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The cyclin-dependent kinase 5 (CDKS5), originally described as a
neuronal-specific kinase, is also frequently activated in human can-
cers. Using conditional CDK5 knockout mice and a mouse model of
highly metastatic melanoma, we found that CDKS5 is dispensable
for the growth of primary tumors. However, we observed that
ablation of CDK5 completely abrogated the metastasis, revealing
that CDKS5 is essential for the metastatic spread. In mouse and
human melanoma cells CDK5 promotes cell invasiveness by di-
rectly phosphorylating an intermediate filament protein, vimentin,
thereby inhibiting assembly of vimentin filaments. Chemical inhibi-
tion of CDK5 blocks the metastatic spread of patient-derived mela-
nomas in patient-derived xenograft (PDX) mouse models. Hence,
inhibition of CDK5 might represent a very potent therapeutic strat-
egy to impede the metastatic dissemination of malignant cells.

cyclin-dependent kinases | CDK5 | metastasis | mouse cancer models

Cyclin-dependent kinases (CDKs) represent a family of proline-
directed serine/threonine kinases that are activated by the
interaction with different cyclin proteins. Individual cyclin-CDK
complexes become activated at specific points of cell cycle pro-
gression and phosphorylate several cellular proteins, thereby
driving cell division (1, 2). Abnormally elevated activity of cyclin-
CDK complexes, especially cyclin D-CDK4, D-CDK6, and
E-CDK2, represents the driving force of unconstrained cell
proliferation in a large fraction of human tumors (3). Inhibitors
of cyclin-dependent kinases, in particular compounds that target
CDK4 and CDK®6, have been recently approved for treatment of
breast cancers and are in clinical trials for several other cancer
types (4). Consistent with the growth-promoting function of
these cell cycle CDKs, their inhibition results in growth arrest of
cancer cells (4, 5). Unfortunately, targeting cell cycle CDKs has
not been shown to impede other aspects of tumorigenesis, such
as the ability of cancer cells to form lethal metastases.

Cyclin dependent kinase 5 (CDKS5) represents an unusual
CDK. Unlike other CDKs, this kinase is not activated by inter-
action with cyclin proteins. Instead, CDKS5 becomes active upon
binding to noncyclin p35 and p39 proteins (6). Moreover, in
contrast to other CDKs which require an activating phosphory-
lation on Thr-160 (carried out by the CDK-activating kinase
[CAK]), physical interaction with p35/p39 proteins is sufficient to
fully activate CDKS (6).

CDKS is ubiquitously expressed; however, its activators p35
and p39 are mainly expressed in the nervous system, resulting in
neuronal-specific activation of CDKS5 (6). During development
of the nervous system, CDKS5 becomes active once the neuronal
progenitors have exited the cell cycle, and it is maintained in the
postmitotic neurons (7). CDK5-p35/p39 kinases were shown to
regulate a wide range of neuronal functions, including synapse
formation and plasticity, axon guidance, neurite outgrowth, membrane
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transport, and neuronal migration, through phosphorylation of
various neuronal substrates (6, 8).

Growing evidence indicates that CDKS is also active in human
cancer cells. Several studies documented that human cancers
express CDKS and p35 and contain catalytically active CDKS5-
p35 complexes. Moreover, high expression of CDKS5 and p35 in
tumor cells confers overall poor prognosis (9-13).

The function of CDKS in cancer cells remains unclear. Since
no CDKS5-specific inhibitors are available, most studies employed
pan-CDK inhibitors, or dominant-negative CDKS constructs, or
anti-CDKS5 shRNAs. These studies led to some conflicting results
which implicated CDKS in promoting or inhibiting tumor cell
proliferation, stimulating or impeding cell motility, or survival, or
angiogenesis (14) (see Discussion).

In the current study, we decided to dissect the function of
CDKS in tumorigenesis using genetic means, namely conditional
CDKS5 knockout (KO) mice and a mouse model of melanoma.
Moreover, to selectively inhibit CDKS in tumor cells, we engineered
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mouse and human melanoma cells to express analog-sensitive
CDKS. We report that CDKS kinase is dispensable for mela-
noma cell proliferation, but it is essential for the metastatic
spread. We observed that ablation of CDKS abrogated forma-
tion of metastases in a highly metastatic mouse melanoma
model. We also found that inhibition of CDKS5 kinase blocked the
metastatic spread of patient-derived melanomas in patient-derived
xenograft (PDX) mouse models. We propose that inhibition of
CDKS might represent a very potent therapeutic strategy to impede
the metastatic dissemination of malignant cells.

Results

Human Melanomas Express High Levels of CDK5. We began our
analyses by comparing the expression levels of CDKS transcripts
across over 1,000 human cancer cell lines annotated in the
Cancer Cell Line Encyclopedia. We observed that among cell
lines representing different human tumor types, melanoma cell
lines express the highest levels of CDKS (SI Appendix, Fig. S1 A
and B). A substantial proportion (over 50%) of melanoma cell
lines displayed amplification of the CDK5 locus (SI Appendix,
Fig. S1C); we observed a correlation between the CDKS gene
copy number and the levels of CDKS transcripts (SI Appendix,
Fig. S1D). Using Western blotting, we confirmed high levels of
CDKS5 protein in a panel of 10 human melanoma cell lines (S/
Appendix, Fig. S1 E and F). We next analyzed CDKS transcript
levels among different types of human tumors annotated in
cBioPortal Cancer Genomics (The Cancer Genome Atlas [TCGA]
datasets). Again, we observed that CDKS was expressed at partic-
ularly high levels in melanomas, as compared to several other tu-
mor types (SI Appendix, Fig. S1 G and H). Moreover, analysis of
TCGA revealed that alterations of CDKS5 in melanomas (mostly
gene amplification or transcript overexpression) correlate with poor
prognosis (SI Appendix, Fig. S1I). Therefore, in our study we fo-
cused on the function of CDKS in this tumor type.

Ablation of CDK5 Blocks the Metastatic Spread of Autochthonous
Melanoma Tumors. To test the impact of CDKS5 ablation on au-
tochthonous tumors in vivo, we took advantage of a well-established
Tyr-Cre/BRAFY*E+/PTENFF mouse model of melanoma, In these
mice, the expression of an oncogenically activated BRAF"*%E allele
and homozygous deletion of the PTEN gene are targeted to skin
melanocytes by tamoxifen-inducible Cre recombinase, which is
driven by the melanocyte-specific tyrosinase promoter (15).
Topical administration of 4-hydroxytamoxifen (4-HT) onto the
skin of Tyr-Cre/BRAFY"®*PTEN"" mice turns on BRAFY*"F
expression and ablates expression of PTEN (Fig. 14). As a conse-
quence, mice develop malignant and highly metastatic melanomas
that rapidly spread to the internal organs (15, 16). The genetic lesions
seen in Tyr-Cre/BRAFY* */PTEN"F mice closely mimic those
seen in human tumors. Thus, ~65% of human melanomas contain
point mutations within the BRAF gene that give rise to a constitutively
active B £ allele, while almost all tumors undergo silencing of
the PTEN or CDKN2A genes (17-19). Importantly, we verified that
melanomas arising in Tyr-Cre/BRAFYF*/PTEN"F mice
express high levels of CDKS and p35 proteins (Fig. 1B).

We crossed Tyr-Cre/BRAFY*"*/PTEN"F mice with condi-
tional knockout CDKS5"™ mice (20) and generated CDKS5™"/Tyr-
Cre/BRAFYE*/PTEN"F animals. Administration of 4-HT to
these mice is expected to delete the CDK5 gene, concomitant with
activation of BRAFYV*F and ablation of PTEN expression,
thereby rendering melanocytes and the resulting tumors CDKS5-
null (Fig. 14).

We ?plied 4-HT onto the skin of CDKS5™*/Tyr Cre/BRAFY* ¥/
PTEN"" and control CDK5**/Tyr Cre/BRAF"*5*/PTEN"F mice
and observed the animals for tumor development. We found that
CDK5** and CDKS5™ mice developed skin melanomas with
identical kinetics. We verified by immunostaining of tumor sec-
tions with an anti-CDKS antibody as well as by immunoblotting of
tumor lysates that—as expected—tumors arising in CDK5"F an-
imals lost CDKS expression (Fig. 1 C and D and SI Appendix, Fig.
$2). In contrast, melanomas in CDK5"" animals expressed high
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levels of CDKS protein (Fig. 1 C and D and SI Appendix, Fig. S2).
The mean number of tumors per mouse, the size of tumors, as
well as the overall tumor burden were essentially identical in
CDK5** and CDK5™F animals (Fig. 1 E and F). Consistent with
these findings, CDKS5-deleted tumors displayed unperturbed
fractions of 5-bromo-2'-deoxyuridine (BrdU)- and Ki-67-positive
cells, as compared to CDKS™* tumors (Fig. 1 G and H). We con-
cluded that CDKS is not required for the oncogenic transformation
by the oncogenic BRAF and PTEN loss, and it is dispensable for
the growth of primary tumors.

In the next set of experiments, we euthanized mice 35 d after
administration of 4-HT and systematically analyzed their internal
organs for the presence of macroscopic and microscopic metas-
tases; the latter were verified by immunostaining of histological
sections with antibodies against S100, a marker of melanocytes
and melanoma cells (21). As expected, 8/10 of CDK5™* animals
displayed numerous distant metastases in the lungs and spleens.
In contrast, 10/11 CDKS"F animals were completely free of
metastases (Fig. 2.4 and B). In one CDK5™" mouse, we detected
the presence of a microscopic metastatic lesion in the spleen
(Fig. 2C). Strikingly, immunostaining for CDKS revealed that
this lesion was entirely composed of CDKS-positive cells (Fig.
20C), indicating that the metastasis originated from a very small
number of cells within the primary tumor that failed to delete
CDKS upon Cre expression (SI Appendix, Fig. S2).

An additional cohort of mice was observed until the animals
became moribund, or their skin tumors reached the allowable
size limit. All CDKS"* mice had to be euthanized within 40
d after 4-HT administration. Necropsy and histopathological
analyses revealed massive metastases in the internal organs in
the maPi rity of these animals. In contrast, the majority (8/10) of
CDK5™F animals, euthanized by day 60, were completely free of
metastases (Fig. 2 4 and D). In two CDK5"F animals, we ob-
served small metastatic lesions in the spleen. As before, we found
that these metastases expressed CDKS, indicating that they arose
from nondeleted cells in the primary tumor. Collectively, these
observations indicate that CDKS is not required for primary
tumor formation and growth, but it plays an essential role in
melanoma metastasis.

CDKS5 Kinase Activity Is Required for Melanoma Cell Extravasation. To
start dissecting the function of CDKS in the metastatic spread,
we employed in vivo metastasis assays (22, 23). In this approach,
injection of highly metastatic mouse melanoma B16-F10 cells
into the tail veins of recipient mice leads to formation of multiple
lung metastases (Fig. 34). We used CRISPR/Cas9 to knock out
the CDK5 gene in B16-F10 cells (Fig. 3B and SI Appendix, Fig.
S34). We next injected CDK5** and CDKS5-KO cells into tail
veins of C57BL/6 wild-type mice, and euthanized the animals
after 3 and 4 wk. As expected, all mice inoculated with CDKS5**
melanoma cells became moribund and displayed lungs laden
with metastatic tumors (Fig. 3 C and D and SI Appendix, Fig.
S3B). In contrast, mice injected with CDKS5-KO cells remained
healthy and displayed only single metastatic lesions (Fig. 3 C and
D and SI Appendix, Fig. S3B). Importantly, immunostaining with
anti-CDKS5 antibodies revealed that lung metastases found in
mice injected with CDK5-KO cells expressed high levels of
CDKS protein (Fig. 3E). This indicates that, as we observed in
the case of autochthonous tumors, the metastatic lesions arose
from cells that escaped CRISPR-mediated ablation of CDKS.
Another cohort of mice was observed for survival. All mice in-
jected with CDK5"* cells became moribund and had to be eu-
thanized within 30 to 40 d. In contrast, a substantial fraction of
mice inoculated with CDKS5-KO melanoma cells remained
healthy and tumor-free during the entire 300-d observation pe-
riod (Fig. 3F).

It has been reported that CDKS maintains expression of the
programmed cell death ligand 1 (PD-L1) protein in tumor cells,
which suppresses the immune response of the hosts (24). For this
reason, we considered the possibility that the inability of CDKS5-
null cells to form metastases might be caused by elimination of

Sharma et al.

www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912617117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1912617117

Downloaded at Palestinian Territory, occupied on December 4, 2021

A
X
Tyr-Cre/BRAFVE00E+/PTENF/F | CDK5FF

| |
i v

50 oo

CDK5**#/Tyr-Cre/BRAFV600E*/PTENF/F _ CDK5FF/Tyr-Cre/BRAFVS00E+*/PTENF/F

Day 3 and 5

|

CDK5**/Tyr-Cre/BRAFV600E+/PTENAA CDKS5YA/Tyr-Cre/BRAFVE00E+/PTENAA

C Primary tumor IHC D CDK5** CDK5YA E
& Yo 0 — = " |CDK5

b o [ ——— 1 ||SDO()

S e 2, CDK5** CDK5A/A

CDK54A
G Primary tumor IHC
F o CDK5** CDK52/A
ée ns ) ns T B e IS
< o %7 BrdU pe 4o i RS PG P o e o
(0] ° . e} o - S e P v N
2 € . . e :
& 44 (] S 1.0
o :: e M -y : L
E —e—— ——o—o— o e - £ -
2 2 . . %05— L L 3
[$) 5 3.2k
2 I Ki-67| Al
CDK5** CDK5A CDK5*+ CDK54A - [ ¢
H

Qs ¥ ns

(2] [2]

= ns =

810 8 "

(] [

2 210

= £

Q5 (]

Q. Q. 5

2 2

m o S

CDK5*+*CDK54A CDK5** CDK54/A

Fig. 1. Analyses of mouse melanoma tumors. (A) Schematic representation of the crosses to generate mice bearing CDK5**/Tyr-Cre/BRAFV®°°¥+/PTENA/A and
CDK5%/2/Tyr-Cre/BRAFVS°E*/PTEN“/2 tumors. (B) Immunoblotting of tumor lysates for CDK5 (Upper) and p35 (Lower). p25 denotes proteolytically cleaved p35
species. Adjacent normal skin and brain (the latter as a positive control) were also analyzed. Immunoblotting for HSP90 and GAPDH was used as a loading
control (n = 2). (C) Immunohistochemistry (IHC) staining of tumor sections with an anti-CDK5 antibody. (Scale bars, 50 um.) (D) Immunoblotting of tumor
lysates for CDK5 and HSP90 (loading control) (n = 3). (E) Examples of skin tumors (denoted by red contours) arising in CDK5** and CDK5™F mice. (F)
Quantification of the number of tumors per mouse and total tumor weight per mouse in CDK5*"* and CDK5F animals (n = 5 mice/group). ns, not significant;
unpaired t test. (G) IHC staining of tumors for BrdU (Upper), or Ki-67 (Lower) to mark proliferating cells. (H) Quantification of the fractions of BrdU- or Ki-67-
positive cells in CDK5** and CDK5%A tumors (n = 5 mice/group). Shown are mean values + SD (Right, unpaired t test; Left, unpaired t test with Welch's
correction).
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Fig. 2. CDKS5 is essential for the metastatic spread. A
(A) Table showing the proportion of CDK5"*/Tyr-
Cre/BRAFVEOE+/pTENF (CDK5**) and CDK5™F/Tyr-
Cre/BRAFVS%E+/pTENFF (CDK5%) animals displaying
macroscopic or microscopic metastases in distal or-

gans. P < 0.05 (Fisher's exact test). (B) Quantification

of the total metastatic burden in the internal or-

gans of CDK5*"*/Tyr-Cre/BRAFVe%%Y+/pTENFF (CDK5*/*)

and CDK57F/Tyr-Cre/BRAFVe°¥+/PTENFF (CDK5%"2) ani-

mals, euthanized on day 35. To estimate total met-

astatic burden in a given animal, we calculated the

total area occupied by metastases in step sections of

internal organs (S/ Appendix, Materials and Meth- C
ods). (C) Immunostaining of spleen sections from a
control mouse (normal spleen), or spleens with me-
tastases from CDKS5™*/Tyr-Cre/BRAF6%°F*/PTENFF
(CDK5**) or CDK5™F/Tyr-Cre/BRAFVSE4/PTENF (CDK5*/2)
mice. Sections were immunostained for S100 (a
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metastatic burden was estimated as in B.

these cells by the host immune system. To test this possibility, we
repeated in vivo metastasis assays using immunodeficient nude
(Foxn1™) mice as recipients. We found that also in these im-
munodeficient mice, CDK5-null cells failed to efficiently form
lung metastases (Fig. 3G). These observations indicate that the
inability of CDKS5-null cells to metastasize is not due to their
elimination by the immune system.

We next asked whether the requirement for CDKS function in
the metastatic spread depends on CDKS kinase activity. This issue
could not have been conclusively resolved before due to the lack
of CDKS5-specific inhibitors. To overcome this limitation, we
generated an analog-sensitive (as) version of CDKS. To generate
an as kinase, the large hydrophobic “gatekeeper” residue in the
kinase ATP-binding pocket is mutated from the naturally occur-
ring “bulky” residue to glycine or alanine. This creates an enlarged
pocket not found in any wild-type kinase (25) (Fig. 44). Numerous
studies demonstrated that the as substitution does not alter sub-
strate specificity of the kinases (26-28). However, the engineered
as kinase can be uniquely inhibited by compounds that occupy the
enlarged ATP-binding pocket, such as 1-NM-PP1, 1-NA-PP1, or
3-MB-PP1 (Fig. 44). Importantly, as inhibitors do not inhibit any
wild-type kinases in the mammalian kinome (25, 29). Hence, by
treating cells expressing an as kinase with as inhibitors one can
selectively shut down the activity of this kinase (29).

We engineered asCDKS protein by mutating the bulky gatekeeper
residue in the CDK5 ATP-binding pocket from phenylalanine 80
to a smaller amino acid, glycine. We first verified that asCDKS can
be potently inhibited by 1-NM-PP1 (Fig. 4B). As expected, 1-NM-
PP1 had no effect on the kinase activity of wild-type CDK5 (Fig.
4B). We next knocked out CDKS5 in mouse melanoma B16-F10
cells and ectopically expressed analog-sensitive CDKS, thereby
generating asCDKS cells (Fig. 4C).

To test whether the kinase activity of CDKS is required for the
metastatic spread, we injected B16-F10 cells expressing asCDKS
into tail veins of C57BL/6 mice. The recipient mice were con-
tinuously treated with 1-NA-PP1 (to inhibit CDKS in tumor
cells), or with vehicle (control) and euthanized after 3 wk. As
expected, mice treated with vehicle developed numerous lung
metastases. In contrast, the number of metastases was dramati-
cally reduced in mice treated with 1-NA-PP1 (Fig. 4D and SI
Appendix, Fig. S3C). These observations indicated that CDKS
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kinase activity is required for metastatic dissemination of mel-
anoma cells.

To further define the stage of the metastatic spread at which
CDKS kinase plays a rate-limiting role, we labeled asCDKS5 B16-
F10 cells with fluorescent CellTracker Orange CMRA dye, and
injected them into tail veins of FoxnlI™ mice. We previously
established that in this approach, the extravasation of melanoma
cells is completed within 1 to 2 d (23). The recipient mice were
continuously treated with an inhibitor of as kinases or with ve-
hicle (control), and their lungs were imaged at different time
points to evaluate the presence of fluorescent tumor cells. We
observed that after 2 h, similar numbers of tumor cells were
present in the lungs of inhibitor-treated and control mice, in-
dicating a similar degree of capillary entrapment (Fig. 4 E, Left).
In contrast, the number of tumor cells retained in the lungs after
1 or 2 d was strongly reduced in recipient mice receiving the
inhibitor (Fig. 4 E, Right). Similar results were obtained using
CDKS5-knockout B16-F10 cells (SI Appendix, Fig. S3 D and E).
These observations suggested that CDKS kinase activity is required
during early stages of the metastatic spread, when tumor cell
extravasation takes place.

We next investigated the consequences of CDKS inhibition
after the extravasation had been completed. To this end, we
injected asCDKS5 B16-F10 cells into tail veins of recipient mice
and started treatment with an inhibitor of as kinases after 2 d,
i.e., the time point when tumor cells have exited the capillaries
and entered the lung parenchyma (23). Mice were continuously
treated for 4 wk, euthanized, and their lungs evaluated for the
presence of metastases. We observed that when started at
2 d postinjection, CDKS inhibition had no effect on the ability of
cells to form lung tumors (SI Appendix, Fig. S3F). These results
suggest that during the metastatic spread, CDKS kinase is es-
sential only during the initial colonization of the lung paren-
chyma, but it is dispensable at later stages.

To further confirm these observations and to extend them to
human melanomas, we depleted CDKS in 10 in vitro cultured
human melanoma cell lines. We next subjected these cells to
in vitro Transwell invasion assays (23). We observed that de-
pletion of CDKS5 reduced in vitro invasiveness in 9/10 cell lines
(SI Appendix, Fig. S3 G and H).

We next engineered human melanoma A-375 cells to express
asCDKS in place of wild-type CDKS, using the same approach as
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the one employed to generate asCDKS mouse melanoma B16-F10
cells (Fig. 4F). We cultured asCDKS5 mouse and human melanoma
cells in the presence of 3-MB-PP1 and evaluated the impact on cell
invasiveness. We observed that inhibition of CDKS5 essentially
phenocopied CDKS ablation, namely it impeded the invasiveness of
melanoma cells (Fig. 4 G and H).

During the metastatic spread, malignant cells must be able to
invade through the endothelial cell layer. Our in vivo observa-
tions and in vitro invasion assays suggested that this step of
melanoma cell dissemination might be impaired in CDKS5-
inhibited and CDKS5-null cells. To further evaluate the impact
of CDKS inhibition on this process, we subjected cells to in vitro
transendothelial migration assays (also known as in vitro ex-
travasation assays) (23). Melanoma cells were seeded on top of
human umbilical vein endothelial cell (HUVEC) monolayers,
and tumor cells reaching the lower side of the membrane were
quantified over time. Consistent with our in vivo observations,
we found that knockout of CDKS5, or an acute inhibition of
CDKS5 kinase impaired the ability of mouse and human mela-
noma cells to undergo transendothelial migration (Fig. 4 I and J
and SI Appendix, Fig. S3 I-K). Collectively, these observations
suggest that CDKS likely plays a rate-limiting role in extravasa-
tion of melanoma cells, as inhibition of CDKS kinase impeded
this process in vitro and in vivo. In addition, plating of melanoma
cells onto collagen- and fibronectin-coated surfaces revealed a
mild impairment of adhesion in CDK5-null cells (ST Appendix,
Fig. S4 A-C). It is possible that these mild defects also contribute
to the impeded invasiveness and extravasation of CDKS-
deficient cells.

In order to further characterize the impact of CDKS de-
ficiency or CDKS kinase inhibition on other properties of mel-
anoma cells, we subjected mouse B16-F10 and human A-375
melanoma cells to additional assays. Since the ability of cells to
evade apoptosis due to nutrient deprivation plays an important
role in metastasis (30), we evaluated the response of CDK5-null
cells to culturing them in serum-free medium. We observed no
differences between the apoptotic rate of CDKS5-proficients vs.
CDKS5-deficient cells (ST Appendix, Fig. S4 D and E). Another
important property of metastatic cells is the ability to survive in
suspension and to evade anoikis (30). To gauge this, cells were
detached from substratum, kept in suspension, and cell survival
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*"CTRL CDK5-KO A

a mouse injected with CDK5-KO cells was CDKS5-
positive, indicating that it arose from cells that es-
caped CDKS5 deletion. Metastatic tumors are marked
by arrowheads. (Scale bars, 50 pm.) (F) Survival curves
of mice injected with CDK5** (CTRL) or CDK5-KO
melanoma cells (n = 10 mice/group). P < 0.0001
(Log-rank test). (G) The numbers of lung metastases
in immunocompromised Foxn1™ mice injected with
CDK5** (CTRL) or CDK5-KO melanoma cells, quan-
tified after 3 wk (n = 5 mice/group). Shown are mean
values + SD **P < 0.01 (Mann-Whitney U test).

was monitored over time. Again, no differences were detected
between parental and CDKS knockout cells (SI Appendix, Fig. S4
F and G). Collectively, these observations suggested that the de-
fects in tumor cell invasiveness and extravasation, demonstrated
above, likely underlie the inability of CDKS5-deficient cells to form
metastases.

CDK5 Directly Phosphorylates Vimentin and Regulates Vimentin
Polymerization in Melanoma Cells. To understand the molecular
function played by CDKS kinase in melanoma metastasis, we
wished to identify melanoma proteins that critically depend on
CDKS for their phosphorylation. To do so, we inhibited CDKS5
by treating in vitro cultured asCDKS5 B16-F10 melanoma cells
with 3-MB-PP1. Subsequently, we prepared lysates from CDKS5-
inhibited and control (vehicle treated) cells, labeled the peptides
from the two conditions with different isobaric tandem mass tags
(TMTs) (31, 32), enriched for phosphorylated peptides, and per-
formed total phosphoproteome profiling using quantitative mass
spectrometry. Inhibition of CDKS resulted in decreased phosphor-
ylation (>1.5 fold decrease, P < 0.01) of 22 phosphopeptides be-
longing to 13 proteins (Dataset S1C). Among them, the most
strongly decreased (over 8.8-fold) was phosphorylation of vimentin
protein at serine 56 (Fig. 54, SI Appendix, Fig. S5A, and Dataset S1).

Vimentin, an intermediate filament protein found in mesen-
chymal cells, has been demonstrated to play an essential role in
regulating the motility and invasiveness of cancer cells, including
melanomas (33-36). Importantly, serine 56 residue of vimentin
was shown to be phosphorylated during mitosis by a cell cycle
kinase CDK1, which is closely related (58% amino acid identity)
to CDKS (37). Phosphorylation of serine 56 during mitosis triggers
disassembly (depolymerization) of vimentin filaments prior to cell
division (38, 39). In addition to CDKI, other kinases, such as PKA
and PKC can phosphorylate vimentin in interphase cells, and this
also triggers depolymerization of vimentin filaments (40-43).
Importantly, disassembly of vimentin filaments is required for cell
migration, while filament stabilization impedes this process (36,
40). Hence, we hypothesized that in melanoma cells, CDKS5 might
directly regulate the depolymerization of vimentin filaments,
thereby promoting cell migration.

To test this hypothesis, we first confirmed that vimentin rep-
resents a direct phosphorylation substrate of CDKS in intact cells
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Fig. 4. The kinase activity of CDKS5 is required for tumor cells extravasation. (A) Schematic representation of the analog-sensitive approach. (B) Flag-tagged
wild-type (WT) or analog-sensitive (as) CDK5 were expressed in 293T cells, immunoprecipitated with an anti-Flag antibody and subjected to in vitro kinase
reactions using histone H1 as a substrate (a canonical substrate of CDKs), in the presence of radioactive [y*?P]-ATP and in the presence or absence of 5 pM
1-NM-PP1 (inhibitor of as kinases). Radiolabeled histone H1 was detected by autoradiography. Note that in the absence of 1-NM-PP1, wild-type and as CDK5
display comparable kinase activities. Addition of 1-NM-PP1 blocks the activity of as CDK5 without affecting wild-type CDKS5. (C) Immunoblotting for CDK5 in
mouse melanoma B16-F10 cells (CTRL), or B16-F10 cells in which we knocked out the endogenous CDK5 using CRISPR/Cas9 and expressed Flag-tagged as CDK5
(asCDK5). CDK5-WT, endogenous wild-type Cdk5. a-Tubulin was used as a loading control (n = 2). (D) The numbers of lung metastases in C57BL/6 mice injected
with asCDK5 B16-F10 melanoma cells, quantified after 3 wk. Mice were treated with vehicle or with an inhibitor of as kinases 1-NA-PP1, from day 0 until the
end of the experiment (n = 5 mice/group) (SI Appendix, Materials and Methods). Shown are mean values + SD ***P < 0.001 (unpaired t test with Welch’s
correction). (E) Fluorescently labeled asCDK5 B16-F10 cells were injected into tail veins of Foxn1™. Recipient mice were treated with vehicle or with an in-
hibitor of as kinases 3-MB-PP1 (n = 3 mice/group). Lungs were imaged after 2 (Left) and 48 h (Right). Shown are mean values + SD **P < 0.01 (unpaired t test).
(F) Immunoblotting for CDK5 in human melanoma A-375 cells (CTRL), A-375 cells in which we knocked out the endogenous CDK5 using CRISPR/Cas9 (CDK5-
KO A), and CDK5-KO cells in which we expressed Flag-tagged asCDK5 (asCDK5). a-Tubulin was used as a loading control (n = 2). (G) In vitro invasion assays.
Parental mouse melanoma B16-F10 cells (CTRL) or B16-F10 cells engineered to express asCDKS5 in place of wild-type CDK5 (asCDK5) were subjected to invasion
assays in the presence of vehicle or 3-MB-PP1 (n = 3; in triplicate). Shown are mean values + SD ***P < 0.001 (two-way ANOVA, Bonferroni’s multiple
comparisons test). (H) Similar assays as in G, using parental human melanoma A-375 cells (CTRL) or A-375 cells expressing asCDK5 (n = 3; in triplicate). Shown
are mean values + SD. **P < 0.01 (two-way ANOVA, Bonferroni’s multiple comparisons test). (/) In vitro transendothelial migration (in vitro extravasation)
assays using parental (CTRL) and CDK5-KO mouse melanoma B16-F10 cells (Left) (n = 3; in triplicate), or parental B16-F10 (CTRL) and asCDK5 B16-F10 cells
(asCDK5) assayed in the presence of vehicle or 3-MB-PP1 (Right) (n = 3; in triplicate). (J) Similar assays as in /, using human melanoma A-375 cells (n = 3; in
triplicate). In / and J data are shown as mean values + SD **P < 0.01, *P < 0.05 (unpaired t test).
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Fig. 5. CDKS5 phosphorylates vimentin in A
melanoma cells and regulates its polymer-
ization. (A) Heat map depicting 10 phos-
phosites (only S/T-P sequences are shown)
which displayed the most strongly de-
creased phosphorylation upon CDK5 in-
hibition. Three independent cultures of
vehicle-treated (vehicle A, B, and C) or 3-
MB-PP1-treated (3-MB-PP1 A, B, and Q)
asCDK5 B16-F10 cells were analyzed. For
each phosphopeptide, the intensities
(abundance) across all six samples were
scaled to 100, and the top 10 phosphory-
lated peptides displaying the highest fold
decrease in phosphorylation levels in CDK5-
inhibited samples were used to make the
heat map. The relative abundance in each RS ARO N RN
sample was color coded, as indicated. (B)
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cells were immunoblotted with antibodies
against phospho-serine56-vimentin, total
vimentin, or CDK5. HSP90 and a-tubulin
were used as loading controls (n = 3). (D)
Similar analysis as in C, using asCDK5 B16-
F10 cells cultured for 4 h in the presence of
vehicle or 3-MB-PP1 (to inhibit CDK5) (n =
2). (E) Similar analysis as in C, using parental
(CTRL) and CDK5-KO human melanoma

CDK5-KO A CTRL CDK5-KO A

A-375 cells (n = 2). (F) Similar analysis as in C, using tumors arising in CDK5"#/Tyr-Cre/BRAFV°°¥+/PTEN"F (CDK5**) or CDK5™/Tyr-Cre/BRAFVEX/PTENTF (CDK5%/2)
mice. B16-F10 cells were used as a positive control. Immunoblotting for GAPDH was used as a loading control (n = 2). (G) asCDK5 mouse melanoma B16-F10 cells
were cultured for 4 h in the presence of vehicle or 3-MB-PP1. Cells were lysed, the soluble fraction was obtained as described in S/ Appendix, Materials and Methods,
and immunoblotted with an anti-vimentin antibody. HSP90 served as a loading control (n = 2). The lines were spliced together from the same blot (indicated by
dashed lines). (H) Similar analysis as in G, using asCDK5 human melanoma A-375 cells (n = 2). The lines were spliced together from the same blot (indicated by dashed
lines). () Upper (soluble fraction) human (A-375, SH-4, SK-MEL-28), and mouse (B16-F10) melanoma cells: parental (CTRL), CDK5-KO, or cells in which we depleted
CDKS5 using anti-CDK5 shRNA (CDK5-KD), were lysed and the soluble fractions obtained as described in SI Appendix, Materials and Methods. Immunoblots were
probed for vimentin, CDK5, and HSP90 (loading control). Extract from each melanoma cell line was run on a separate blot (indicated by solid vertical lines). Lower
(total lysate) total cell lysates (containing soluble and insoluble proteins) were immunoblotted for vimentin and HSP90. (J) In vitro cultured parental (CTRL) and
CDK5-KO human A-375 melanoma cells were immunostained using an anti-vimentin antibody and analyzed by confocal microscopy. Hoechst staining was used to
visualize nuclei. (K) Similar analysis as in J with cultured parental (CTRL) and CDK5-KO mouse B16-F10 melanoma cells. (Scale bars, 50 pm.)

in vivo. To do so, we took advantage of the observation that analog-
sensitive kinases can accept N°-substituted bulky ATP analogs,
while wild-type kinases cannot utilize these analogs, due to
steric hindrance (44). Hence, by providing cells expressing an
analog-sensitive kinase with bulky ATP analogs in which the
gamma phosphate has been replaced with a thiophosphate
moiety, one can uniquely label direct kinase substrates with a
thiophosphate tag (44). This tag can be then used to identify
substrate proteins (44).

We cultured asCDKS5 B16-F10 melanoma in the presence of a
bulky ATPyS analog (N°-furfuryl-ATPyS), resulting in thiolabeling
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of direct CDKS substrates. We then immunoprecipitated the
endogenous vimentin and probed the immunoblots with an anti-
thiophosphate ester antibody (to detect thio-phosphorylation). Using
this approach, we confirmed that vimentin represents a direct sub-
strate of CDKS5 in vivo in melanoma cells (Fig. 5B). We also con-
firmed, using in vitro kinase reactions with purified, recombinant
wild-type CDKS-p35 and vimentin, that vimentin represents a direct
CDKS phosphorylation substrate (SI Appendix, Fig. S5B). Using
mass spectrometry we verified that CDKS phosphorylates vimentin
on serine 56 (Dataset S2). This residue conforms to the canonical
serine/threonine—proline phosphorylation motif for CDKS5 (6).
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We next analyzed the phosphorylation status of serine 56
residue of the endogenous vimentin in melanoma cells, using an
anti-phospho-serine 56-vimentin antibody. We observed that
knockout of CDKS, or an acute inhibition of CDKS5 kinase in
mouse or human melanoma cells strongly decreased phos-
phorylation of this vimentin residue (Fig. 5 C-FE). We also ver-
ified that CDKS5-deleted autochthonous melanomas arising in
CDK5"¥/Tyr-Cre/BRAF Y +/PTEN"F mice showed strongly
decreased vimentin serine 56 phosphorylation, as compared to
melanomas in CDK5** mice (Fig. 5F). We concluded that in
melanoma cells and tumors, the phosphorylation of vimentin
serine 56 is regulated by CDKS.

Since phosphorylation of serine 56 of vimentin depolymerizes
vimentin filaments (38, 39, 45), we quantified the relative
amounts of depolymerized “soluble” vimentin and “insoluble”
vimentin filaments in melanoma cells. To this end, we fraction-
ated cell lysates into soluble and insoluble fractions and immuno-
blotted them with anti-vimentin antibodies. We observed that
knockout of CDKS5, or inhibition of CDKS5 kinase, led to an
essentially complete loss of soluble vimentin (Fig. 5 G-I). Con-
sistent with these findings, immunostaining of in vitro cultured
mouse and human melanoma cells revealed that ablation of
CDKS5 promoted formation of well-defined vimentin filaments
(Fig. 5 J and K). Collectively, these findings suggest that in
melanoma cells CDKS5 maintains the pool of soluble vimentin, by
directly phosphorylating this protein. Inhibition of CDKS, and
the resulting loss of serine 56 phosphorylation of vimentin,
triggers depletion of soluble vimentin, which becomes incorpo-
rated into vimentin filaments.

To test whether the loss of vimentin phosphorylation upon
CDKS inhibition is causally linked to decreased invasiveness of
melanoma cells, we engineered CDKS knockout mouse B16-F10
and human A-375 melanoma cells to express a vimentin mutant
containing phosphomimicking serine to aspartic acid (S—D)
substitution within vimentin’s CDKS5-dependent serine 56 resi-
due (Fig. 6 4 and B). We first analyzed the ability of these cells
to invade in vitro, using Transwell assays. As expected, knockout
of CDKS5 impeded the invasiveness of mouse and human mela-
noma cells. Importantly, expression of phosphomimicking vimentin
in CDKS5-null cells largely restored the ability of these cells to in-
vade in vitro (Fig. 6 C and D).

To extend these observations in vivo, we injected CDK5**
(control), or CDK5-KO, or CDK5-KO melanoma cells express-
ing phosphomimicking vimentin, into tail veins of C57BL/6 mice
and gauged the ability of melanoma cells to form lung metastases
after 3 and 4 wk. As expected, CDK5™* cells formed massive
lung metastases. Also as predicted from our earlier analyses,
ablation of CDKS nearly extinguished the ability of melanoma
cells to form metastases (Fig. 6 E and F). Strikingly, expression
of phosphomimicking vimentin in CDKS5-knockout cells fully
restored the ability of CDKS5-null cells to form metastases (Fig. 6
E and F). Hence, expression of phosphomimicking vimentin
obviates the requirement for CDKS in metastasis in vivo. We
concluded that the ability of CDKS5 to phosphorylate and de-
polymerize vimentin underlies the essential role for this kinase in
promoting the invasiveness of melanoma cells. Inhibition of
CDKS strongly decreases vimentin Ser56 phosphorylation, di-
minishes the soluble vimentin pool, and triggers incorporation of
vimentin into polymers, thereby inhibiting cell invasiveness.

Chemical Inhibition of CDK5 Impedes the Metastasis of Human
Melanomas in PDX Models. Genetic ablation of CDKS, or highly
selective inhibition of analog-sensitive CDKS using as inhibitors
cannot be utilized for therapeutic purposes. While no CDKS5-
specific inhibitors are currently available, several pan-CDK in-
hibitors, such as roscovitine, can inhibit CDKS kinase activity
(46, 47). For this reason, we asked whether treatment of mela-
noma cells with roscovitine would affect polymerization of
vimentin. Indeed, as we observed upon CDKS5 ablation, treat-
ment of B16-F10 cells with roscovitine resulted in nearly com-
plete loss of Ser56-phosphorylated and soluble vimentin (Fig. 7
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A and B and SI Appendix, Fig. S6A4). We extended these obser-
vations using a culture of patient-derived metastatic melanoma
cells. Again, treatment of these cells with roscovitine greatly
diminished the pool of soluble vimentin (Fig. 7C).

Encouraged by these results, we asked whether roscovitine
treatment would block the metastatic spread of patient-derived
melanomas in vivo. We utilized two mouse models of PDXs. The
models were derived from breast (model WCM214) and lymph
node (WND238) metastatic lesions (48, 49). Importantly, both
models are highly metastatic in mice and rapidly spread to the
lungs of the recipient animals. We subcutaneously implanted
human tumors into recipient mice and started daily treatment of
animals with roscovitine or with vehicle (control) as soon as tu-
mors became palpable. At the end of the observation period, we
collected the internal organs and analyzed them by histology. As
expected, tumors in vehicle-treated animals spread to the lungs,
where we detected numerous metastases. In contrast, treatment
of tumor-bearing mice with roscovitine strongly decreased the
metastatic burden (Fig.7 D, E, G, and H). Importantly, roscovitine
treatment had only a very mild effect on the growth of primary
tumors (Fig. 7 F and I and SI Appendix, Fig. S6 B-E). These ob-
servations indicate that inhibition of CDKS might represent a very
attractive therapeutic strategy to block the metastatic spread of
melanoma cells.

Discussion

Work of the past decade has documented that CDK5-p35 kinase
is activated in many different human tumor types, including
pancreatic, lung, liver, breast, ovarian, prostate, and colorectal
cancers (10, 11, 13, 14, 50, 51). However, the molecular function
of the CDKS kinase in tumor cells remains unclear.

The best documented is the ability of CDKS to promote
proliferation of tumor cells. It was reported that transgenic mice
engineered to overexpress p25 (a hyperactive form of p35) in
thyroid C cells developed medullary thyroid carcinoma (MTC)
(52). Importantly, tumor cell proliferation was dependent on
p25, as switching off p25 expression halted MTC tumor growth
(52). At the molecular level, the authors found that in tumor
cells, CDKS5 phosphorylates and functionally inactivates the
retinoblastoma protein (RB1), thereby driving cell proliferation
(52, 53). Another group reported that in MTC cells CDKS pro-
motes tumor cell proliferation by phosphorylating a transcription
factor STAT3 (54). Moreover, some groups concluded that CDKS5
inhibits cell proliferation (55-57), while others postulated that
CDKS plays no role in tumor growth (51, 58). It should be noted
that many of these studies (except for p25 transgenic mice) uti-
lized dominant negative CDKS constructs, or shRNAs, or pan-
CDK inhibitors, which could result in off-target effects.

In addition to proliferation, several studies reported that CDKS
plays a role in regulating cancer cell motility. Depending on the
study, CDKS5 was shown to promote migration of cancer cells by
phosphorylating actin-binding/regulatory proteins such as caldesmon,
talin, or FAK, phosphatidylinositol 4-phosphate 5-kinase type I y
(PIPKIY90), PIKE-A, a transcription factor USF2, or to indirectly
activate small GTP-ases RalA and RalB (11, 50, 51, 58-63). In
contrast, other authors concluded that CDKS5 serves to inhibit
cancer cell migration and to suppress metastasis by phosphorylating
a tumor-suppressor DLCI, a scaffold protein muskelin, a trans-
membrane glycoprotein PDPN, an epigenetic regulator EZH?2, or a
protein phosphatase PP2A (64-68). Again, these studies mainly
utilized nonspecific inhibitors, dominant-negative CDKS constructs,
or shRNAs. Lastly, CDKS5 has been postulated to regulate other
aspects of tumorigenesis, such as promoting or inhibiting survival, or
DNA repair, or angiogenesis (14).

In this study we focused on the function of CDKS5 in mela-
noma. Malignant melanoma is the deadliest form of skin cancer,
due to its aggressive clinical behavior and the ability to form
metastases. Melanoma is responsible for over 50,000 deaths
per year worldwide, and nearly all of them are caused by the
metastatic spread (69, 70). We decided to evaluate the function
of CDKS in melanoma using genetic means, namely mice that
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Fig. 6. Rescue of the invasion defect in CDK5-null cells by phosphomimicking vimentin. (4) Parental (CTRL), CDK5-KO, and CDK5-KO cells expressing Flag-
tagged vimentin phosphomimicking mutant containing serine 56 to aspartic acid substitution (Vim S—D) human melanoma A-375 cells were lysed to obtain
soluble protein fractions. Inmunoblots were probed for vimentin and CDK5. GAPDH and a-tubulin were used as loading controls (n = 2). (B) Similar analysis as
in A using mouse melanoma B16-F10 cells (n = 2). (C) In vitro invasion assays using parental human melanoma A-375 cells (CTRL), A-375 CDK5-KO cells, or
CDK5-KO cells expressing S56D phosphomimicking vimentin (CDK5-KO+VimS—D, from A) (n = 3; in triplicate). Shown are mean values + SD **P < 0.01, ***P <
0.001 (one-way ANOVA with Tukey’s multiple comparisons test). (D) Similar assays as in C, using parental mouse B16-F10 melanoma cells (CTRL), or B16-F10
CDK5-KO cells, or CDK5-KO cells expressing S56D phosphomimicking vimentin (CDK5-KO+VimS—D, from B) (n = 3; in triplicate). Shown are mean values + SD
**%*P < 0.0001 (one-way ANOVA with Tukey’s multiple comparisons test). (E) Parental mouse melanoma B16-F10 cells (CTRL), or CDK5 knockout B16-F10 cells
(CDK5-KO), or CDK5-KO cells expressing phosphomimicking S56D vimentin (CDK5-KO+VimS—D) were injected into tail veins of C57BL/6 mice (n = 5 mice/
group). Animals were euthanized and lungs photographed after 4 wk. (F) Similar experiment as in E, the numbers of lung metastases were quantified after 3
wk (n = 5 mice/group). Shown are mean values + SD *P < 0.05 (Kruskal-Wallis test with Dunn’s multiple comparisons test).

allow specific ablation of CDKS in autochthonous tumors. We
also engineered mouse and human melanoma cells to express
analog-sensitive CDKS in place of wild-type CDKS. These cells
allowed a highly selective inhibition of CDKS5 kinase in tumor
cells. Lastly, we utilized cell cultures derived directly from hu-
man melanomas as well as PDX of human melanomas. All these
analyses revealed that CDKS is dispensable for tumor cell pro-
liferation, but it is essential for the metastatic spread, as ablation
or inhibition of CDKS halted the metastasis.

Sharma et al.

Our results are consistent with the study of Bisht et al.
(61), who reported that shRNA-mediated depletion of
CDKS5 inhibited the invasiveness of melanoma cells in vitro
as well as metastasis in vivo. These authors also observed
that depletion of CDKS inhibited the growth of primary tu-
mors derived from a xenografted human melanoma cell line
(61). In contrast, we found that a genetic ablation of CDKS
had no impact on proliferation of autochthonous primary
mouse melanomas. Likewise, we found that inhibition of CDKS5
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Fig. 7. CDKS5 inhibition in melanoma cells and patient-derived xenografts. (A) Mouse B16-F10 cells were cultured in the presence of vehicle or 5 pM roscovitine
for 4 h, lysed, and immunoblotted with antibodies against phospho-serine56-vimentin and total vimentin. HSP90 was used as a loading control (n = 2). (B) B16-F10

cells were cultured as above. Left (soluble vimentin), cells were lysed and the

soluble fraction obtained as described in SI Appendix, Materials and Methods.

Immunoblots were probed for vimentin and HSP90 (loading control). Right (total vimentin), total lysates (containing soluble and insoluble fractions) were also
immunoblotted as above. (C) Patient-derived melanoma cells (253D) were cultured in the presence of vehicle or 5 1M roscovitine for 4 h, and analyzed as in B for
the presence of soluble and total vimentin. (D) Histological sections of lungs from mice implanted with patient-derived melanoma tumors (model WCM214).
Mice were treated with roscovitine (daily i.p. injection, 150 mg/kg) or with vehicle for 28 d (n = 10 mice/group; see S/ Appendix, Materials and Methods). Ar-
rowheads point to examples of metastases. (Scale bars, 50 pm.) (E) Total metastatic burden in mice implanted with patient-derived melanoma tumors (model
WCM214). Mice were treated as above with vehicle or roscovitine, euthanized, and their internal organs subjected to histopathological analyses for the presence
of metastases. Only lung metastases were detected. To estimate total metastatic burden in a given animal, the total area occupied by metastases was calculated
in step sections of lungs (n = 5 mice/group; see S/ Appendix, Materials and Methods). (F) The total weight of primary tumors in mice implanted with patient-
derived melanomas (model WCM214) at the end of treatment. Mice were treated as above with vehicle or roscovitine, euthanized after 28 d, and tumors were
weighted (n = 10 mice/group). (G) Similar analysis as in D in mice bearing xenografts of patient-melanoma tumors (model WND238). Mice were treated with
vehicle or roscovitine for 49 d (n = 10 mice/group). (Scale bars, 50 um.) (H) Similar analysis as in E in mice bearing xenografts of patient-melanoma tumors (model
WND238) (n = 10 mice/group). Mice were treated with vehicle or roscovitine for 49 d. (/) Similar analysis as in F in mice bearing xenografts of patient-melanoma
tumors (model WND238). Shown in E, F, H, and / are mean values + SE *P < 0.05 (Mann-Whitney U test). ns, not significant.

kinase after the extravasation had been completed did not im-
pede the growth of lung tumors. Lastly, treatment of mice
bearing patient-derived xenografts with roscovitine had only a
small impact of primary tumors, but it strongly impeded the
metastasis.

8010 ' | www.pnas.org/cgi/doi/10.1073/pnas.1912617117

It may not be surprising that CDKS is not needed for pro-
liferation of melanoma cells, at least in our systems. In most cell
types, the phosphorylation of RB1 is carried out by the D-type
cyclins acting together with CDK4 and CDK®6, as well as
E-cyclins and CDK2 (1, 2). In a large fraction of malignant
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tumors, these cyclins are overexpressed and/or hyperactivated,
resulting in a constitutive phosphorylation and inactivation of
RBI1 (5, 71). This is clearly the case in the majority of melano-
mas, which contain deletion of the CDKN2A4 gene encoding an
inhibitor of cyclin D-CDK4/6, p16™%4* (19). Loss of p16™&42
causes hyperactivation of cyclin D-CDK4/6 kinases, resulting in
constitutive phosphorylation of RB1 (5, 17). While the mela-
noma mouse model used in our study expresses wild-type
CDKN2A, the oncogenically activated BRAF"°F allele stimu-
lates the MAPK pathway, which transcriptionally up-regulates
cyclin D1, resulting in an increased activity of cyclin D-CDK4/6
kinase (17, 72, 73). Hence, all these lesions obviate the need for
additional kinases, such as CDKS, in phosphorylating RBI. It is
possible that in several MTC cases the levels of cyclin D-CDK4/6
and E-CDK?2 are low, and in this setting overexpressed CDK5 may
contribute to RB1 inactivation, as reported by Pozo et al. (52).
Our mechanistic analyses revealed that CDKS regulates mel-
anoma cell invasiveness by directly phosphorylating vimentin.
Several lines of evidence support this model: 1) We demon-
strated, using human melanoma cells expressing analog-sensitive
CDKS5 and the thio-labeling approach that CDKS directly
phosphorylates the endogenous vimentin in melanoma cells. 2)
CDKS plays an essential, rate-limiting role in regulating phos-
phorylation status of vimentin in melanoma cells, as revealed
by our unbiased, proteomewide analyses. 3) We documented
strongly decreased phosphorylation of the endogenous vimentin
and the concomitant loss of soluble vimentin upon CDKS5 abla-
tion or CDKS kinase inhibition in three human melanoma cell
lines, in a culture of patient-derived tumor cells, in a mouse
melanoma cell line, as well as in autochthonous tumors arising in
Tyr-Cre/BRAFV"OOE/ *+/PTEN' mice. 4) Expression of a vimentin
mutant containing a phosphomimicking substitution within the
CDKS5-dependent phospho-residue bypassed the requirement for
CDKS5 in melanoma metastasis and fully restored the metastatic
potential of CDK5-null cells. It should be noted that CDKS5 was
previously reported to phosphorylate vimentin in neutrophil
granulocytes and to regulate GTP-induced secretion via this
mechanism (74). Hence, this molecular mechanism may be used
in different cell types to regulate distinct cellular functions.
The role of vimentin in promoting cell motility has been well
documented. For example, vimentin plays a rate-limiting function
in regulating transendothelial migration of leukocytes (75).
Phosphorylation of vimentin, and the resulting disassembly of
vimentin filaments was shown to play an important role in pro-
moting cell migration (36, 40). Hence, it is likely that also in other
tumor types which express vimentin, CDK5 may promote cell
invasiveness by directly phosphorylating vimentin. Alternatively, in
different cancer types CDK5 may regulate tumor cell motility by
phosphorylating other proteins involved in migration. In neurons,
a cell type in which the rate-limiting role of CDKS in regulating
migration has been best documented (76, 77), phosphorylation of
several proteins has been proposed to underlie this function. Most
of the implicated proteins play a role in regulating organization and
function of microtubules or actin filaments (8). It is hence possible
that in addition to vimentin, CDK5 may regulate other cytoskeletal
proteins in other types of tumors. It is also plausible that CDKS
regulates different functions (such as migration or proliferation),
depending on tumor type. Additional studies of other cancer types
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utilizing genetic and chemical-genetic means (such as the analog-
sensitive approach) will help to resolve these issues.

In agreement with our analyses of the mouse genetic model,
we found that treatment of mice bearing highly metastatic
patient-derived melanomas with roscovitine strongly inhibited
the metastatic dissemination, while having little effect on the
growth of primary tumors. Collectively, our results indicate that
inhibition of CDKS5 kinase might represent a very attractive
therapeutic strategy to block the metastatic spread of tumor cells.

Our study highlights the need for developing more potent and
specific CDKS inhibitors. Since no such inhibitors are currently
available, in our PDX experiments we used roscovitine, which
represents a pan-CDK inhibitor. Another “CDK5-specific” in-
hibitor, N-(5-isopropylthiazol-2-yl)-3-phenylpropanamide (PJB),
used for in vitro studies, also inhibits CDK2 (61). Potent and
selective CDKS inhibitors will likely have an even stronger effect
on tumor dissemination and might very efficiently block the
metastatic spread, as seen upon genetic CDKS5 ablation. The
enthusiasm for using CDKS inhibitors in cancer treatment may
be mitigated by the observation that CDKS is active in post-
mitotic neurons (6, 8). Hence, one must also consider the con-
sequences of CDKS inhibition for the physiology of the nervous
system. However, while CDKS is essential for the development
of the nervous system (76, 77), the consequences of CDKS in-
hibition in an adult organism are likely much milder. For ex-
ample an acute CDKS5 knockout in the adult mouse brain had
only very limited consequences, and it actually increased synaptic
plasticity and learning ability (78). Given that the metastatic
spread—not the primary tumors—are responsible for the lion’s
share of cancer-related mortality, we propose that CDKS in-
hibition might represent a potent therapeutic strategy, in con-
junction with modalities that target the primary tumor.

Materials and Methods

Mice. For analyses of the melanoma mouse model, BRaf, Pten'®®, Tyr::CreER™
mice (further referred to as Tyr-Cre/BRAFV6°°Y+/PTEN"F) were crossed with
Cdks5t™"-1tht (CDK57) mice (both strains from The Jackson Laboratory)
to generate experimental CDK5™F/Tyr-Cre/BRAFV6°*/PTEN™F and control
CDK5*/Tyr-Cre/BRAFV6%Y+/PTEN™F animals. Both male and female neo-
nates were used for the experiments. Experiments involving tail vein injec-
tions of B16-F10 cells were performed using 7-wk-old female C57BL/6 mice
(The Jackson Laboratory), except for the experiments shown in Figs. 3G and
4F and SI Appendix, Fig. S3 D and E), in which 7-wk-old female Foxn1™ mice
(The Jackson Laboratory) were used. All animals were held in the same an-
imal room in individually ventilated cages with a 12-h day/night cycle. All
procedures were carried out according to the protocol approved by the In-
stitutional Animal Care and Use Committee of the Dana-Farber Cancer In-
stitute. All PDX experiments were performed at the Wistar Institute in
accordance with the guidelines of the Wistar Institute’s Institutional Animal
Care and Use Committee (79). As the recipients of xenografts, 3- to 5-mo-old
NSG male mice (The Jackson Laboratory) were used.

Data Availability. All data files, including additional materials and methods
and associated protocols, are available in SI Appendix.
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