesis, as measured by Ki67 (Figure
S4A,C) and pHH3 (Figure S4B,D) staining. At 5-7 months of age, 50% of PB-
Cre4;Rb1/0X/10X - Trp53/0x/10X miice contained gross prostate tumors but none of the
p27TI67TA/TISTA pB. Cred; Rb1/0X10X - Trp53/0X/10X mice did so; by 8-9 months, 80% of PB-
Cred4;Rb1/0X/10X - Trp53/0X/10X mice contained gross prostate tumors compared to 50% of
p27T187A/TISTA pB._ Cred; Rb1/0X10X - Trp53/0X/10X mice (Figure 4A,B). When characterized by
survival, 2 of 30 PB-Cre4;Rb1/0X1oX - Trp53/0X/Iox mice were alive pass 9 months, while 13 of
38 p27T187A/TISTA pB- Cred; Rb1/0X/10X - Trn53/0X/Iox mice survived pass 10 months (Figure
4C). Thus, remarkably, the innocuous p27T187A mutation can delay progression of the
aggressive DKO prostate tumorigenesis to significantly extend survival.
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Co-occurrences of RB1 and TP53 inactivation is statistically significant in mCRPC

To determine how often both #BZand 7P53are genetically inactivated in human prostate
cancer, we queried the genetic status of RB1, TP53, PTEN, NKX3-1, and MY C (five known
prostate cancer drivers) in TCGA of prostate cancer on cBioPortal (21) (Table 1).
Inactivation of B and 7P53did not co-occur in three cohorts of primary prostate cancer
but co-occurred with statistical significance in two of the three metastatic castration resistant
prostate cancer (NCRPC) cohorts. Many of the co-occurred inactivation are likely biallelic
since they were detected together with shallow deletions of #BZ and 7P53 (Figure S5).
None of the other possible pairs among these five genes showed statistically significant co-
occurrences for their alterations. Inactivation of 7P53and activation of MYC co-occurred
with statistical significance in one primary prostate cancer cohorts but the co-occurrences
lost statistical significance with disease progression to mCRPC.

About one quarter of the patients develop metastatic prostate cancer after prostatectomy or
at presentation. These cases are treated with androgen deprivation therapies, but invariably
the cancer would relapse in the form of mMCRPC. Inhibitors of residual androgen synthesis,
such as abiraterone acetate, 2nd generation AR antagonist, such as enzalutamide, and
chemotherapies with taxane can be effective but the efficacies are not durable. Currently,
MCRPCs kill 27,000 men annually in US alone. Our TCGA analyses suggest that DKO
prostate tumorigenesis could serve as a mouse model for mCRPC to identify pressingly
needed new therapy strategies.

A small molecule Skp2/Cks1 pocket inhibitor inhibits DKO and DU 145 cells

Using a structure-based in silico screen, small molecules that occupy Skp2/Cks1 pocket to
inhibit its interaction with p27T187p were identified (13) (Figure 5A). We employed one of
such inhibitors, Compound 1 (C1), to determine the pharmacologic effects of inhibiting the
Skp2/Cks1-p27T187p interaction in DKO prostate tumor cells. We also tested C1 on
AADKO prostate tumor cells, in which the Skp2/Cks1-p27T187p interaction is not present,
to genetically interrogate its mechanism of action. There are six human metastatic prostate
cancer cell lines in CCLE (Cancer Cell Line Encyclopedia (22)); one of them, DU145, is
hormone-insensitive and contains truncating mutation K715* in RB1 and inactivating
mutation VV274F in 7P53. We included DU145 as a model for human mCRPC to test the
effects of C1 (Figure 5B). At 1.25 uM, C1 reduced DKO cell proliferation by 80% relative
to DMSO vehicle control but reduced AADKO cell proliferation by only 20%. This
selectivity for DKO cells continued when C1 concentration was increased to 2.5 pM.
AADKO cells proliferated significantly more slowly than DKO cells in the absence of C1
(Figure 5C), but C1 at 5.0 uM still reduced AADKO proliferation by 75% relative to DMSO
control (Figure 5B). We found that C1 treatment increased p27 only in DKO cells but
increased p21 in both DKO and AADKO cells (Figure 5D). These findings support the
designed mechanism of action of C1 and reveal a therapeutic advantage in pharmacological
targeting of the Skp2/Cks1 pocket over p27T187A Kl (Figure 5A). In DU145 cells, C1
inhibited proliferation and increased p27 and p21 to a degree comparable to DKO prostate
tumor cells (Fig. 5B,C,D), suggesting that inhibition of the Skp2/Cks1 pocket is a potential
therapeutic strategy for mCRPC (also see Discussion).
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Skp2/Cks1 pocket inhibitor inhibits DKO prostate tumor organoids

Recently, six organoid lines from mCRPC biopsies from contemporary patients were
reported, 5 of them contain mutations and/or gene deletions in both #BZand 7P53 (23).
Unlike monolayer cultures, organoids respond to therapeutics in acini-like structures. To
translate mouse model findings to clinical MCRPC on the same organoid platform, we next
generated DKO and AADKO prostate tumor organoids (Figure 6A,B). At day 15 after
plating, DKO and AADKO cells generated organoids with similar efficiencies and size
ranges (Figure 6E,G,H). Longitudinal monitoring revealed most DKO organoids grew larger
while most AADKO organoids spontaneously disintegrated into debris piles over a six-day
period (Figure 6C). As such, a prominent difference between DKO and AADKO organoid
cultures is the 1.9 fold increase in debris piles in the latter in untreated cultures (Figure
6F,H). These characteristics differed from monolayer cultures, where AADKO cells
proliferated much more slowly than DKO cells (Figure 5C), and demonstrate the ability of
DKO and AADKO organoid cultures to more closely model autochthonous DKO and
AADKO prostate tumors.

We then tested the effects of C1 on DKO and AADKO prostate tumor organoids. At 1.25
UM, C1 reduced organoid forming efficiency by 1.7 fold for DKO organoids compared to
1.1 fold for AADKO organoids (Figure 6G); and increased debris piles 2.9 fold for DKO
organoids compared to 1.1 fold for AADKO organoids (Figure 6H). This selectivity for
DKO organoids largely disappeared when C1 concentrations were increased to 5.0 pM,
although about 20% of small AADKO organoids remained in AADKO culture. These
organoid findings provide further genetic and functional validation for the therapeutic
potential of Skp2/Cks1 pocket inhibitors for pRb and p53 deficient prostate cancer.

Discussion

Prostate cancer is one of the major cancer types that showed Skp2 overexpression coupled
with p27 under-expression. A tissue microarray study of 4 normal prostate samples, 74 high
grade prostatic intraepithelial neoplasm (HGPIN), and 622 primary prostate cancer
specimens (24) documented significant Skp2 overexpression in HGPIN over normal tissue,
in primary prostate cancer over HGPIN, and Skp2 overexpression significantly correlated
with p27 under-expression (Table S1).

pRb inhibits Skp2 binding to p27 (25), represses Skp2 mRNA expression via E2F (26, 27),
and promotes Skp2 protein degradation via APC/CCdh1 (28). Pten also inhibits Skp2
expression but the mechanisms are not known. Pten overexpression in human glioblastoma
cells decreased Skp2 expression while Pten KO MEFs show increased Skp2 expression (29).
To determine whether these findings could explain Skp2 overexpression in primary prostate
cancer, we queried RB1, TP53, PTEN. and Skp2 in a cohort of 333 primary prostate cancer
specimens in cBioPortal (Table S2). Inactivation of 7P53or PTENtend to co-occur with
activation of Skp2, but neither reached statistical significance. Inactivation of /81 does not
co-occur with Skp2 activation, likely because RB1 is inactivated in only 0.9% of the samples
in this cohort,. When we made the same queries to a cohort of 150 mCRPC specimens, in
which inactivation of B and activation of Skp2 both become more frequent, they co-
occurred with statistical significance. These TCGA findings provide one explanation for
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overexpression of Skp2 in prostate cancer and might explain the inhibition of RbZ and 7rp53
DKO prostate tumorigenesis or inhibition of Pfen KO prostate tumorigenesis by Skp2 KO
(16, 30). Skp2 has a growing list of substrates in addition to p27; p27T187A KI can test the
contribution of lacking p27 ubiquitination by SCFSKP2/CKsl tg the effects of Skp2 KO. In
Rb1 deficient pituitary tumorigenesis, p27T187A KI largely phenocopied Skp2 KO to block
this tumorigenesis (12, 15). On the other hand, p27T187A K did not inhibit KrasG12P/*
induced lung tumorigenesis. In this study, we determined the effects of p27T187A Kl on
DKO prostate tumorigenesis, which represents a more challenging tumorigenic context,
since co-deletion of RbZand 7rp53wound disable most of the antitumor mechanisms in the
cells.

Co-deletion of Rb1 and Trp53 confers dependency on SCFSKP2/Cksl tg prevent p27 protein
accumulation in prostate

p27 can be ubiquitinated by several ubiquitin ligases, including SCFSkP2/CKs1 pjrh2 (31),
KPC1 (32), Cul4 (33), and WWP1 (34). Combined activities of these ligases, rather than any
single ligase, likely determine the stability of p27 protein. pRb inhibits Skp2 via at least
three mechanisms (described in the previous section); pRb loss may thereby greatly enhance
Skp2 activity, leading to greatly enhanced p27 ubiquitination by SCFSkP2/Cksl jn pp1
deficient pituitary melanotroph tumorigenesis. In this context, p27 protein degradation
became dependent on Thr187 phosphorylation; p27T187A KI therefore can inhibit 261
deficient pituitary tumorigenesis (12, 15).

In another context, DNA damage-activated p53 stimulates expression of Pirh2 and KPC1 as
typical p53 target genes to degrade p27 in mouse embryonic fibroblasts (16). Deletion of
Trp53in prostate however did not induce p27 protein accumulation (our unpublished
results), likely because p53 is not activated in prostate development and small reductions in
Pirh2 and KPC1 can be compensated by other p27 ubiquitin ligases. Co-deletion of 77053
and Rb1 reduced p27 protein (Fig. 1Ae,f), likely because the other p27 ubiquitin ligases now
included increased (Fig. 1B) and activated Skp2 due to pRb loss. In this context of increased
and activated Skp2 and reduced Pirh2 and KPC1, p27T187A Kl accumulated p27 protein
(Figure 1A and B). Our unpublished results further show that deletion of /2621 in Skp2 KO or
p27T187A KI prostate also did not accumulate p27, likely because p53 is activated by Rb2
deletion to stimulate expression of Pirh2 and KPC1. These findings, together with the results
from cultured DKO and AADKO prostate cells (Figure 1C to E) provide the first combined
genetic and biochemical evidence for the relevance of SCFSkPZ/Cksl_mediated p27
ubiquitination in preventing p27 accumulation in vivo (please also see Introduction).

p27T187A Kl identifies substrate-specific inhibitors of protein degradation for mCRPC

With FDA approval for the use of a proteasome inhibitor, bortezomib, to treat multiple
myeloma, targeting ubiquitin-mediated protein degradation has become a validated cancer
therapy strategy (35, 36). The current challenge is to add specificity to this strategy, since
unspecific inhibition of protein degradation generates serious side-effects, which could
explain at least in part the negative outcome of a phase Il trial of bortezomib for castration
resistant metastatic prostate cancer (37). In the ubiquitination mediated protein degradation
hierarchy, inhibitors of the Skp2/Cks1 pocket are perhaps the most substrate selective,
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affecting only p27 and p21 (and possibly p57 by sequence prediction). Our findings that
p27T187A significantly inhibited progression of DKO prostate tumorigenesis to extend
survival provide a basis for identifying prostate cancer patients for treatment with such
inhibitors. Indeed, in the above mentioned phase Il trial of bortezomib, one of 24 evaluable
patients with castration resistant metastatic prostate cancer achieved the primary end point
(defined as no increase in PSA from baseline and no radiographic progression at 12 weeks)
(37). It is regretful that the genetic status of #BZ and 7P53in this patient’s prostate cancer
was not determined and documented in the pre-TCGA era. It is highly likely that many
MCRPC patients could be indicated for therapy with Skp2/Cks1 pocket inhibitors since RB1
and 7P53inactivation co-occurred statistically significantly in mCRPC based on the most
recently available TCGA of primary prostate cancer and mCRPC (Table 1).

Our findings with p27T187A Kl also provided genetic support for the mechanisms of action
of the currently available inhibitor compound 1 (C1), since it inhibited DKO prostate tumor
cells far more effectively than AADKO prostate tumor cells (in which the interaction
between Skp2/Cks1 pocket and p27 is already prevented) and, furthermore, demonstrated
the superiority of such inhibitors over p27T187A KI, since C1 at higher concentration can
still inhibit AADKO prostate tumor cells. Since higher concentrations of C1 induced similar
p21 accumulation in DKO and AADKO cells, C1 may increase p27 and p21, likely p57 and
other yet to be identified substrates of the Skp2/Cks1 pocket to exert stronger inhibition of
the Skp2/Cks1 pocket than p27T187A KI. However, it is important to note that regulation of
p21 and p27 protein degradation are by different as well as shared mechanisms. While
SCFSkp2/Cksl can promote degradation of p27 and p21, p21 degradation is also promoted by
MDM2/MDMX (38), APC/CCdc20 (39), CRL4CU2 (40), and CRL2LRRY (41), which are not
known to promote p27 degradation. Furthermore, although the comparison between DKO
and AADKO prostate tumor cells support the designed action mechanism of C1, the
likelihood of its having other substrates, off-target effects, or both, still exists. This is
especially true in human prostate cancer cell lines, such as DU145, which likely contain far
more genetic and epigenetic alterations and overall far more heterogeneous than targeted
mouse prostate cancer cells, such as DKO and AADKO cells.

Inhibition of DKO prostate tumorigenesis by p27T187A Kl is notably weaker than that by
Skp2 KO, the latter blocked DKO prostate tumorigenesis inside the PIN stage (16). It is
therefore of great interest to test inhibitors that target Skp2 as a whole, such as the more
recently reported inhibitor Compound 25, which blocks Skp2-Skp1l interaction in the
SCFSkP2 Jigase (42). The broadening of substrate spectrum would however likely result in
undesirable side effects. In this respect, Skp2 KO mice are significantly smaller and less
fertile while p27T187A KI mice are virtually normal.

Translating mouse model findings to clinical precision medicine on organoid platform

DU145 cell line was established about 40 years ago (43), and is the only prostate cancer cell
line containing inactivating mutations in B and 7P53. Extended monolayer culture of
established cancer cell lines can encourage secondary genomic alterations that are not
present in the original cancer specimens (44, 45), and monolayer culture bears no
resemblance to the prostate when testing therapeutic effects of potential therapeutics.
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Organoid cultures are emerging as an alternative since cancer cell organoids demonstrate
stable genomic landscapes faithful to the original cancer specimens, and respond to
therapeutics in acinus-like structures (46, 47). Prostate cancer organoid cultures can be
generated from mouse models (48, 49), and we have now established organoid cultures from
DKO and AADKO prostate tumor models. We provide evidence that the proliferation and
survival characteristics of DKO and AADKO organoids more closely resemble those in
DKO and AADKO autochthonous prostate tumors than DKO and AADKO monolayer cells.
While monolayer AADKO cells simply proliferated much more slowly than DKO
monolayer cells, their respective organoids formed with similar efficiency. The difference is
in the expansion of the organoids: when DKO organoids were growing larger, AADKO
organoids spontaneously disintegrated into debris piles. In this scenario, the inhibitor C1
collapsed DKO organoids into debris piles, mimicking AADKO organoids.

Six recently established mCRPC organoid lines from contemporary patients contained
frequent inactivation of RBZand 7P53while maintaining stable genomic landscapes faithful
to the biopsy specimens that they were derived from (23). Based on this success, more
mCRPC organoid lines from contemporary patients are being generated potentially reaching
the scale of a biobank, as recently reported for colorectal cancer (47). Testing potential
therapeutics on prostate cancer organoids established from mouse prostate cancer models
and human clinical cancer specimens side-by-side could increase the predictive value of the
observed effects in selecting candidates for further development and in guiding clinical trial
designs.

Materials and Methods

Mice

PB-Cre4 mice (50), Rb1/010X mice (51), Trp53/9X/10X mice (52), and p277167A/T187A mjce
(7) were described previously. All male mice used for experiments are on FVB, C57BL6J,
and 129Sv hybrid background. Animals were allocated to experimental groups based on
their genotypes and ages. Investigators were not blinded to the genotypes and ages. We did
not estimate sample sizes before the experiments. All samples were included in analysis
when control samples validated the experiments. Sample sizes were chosen when we
obtained a p value, which was based on at least three biological replicates. Mice were
maintained under pathogen-free conditions in the Albert Einstein College of Medicine
animal facility. Mouse experiments protocols were reviewed and approved by Einstein
Animal Care and Use Committee, conforming to accepted standards of humane animal care.

IHC, IF, TUNEL Assay and microscopy

Tissue sections and staining have been described previously (16). Briefly, paraffin embedded
prostate tissues were sectioned at 5 um thickness. Slides were deparaffinized, hydrated, and
incubated in a steamer for 20 minutes in sodium citrate buffer (\Mector Labs, H3301) for
antigen retrieval. Sections were first treated with 3% H,0O5 to quench endogenous
peroxidase, washed several times, blocked with 10% normal goat serum, and then incubated
in primary antibodies at 4°C overnight. For immunohistochemistry (IHC) and
immunofluorescence (IF) staining, antibodies included: phospho-histone H3 (Cell Signaling
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Technology, #9701), Ki67 (Vector Labs, SP6), rabbit anti-p27 (Abcam, ab92741) and p73
(Abcam, ab40658). TUNEL staining was performed with an Apoptosis Detection Kit
(Millipore, S7100). IHC staining was counterstained with Harris Hematoxylin (Poly
Scientific R&D Corp, S212), and IF staining were counterstained with DAPI (Sigma-
Aldrich, D-9564). Images were visualized with a Nikon Eclipse Ti-U microscope and
captured with Olympus DP71 camera and DP Controller software (3.2.1.276), and saved
with DP manager software (3.1.1.208). The images were further processed by Adobe
Photoshop. For staining quantification, pictures ere taken under 400x magnificence, about
300-400 cells were counted in each image and 3 images from each mouse were counted.
The data were presented as means of 3 mice.

Early Passage Prostate Cancer Cell Cultures, DU145 Cell Line, Cell Proliferation
Measurement, Organoid Cultures, and Treatments

Primary prostate tumor cells were prepared from 0.3 cm x 0.3 cm tumor tissues, which were
minced and dissociated in collagenase A in DMEM for 2 hours at 37°C. Primary prostate
tumor cells were cultured in DMEM containing 10% FBS and their genotypes were
confirmed by PCR genotyping of Rb1, Trp53, p27, and PB-Cre4. DU145 cell line was
obtained from ATCC and we did not perform STR profiling on this line. DU145 was
cultured in DMEM containing 10% FBS. Measurement of cell proliferation was performed
as previously described (16).

Prostate tumor cell organoid cultures were generated based on published protocols (48, 49).
Quantification in Figure 5 was based on photographs of ten 10x lens fields, each field
yielding 3-5 photographs focusing on consecutive planes inside Matrigel layers. Two
duplicate wells were counted in this manner.

Knockdown of Skp2 or p73 was by lenti-shRNA vectors obtained from the Einstein ShRNA
core facility (shSkp2: 5"-GCAAGACTTCTGAACTGCTAT-3"; shp73 (12753): 5'-
GCGCCTGTCATCCCTTCCAAT-3" and shp73 (12757): 5’-
CAGCCTTTGGTTGACTCCTAT-3"); controlled by scrambled shRNA (shScrmbl).
Generation of lentiviral stocks and transduction of cells were as described (53). Successful
lentiviral transduction was ensured by puromycin (#BP2956-100, Fisher Scientific)
resistance, followed by mRNA (RT-qPCR) and protein (Western blots) measurements.

Compound 1 (C1, which inhibits interaction between Skp2/Cks1 and p27T187p (13)) was
purchased from Xcess Biosciences Inc. (#432001-69-9). Prostate cancer cells were plated
overnight and then treated with C1 for 2 days at the indicated concentrations.

Western Blot, CHX, RT-qPCR, ChIP Assays

Western blot, CHX, RT-gPCR, ChIP experiments were described previously (16, 17).
Antibodies for Western blots are Skp2 (Santa Cruz Biotechnology, H435), p21 (Santa Cruz
Biotechnology, SC-397), p27 (BD Bioscience, #610242), p73 (Abcam, ab40658), activated
Caspase 3 (Cell Signaling Technology, #9661), and a-tubulin (Sigma-Aldrich, T6074). RT-
gPCR primers for p27 are sense: 5'-GCGGTGCCTTTAATTGGGTCT and antisense: 5'-
GGCTTCTTGGGCGTCTGC T; p73 sense: 5'-AACGCCGAGCATCAATCC) and
antisense: 5-AGCCCAGACTCTGAGCACTT; GAPDH sense (5'-
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GGTTGTCTCCTGCGACTTCA and antisense 5'-GGTGGTCCAGGGTTTCTTAC. ChIP
antibodies are E2F1 (Santa Cruz Biotechnology, SC-193X), E2F4 (Santa Cruz
Biotechnology, SC-866X), IgG (Santa Cruz Biotechnology, SC-2027). ChIP primer
sequences are: E2F1: sense 5-CTTTGGAGGTGAGCCTGAAGAG-3’, antisense 5'-
GGGTCTGGCGAAGCGAACA-3’; p73: sense 5'-TGAGAGTGCGGTTCTATTGGC-3’,
antisense 5'-GCCCTGAACATCTGCGTCTC-3"; GAPDH: sense 5’-
GAGTTCTGGGAGTCTCGTGG-3, antisense 5'-CTCTTCGGGTGGTGGTTCA-3".

Flow Cytometry Analysis for sub-G1 Cell Populations

Cells were plated for 16 hours. Cells were washed with PBS, trypsinized with 0.25%
trypsin-EDTA at 37°C for 3-5 minutes, and resuspended with 0.5 ml PBS. Then cells were
fixed with ice-cold 80% EtOH at 4°C overnight. The fixed cells were spun down and
resuspended in 0.5 ml 0.25 mg/ml RNAse A and 30 ug/ml propidium iodide in PBS. Cells
were filtered using 40 um cell strainer before DNA content analysis using DXP10 Calibur at
Einstein FACS core facility. Data were analyzed using Flowjo software.

Statistical Analyses

In Kaplan-Meier survival analysis, p value, hazard ratio and 95% confidence interval of
hazard ratio were analyzed by log-rank test (GraphPad Prism 6 Software). p values for
differences in Ki67, phospho-histone H3, and TUNEL positive cells, cell proliferation, RT-
gPCR, and ChIP between indicated samples were analyzed by Student’s #test. All statistical
analyses are two-sided. p<0.05 is considered as statistically significant. We have not
determined whether test data conform to normal distribution and we did not determine
variance for any group of data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. p27T187'°‘/-'-187A mice accumulated p27 protein in DKO prostate
(A) Representative (from ten mice of each genotype) H&E and p27 IHC staining of

consecutive prostate sections of the four genotypes as marked. (B) Protein levels were
determined by Western blot of prostate ventral and anterior lobes of the indicated genotypes.
AJA is abbreviated from T187A/T187A. (C) DKO and AADKO prostate cells were
transduced with lentiviruses expressing the indicated ShRNA (Scrmbl, scrambled
sequences). Following antibiotic selection, the transduced cells were subject to Western blot
for the indicated proteins. The same cells were subject to RT-qPCR to determine levels of
p27 mRNA relative to GAPDH mRNA (D) and CHX chase to determine p27 protein
stability compared to a-tubulin (E). Error bars indicate s.e.m. of the means of three samples.
pvalue is by two-sided #test.
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Figure 2. p27T187A KI activated an E2F1-p73 axis
(A) DKO and AADKO prostate cells treated with the indicated shRNA (as in Figure 1C)

were subject to Western blot. (B) The same cells were used for RT-gPCR to determine levels
of p73 mRNA relative to GAPDH mRNA. (C) ChIP assay using antibody for E2F1 (left),
E2F4 (middle), or normal 1gG as control, to determine recruitment of E2F1 and E2F4 onto
E2F1, p73, and GAPDH promoters in DKO and AADKO prostate cells. Error bars indicate
s.e.m. of the means of three samples. p values are by two-sided ftest. ns, not significant (p >
0.05). (D) Representative (of three, see also Figure S2) p73 IHC staining of prostate sections
of the four genotypes as indicated. (E) Protein levels were determined by Western blot with
prostate ventral and anterior lobes of the indicated genotypes.
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Figure 3. p27T187A KI increased apoptosisin DKO prostate tumorigenesis and p73 played a
major rolein the apoptosis

(A and B) Consecutive prostate sections of four genotypes, as indicated, stained with H&E
or TUNEL. (C) Quantification of apoptosis. Arrows in the photograph demonstrate how
total apoptosis was quantified. About 200 cells on each section/mouse were counted. The
bar graph was based on the average of quantifications from three mice. p value is by two-
sided ttest comparing the combined apoptosis in p27+/+ and p27T187A/T187A mice. (D)
RT-gPCR to determine knockdown efficiencies by two shp73 constructs. Error bars are
s.e.m. (E and F) Propidium iodide based DNA content FACS (representative of two
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experiments) to detect and quantify apoptosis as sub-G1 cell% in the population, as marked
above the brackets.
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Figure 4. Progression of DKO prostate tumorigenesiswasinhibited in p27T187A/T187A mice
(A) Representative H&E stained prostate sections of the indicated genotypes at the indicated

ages. (B) Pathological diagnoses of prostate lesions as PIN of four stages, invasive
carcinomas, and gross tumors. Numbers of mice examined in each age group are indicated
below the chart. (C) Kaplan-Meier survival analysis comparing the p27*/* and
p27TI87A/TIS7A cohorts of mice undergoing DKO prostate tumorigenesis. Hazard ratio =
2.514, 95% confidence interval = 2.077 to 6.222, p is by log-rank test.
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Figure5. A specific inhibitor of SCFSkp2/Cksl selectively inhibited DK O prostate tumor cells and
DU145 cellsin monolayer cultures

(A) The designed inhibition mechanism for SCFSkPZ/Cksl jnhibitor Compound 1 (C1)
compared to p27T187A KI (p57 is a predicted substrate). (B) Proliferation chart showing
cell numbers relative to the vehicle (DMSO) following treatment with Skp2/Cks1 pocket
inhibitor Compound 1 (C1) at three concentrations after 2 days in monolayer cultures of the
indicated cells. (C) p27T187A Kl inhibited proliferation of DKO prostate tumor cells in
monolayer culture (representative of three independent experiments). Error bars are s.e.m. of
the means of triplet plates. pvalue is by two-sided #test. Cell numbers were counted in
triplicate plates every two days for six days. (D) Western blot following treatment with C1 (5

uM) for 2 days.
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Figure6.
A specific inhibitor of SCFSkP2/Cksl se|ectively inhibited DKO prostate tumor cell in

organoid cultures. (A and B) Organoid cultures of DKO and AADKO prostate tumor cells
after 15 days in culture. (C and D) The same areas of the organoid cultures were
photographed on day 15 and day 21. Solid red arrows point to some examples of organoids
growing larger, dashed red arrows point to some examples of organoids disintegrated into
debris piles. (E) Organoids of various sizes in (A, a, b, and ¢ in red) were cropped out and
shown at the original photograph size. (F) Debris piles in (B, a and b in blue) were cropped
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out and shown. (G) Counting of organoids and debris piles of various sizes following
treatment with C1 at various concentrations for 15 days with vehicle (DMSO) control. (H)
Fractions of organoids of the indicated sizes and debris piles.
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