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Activation of CAMK2 by pseudokinase PEAK1
represents a targetable pathway in triple
negative breast cancer
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The PEAK family of pseudokinases, comprising PEAK1-3, play oncogenic roles
in several poor prognosis human cancers, including triple negative breast
cancer (TNBC). However, therapeutic targeting of pseudokinases is challen-
ging due to their lack of catalytic activity. To address this, we screen for PEAK1
effectors and identify calcium/calmodulin-dependent protein kinase 2
(CAMK2)D and CAMK2G. PEAK1 promotes CAMK?2 activation in TNBC cells via
PLCyl1/Ca* signalling and direct binding to CAMK2. In turn, CAMK2 phos-
phorylates PEAK1 to enhance association with PEAK2, which is critical for
PEAK1 oncogenic signalling. To achieve pharmacologic targeting of PEAK1/
CAMK?2, we repurpose RA306, a second generation CAMK2 inhibitor. RA306
inhibits PEAK1-enhanced migration and invasion of TNBC cells in vitro and
significantly attenuates TNBC xenograft growth and metastasis in a manner
mirrored by PEAK1 ablation. Overall, these studies establish PEAK1 as a critical
cell signalling nexus that integrates Ca** and tyrosine kinase signals and
identify CAMK2 as a therapeutically ‘actionable’ target downstream of PEAKI.

Pseudokinases play critical roles in normal cellular and developmental
processes as well as in human diseases such as cancer, despite lacking
the kinase activity of their bona fide kinase counterparts. This reflects
the ability of pseudokinases to function as allosteric regulators and/or
scaffolds that assemble protein signalling complexes'. Due to their
pathological functions, pseudokinases are attracting increasing
attention as therapeutic targets’.

The PEAK family of pseudokinases, comprising PEAK1 (previously
known as SgK269), PEAK2 (Pragmin and SgK223), and PEAK3
(C190rf35) share a conserved molecular architecture and sequence
homology, and function as scaffolds to mediate and regulate signalling

downstream of particular growth factor receptors and integrins*’.
PEAK1 is a critical regulator of EGFR signalling, mediating a qualitative
shift in signal output over time from mitogenic/survival signalling to
that promoting cell migration/invasion'. In addition, PEAK1 is strongly
implicated in the progression of a variety of cancers. For example, in
breast cancer, PEAK1 promotes cell proliferation, epithelial-
mesenchymal transition (EMT), aberrant acinar morphology in 3D
culture and xenograft growth and metastasis®®, in non-small cell lung
cancer it enhances migration, invasion, EMT and experimental
metastasis’, while in pancreatic cancer models it promotes resistance
to specific therapies'’. Of particular interest, high PEAK1 expression
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occurs in triple negative breast cancer (TNBC) and pancreatic
cancer®’’, two cancers associated with poor prognosis and limited
targeted therapeutic options. PEAK2 and PEAK3 also enhance cell
migration and invasion and are overexpressed in specific
malignancies*" ™,

All PEAK family members exhibit a C-terminal pseudokinase
domain flanked by a split helical dimerisation (SHED) domain, and
N-terminal extensions of contrasting length that harbour recruitment
sites for specific SH2, SH3 and PTB domain-containing effectors. These
effectors include Grb2 (bound by PEAKI and PEAK3), Shcl (PEAKI),
C-terminal Src kinase (Csk) (PEAK2) and ASAP1, Cbl and PYK2
(PEAK3)*°. An important characteristic of the PEAK family is their
ability to form homotypic and heterotypic complexes**®. The dimer-
isation of the PEAKs is mediated by the a-helical SHED domain that
forms a highly conserved dimer interface driven by hydrophobic
interactions”"®, while higher-order oligomers can also form via pseu-
dokinase domain interfaces'®. Dimerisation is critical to the signalling
potential of PEAK scaffolds*'>'®, Furthermore, since the repertoire of
known interactors differs across this family of scaffolds, heterotypic
versus homotypic association acts to diversify signal output™'®. For
example, PEAK1 requires PEAK2 to efficiently activate Stat3 and pro-
mote migration in MCF-10A cells'”, while signalling by PEAK3 is
modulated both quantitatively and temporally by the presence of
PEAKI1 and PEAK2".

In this study, we address how homo- and heterotypic association
of PEAK1 and PEAK2 regulates signal output by defining the inter-
actomes of the corresponding dimeric complexes. We identify the
association of PEAK1 with calcium/calmodulin-dependent protein
kinase 2 (CAMK2)D and CAMK2G, of particular interest given the
known roles of specific CAMK2 isoforms in many human cancers,
including breast cancer, and the therapeutic ‘actionability’ of these
serine/threonine kinases??. Importantly, we demonstrate potent,
feed-forward activation of CAMK2 by PEAKI, highlighting PEAKI as a
critical regulator and integrator of tyrosine kinase and Ca?" signals. In
addition, we identify CAMK2D and CAMK2G as downstream effectors
of PEAK1 in TNBC and ‘repurposing’ of the second generation CAMK2
inhibitor RA306 as a potential therapeutic strategy against oncogenic
PEAK1 signalling in poor prognosis human cancers such as TNBC.

Results

Characterisation of dimer-specific interactomes of PEAK1 and
PEAK2 by BiCAP

To characterise the interactomes of PEAK1 and PEAK2 homodimers,
and the PEAK1/PEAK2 heterodimer, we applied bimolecular com-
plementation affinity purification coupled with tandem mass spec-
trometry (BiCAP-MS/MS) (Supplementary Fig 1A)*. Specific dimeric
complexes were affinity purified, and associated proteins identified
by LC-MS/MS in data-independent acquisition mode (Methods,
Fig. 1A-C and Supplementary Table 1 in Source Data). Strong corre-
lation between n =3 independent experiments was observed (mean
sample correlation scores: Vector =0.78; PEAK1 homodimer = 0.85;
PEAK2 homodimer =0.94; PEAK1/2 heterodimer=0.94) (Supple-
mentary Fig 1B). Grb2, a well-characterised PEAK1 binding partner®*¢
bound the PEAK1 homodimer and PEAK1/PEAK2 heterodimer, but not
the PEAK2 homodimer, consistent with our previous results that
PEAK1 bridges Grb2 to PEAK2". Two protein phosphatase 1 (PP1)
family members, PPP1CA and PPP1CC were previously identified as
PEAK1 interactors in a traditional immunoaffinity based-MS/MS
screen”. However, their selectivity towards PEAK1 versus PEAK2 was
unclear. Here, like Grb2, they were identified as interactors of the
PEAK1 homodimer and PEAK1/PEAK2 heterodimer, with another PP1
family member, PPP1CB, associating with the PEAK1 homodimer. Of
interest given a recent paper reporting a key regulatory role for 14-3-3
proteins in regulating PEAK3 effector recruitment and biological
activity?’, multiple 14-3-3 isoforms bound both homodimers and the

heterodimer (Supplementary Table 1 in Source Data). Further inter-
actors identified included the RACI guanine nucleotide exchange
factor (GEF) FARP1 and the MAPK pathway antagonist SPRY4, which
were selective for the PEAK2 homodimer. In addition, Ca**/calmodu-
lin-dependent protein kinase 2 (CAMK2)D and G associated with the
PEAK1 and PEAK2 homodimers and the PEAK1/PEAK2 heterodimer,
while CAMK2B was recruited by the PEAK2 homodimer and PEAK1/
PEAK2 heterodimer (Fig. 1A-C). Bioinformatic analysis of the inter-
actomes for each of the PEAK complexes in order to identify enriched
pathways/processes identified calcium-related pathways that inclu-
ded CAMK2 enzymes as being enriched (specifically ‘postsynaptic
signalling' for PEAK1 and PEAK2 homotypic complexes and both
‘myometrial’ and ‘cardiac signalling’ for all 3 complexes) (Supple-
mentary Table 2 in Source Data).

Overall, these data provided important insights into the binding
selectivity of PEAK1/2 complexes and identified specific CAMK2 family
members as interactors of these pseudokinase scaffolds.

Characterisation of CAMK2 interaction with PEAK1 and PEAK2
To confirm the association of specific CAMK2 family members with
PEAK1 and PEAK2, we focused on CAMK2D and CAMK2G since these
kinases are associated with all of the homo- and heterotypic PEAK
complexes analysed by BiCAP-MS/MS. The interaction of these
CAMK2s with endogenous PEAK1 and PEAK2 was interrogated by
proximity ligation assays in MDA-MB-231 breast cancer cells
(Fig. 1D-F). Using this technique, the interactions between PEAKI and
CAMK2D or G could be detected and were significantly decreased
when PEAK1 was knocked down using siRNA (Fig. 1D, E). Similar results
were observed for the interactions between PEAK2 and CAMK2D or G
(Fig. 1D, F). These data demonstrate that CAMK2D and G interact with
both PEAK1 and PEAK2 in vivo, at endogenous expression levels.

Regulation of CAMK?2 activity by PEAK1
The known overexpression of PEAKI in breast cancer®’ led us to
interrogate the functional consequences of PEAK1/CAMK?2 interaction.
Upon an increase in intracellular Ca*, binding of Ca*/calmodulin
(CaM) to the CAMK2 regulatory segment leads to release of the reg-
ulatory segment from the kinase domain, kinase activation, and
phosphorylation of T286 (T287 in CAMK2D and G). In the presence of
T286 phosphorylation, the CAMK2 regulatory segment can no longer
mediate autoinhibition, and the activity of CAMK2 is Ca*/CaM
autonomous®. Knockdown of PEAK1 in MDA-MB-231 TNBC cells did
not affect the expression levels of CAMK2D and G but significantly
reduced their activation, as determined by phosphorylation at T287
(Fig. 2A, B). In addition, overexpression of PEAKI in these cells sig-
nificantly enhanced the activation of these two CAMK2 isoforms
(Fig. 2C, D). Positive regulation of CAMK2D/G activity by PEAK1 was
also observed in MDA-MB-468 TNBC cells (Supplementary Fig. 2).
Treatment of MDA-MB-231 cells with BAPTA-AM, a membrane
permeable Ca* chelator which blocks activation of CaM by Ca*?*
significantly reduced basal CAMK2 T287 phosphorylation and com-
pletely blocked the effect of PEAKI on CAMK2 activation, indicating
that PEAKI-mediated CAMK2 activation is Ca*-dependent (Fig. 2E, F).
In light of this result, we determined whether PEAK1 can modulate
Ca” levels and thereby indirectly regulate CAMK2 activation. Appli-
cation of Fluo-4 imaging revealed that PEAK1 overexpression sig-
nificantly enhanced intracellular Ca* levels at steady state (Fig. 2G, H).
With regard to the mechanism underpinning PEAK1-regulated Ca*
signalling, the known roles of the PEAKs as regulators and/or sub-
strates of specific tyrosine kinases*® led us to determine whether
PEAK1 overexpression impacts tyrosine phosphorylation and hence
activation of PLCyl, leading to generation of IP; that triggers Ca*
release from intracellular stores®. Indeed, PEAKI knockdown
decreased tyrosine phosphorylation of PLCyl Y783 (Fig. 2I), while
PEAK1 overexpression enhanced PLCyl tyrosine phosphorylation on
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this site (Fig. 2J). However, given that PEAKI is a pseudokinase, PLCyl
phosphorylation must be mediated by a bona fide tyrosine kinase
acting downstream of PEAKI. Since PEAK1 is a member of a prominent
Src family kinase (SFK) signalling network in TNBC* and PLCyl is a
known substrate of SFKs*®, we hypothesised that SFKs may mediate
this role. Supporting this hypothesis, treatment of MDA-MB-231 TNBC
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cells with the highly selective SFK inhibitor eCF506%° blocked PEAKI-
enhanced PLCyl tyrosine phosphorylation (Supplementary Fig. 3).
However, interrogation of the BiCAP datasets did not reveal the
association of specific SFKs or PLCy1 with any of the PEAK complexes,
strongly suggesting that the regulatory mechanism does not involve
direct binding.
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Fig. 1| Identification of specific CAMK2 isoforms as PEAK1/2 interactors via
BiCAP-MS/MS. A-C. Results of BICAP-MS/MS screen. Volcano plots indicate enri-
ched interactors for the PEAK1 homotypic complex (A), PEAK2 homotypic complex
(B) and PEAK1/PEAK2 heterotypic complex (C). The known PEAK1 interactor Grb2
and targets of particular interest, including specific CAMK2 family members, are
highlighted in blue. Dotted lines indicate fold change and p-value cut-offs. Data are
from n =3 independent experiments, and statistical significance is determined by a
two-tailed ¢ test. D Western blotting validation of PEAK1 and PEAK2 knockdown.
PEAK1 and PEAK2 were knocked down using siRNA pools, with successful knock-
down confirmed by Western blotting. Size markers (in kDa) are indicated on the
right. These are representative data from n =3 independent experiments detailed

below. E, F. Validation of PEAK1/2 association with CAMK2D and CAMK2G by
proximity ligation assays. Left panels, representative proximity ligation assay (PLA)
images from MDA-MB-231 cells for the interaction of PEAK1 (E) or PEAK2 (F) with
CAMK2D and CAMK2G. Cells were transfected with either si-PEAK1 (E), si-PEAK2 (F)
or si-Control. Scale bars indicate 10 um. Right panels, quantification of protein
interactions in each cell. The data are expressed as dot numbers divided by cell
number. In each condition, more than 50 cells have been counted. Data are pre-
sented as mean values +/- standard error of the mean (SEM) from n =3 indepen-
dent experiments and analysed by unpaired two-tailed ¢ test. Source data are
provided as a Source Data file.

Structural requirements for PEAK1/2 interaction with CAMK2
To determine which regions of PEAK1 and PEAK2 mediate interaction
with CAMK2D and G, we utilised previously described deletion
mutants of PEAK1 and PEAK2' that delete the N-terminal region (AN-
term), N1 a-helix (AN1) and a combination of the pseudokinase domain
and helices J-M (ACterm), as well as a mutant comprising just the
extreme N-terminal region (1-324 amino acids) (N-term) (Fig. 3A). Co-
immunoprecipitation of Flag-tagged PEAK1 with endogenous CAMK2D
could be demonstrated for WT, AN1 and ACterm PEAK1 but not for the
ANterm PEAK1 mutant (Fig. 3B). However, the Nterm region alone did
not associate with CAMK2D, indicating that it is required but not suf-
ficient for interaction with these CAMK2s (Fig. 3B). In addition, since
the N1 and Cterm regions are required for PEAK1 to undergo homo-
typic association and also heterotypic interaction with PEAK2'¢, these
data also indicated that dimerisation is not required for PEAK1 to
associate with these CAMK2s. Next, we generated a series of deletion
mutants to more narrowly define the CAMK2 binding region on PEAK1
(Fig. 3C). Association with CAMK2D was lost with the A261-324 mutant
(Fig. 3D). Furthermore, deletion of smaller regions spanning amino
acids 261-300 or 301-324 also abolished CAMK2D association
(Fig. 3D). Deletion of amino acids 301-324 also markedly reduced
CAMK2G association (Fig. 3E).

Although PEAKI1 and PEAK2 share similar overall domain archi-
tecture, the N-terminal extensions, including the region of PEAK1
required for CAMK2 association (amino acids 261-324), are poorly
conserved®, indicating that the CAMK2 binding mechanism for PEAK2
is likely to differ. Consistent with this hypothesis, while CAMK2D
association with PEAK2 was significantly reduced with the PEAK2
ANterm mutant, the greatest effect was observed with the AN1 and
ACterm mutants, which markedly and almost completely abolished
association, respectively (Supplementary Fig. 4A-C). Since the N1 and
Cterm regions are required for PEAK2 to undergo homotypic and
heterotypic association'®, these data suggest that PEAK2 interaction
with these CAMK2s requires PEAK2 dimerisation. Supporting this
model, three point mutations in PEAK2 (Supplementary Fig 4A) that
abrogate dimerisation® all led to a diminished association with
CAMK2D (Supplementary Fig 4D). This contrasts with PEAK1, where
the dimerisation-impaired AN1 and ACterm mutants retained asso-
ciation with the CAMK2s. In addition, PEAK1 knockdown did not dis-
rupt the association of PEAK2 with CAMK2D (Supplementary Fig. 4E),
indicating that PEAK2 interaction with CAMK2D is not mediated via
PEAK], consistent with the BiCAP data (Fig. 1B). Taken together, these
data highlight contrasting structural requirements for PEAK1 and
PEAK2 association with CAMK2, with a greater contribution from a
discrete N-terminal region in the case of PEAK]1, and a requirement for
dimerisation in the case of PEAK2.

PEAK1 directly binds CAMK2 via a conserved motif to promote
CAMK?2 activation and PEAK1 phosphorylation

Since the PEAK1 A301-324 mutant was deficient in CAMK2 association
(Fig. 3D, E), we determined the effect of this mutant on CAMK2 acti-
vation. Interestingly, this mutant was significantly impaired in its ability
to activate CAMK2D/G as determined by phosphorylation at T287

(Fig. 3F, G), indicating that PEAK1-mediated CAMK2 activation requires
association of the two proteins in addition to a Ca** signal (Fig. 2E, F).

A recent report characterised how CAMK2 interacts with sub-
strate binding partners via a conserved sequence motif in the binding
partner, R/K-X-X-¢-X-R/K-X-X-S/T-¢ (where ¢ represents a hydro-
phobic residue) that binds across a single continuous site on the
CAMK2 kinase domain®. It also revealed that binding of the conserved
CAMK2 interaction motif (CIM) competes with autoinhibition of
CAMK?2 by the regulatory segment of the kinase domain, explaining
the ability of certain substrates, such as GIuN2B, to lock CAMK2 in an
active conformation®*. Of note, the Rac GDP/GTP exchange factor
TIAM1 exhibits a pseudosubstrate version of the conserved motif (with
Arather than S/T) but is still able to bind and promote phosphorylation
of itself on other sites®. To address whether PEAK1 may interact with
CAMK2 via this mechanism, we searched the PEAK1 N-terminal region
for the conserved motif. We first constructed a multiple sequence
alignment across diverse species and subsequently subjected this to
MEME analysis to identify conserved motifs. This analysis revealed that
the PEAK1 amino acids 297-307 exhibits close similarity to the cano-
nical binding motif but with an alanine at position O (amino acid 306),
as observed with TIAM1 (Fig. 4A). Furthermore, the N-terminal region
and the binding motif are highly conserved across species (Supple-
mentary Fig. 5).

The presence of a CIM between amino acids 297-307 is consistent
with disruption of binding by deletion of amino acids 261-300 and
301-324 (Fig. 3D, E) and the failure of the A301-324 mutant to activate
CAMK?2 (Fig. 3F, G). To determine whether a synthetic peptide corre-
sponding to the PEAK1 CIM bound CAMK2, we applied isothermal
calorimetry. These data revealed a high-affinity interaction with a mean
dissociation constant (Kp) of 635nM (Fig. 4B), comparable to that of
the TIAML1 interacting region (1.1 uM)*°. Modelling of the PEAK1/CAMK2
interaction using AlphaFold predicts (pLDDT 90.7, pTM 0.899) that the
PEAK1 CIM interacts across the same surface of the CAMK2 kinase
domain as other known interactors®, with key salt bridges formed
between PEAK1 R303 (-3 position) and R297 (-9) with glutamate resi-
dues in CAMK?2 (Fig. 4C-F and Supplementary Fig 6). In addition, L301
is accommodated in a hydrophobic pocket of CAMK2 (Fig. 4E). We also
note the predicted formation of salt bridges and electrostatic interac-
tions by PEAK1 D308, D310, D311 and D314 across the surface of CAMK2
(Fig. 4F). Of note, while this modelling was undertaken with CAMK2A,
the binding site is conserved across all CAMK2 isoformes, as highlighted
by AlphaFold2 modelling and multiple sequence alignments of
CAMKR2A, B, D and G (Supplementary Fig. 6).

To test the importance of key residues within the PEAK1 CIM for
CAMK2 activation, we generated PEAK1 mutants with alanine sub-
stitutions at the R303 (-3), L301 (-5) and R297 (-9) positions (termed
AAA) and glutamate substitutions at R303 and R297 (EE). Over-
expression of the EE mutant significantly enhanced intracellular Ca*
levels (Fig. 5A, B) and both mutants significantly increased PLCy1 tyr-
osine phosphorylation (Fig. 5C, D). However, both mutants lost the
ability to activate CAMK2 as determined by phosphorylation at T287
(Fig. SE-G). These data indicate that while the ability of PEAKI to
activate CAMK2 is calcium-dependent (Fig. 2E, F), PEAKl-enhanced
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Ca” is not sufficient to increase CAMK2 T287 phosphorylation, and
direct association with CAMK2 is also required. The data also support
the validity of the Alphafold modelling.

CAMK2 binding to TIAMI leads to sustained phosphorylation of
TIAMI. To determine whether PEAK1 is a substrate for CAMK2, we
utilised RA306, a ‘next generation” CAMK2 inhibitor developed by
Sanofi for chronic cardiovascular indications that is selective for

CAMK2D and G over other isoforms®. RA306 exhibited ‘on-target’
activity against CAMK2 in MDA-MB-231 cells (Supplementary Fig. 7A)
and significantly inhibited PEAK1 serine/threonine phosphorylation
(Fig. 6A, B). In addition, recombinant CAMK2 demonstrated in vitro
kinase activity towards PEAKI that was detectable using a pAkt sub-
strate antibody that also recognises the minimal CAMK2 consensus
motif for phosphorylation (RXXS/T) or a pSer/Thr antibody (Fig. 6C).
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Fig. 2 | PEAK1-mediated regulation of CAMK2 activity in triple negative breast
cancer cells. A-D Manipulation of PEAK1 expression modulates CAMK2 activity.
PEAK1 was knocked down using a siRNA (A, B) or overexpressed via transient
transfection (C, D) in MDA-MB-231 cells and autonomous activation of CAMK2
determined by Western blotting as indicated. Blotting for 14-3-3 served as a loading
control. Histograms indicate CAMK2 T287 phosphorylation normalised for total
CAMK2 expression, with ‘au’ indicating arbitrary units. E, F PEAK1-promoted
CAMK?2 activation is calcium-dependent. MDA-MB-231 cells were transfected with a
PEAKI1 construct in the presence or absence of 10 uM BAPTA-AM. Cell lysates were
Western blotted as indicated (E), and CAMK2 activation quantified as above for
CAMK2D/G combined (F), with data expressed relative to the DsR (vector)/DMSO
control which was arbitrarily set at 1. G, H. Overexpression of PEAK1 increases
intracellular Ca?*. MDA-MB-231_EcoR cells stably overexpressing PEAK1 were loaded

with calcium-sensitive dye Fluo-4 AM and then imaged with a fluorescence
microscope. Representative images from n =3 independent experiments are
shown (G) as well as quantification of Fluo-4 images (H), presented as mean Fluo-4
fluorescence + SEM. 1, J PEAK1 regulates tyrosine phosphorylation of PLCyl. MDA-
MB-231 cells were transfected with PEAK1 siRNA (I) or a PEAK1 expression vector (J)
and then cell lysates were Western blotted as indicated. The histograms indicate
Y783-phosphorylated PLCyl normalised for total PLCyl expression. Data are pre-
sented as mean values +/- SEM. For (B, D, F, H and }), data are from n=3 inde-
pendent experiments, for I, n=4 independent experiments. NS indicates p > 0.05.
Data were analysed by ratio paired two-tailed t test (B, D, I, J), two-way ANOVA with
Tukey’s multiple comparisons test (F), or unpaired two-tailed ¢ test (H). PEAK1 and
14-3-3 blots in (C and J) are from the same experiment. Source data are provided as
a Source Data file.

Interestingly, PEAK1 phosphorylation was markedly reduced when the
PEAK1 AAA and EE CIM mutants were used as substrate, indicating that
efficient phosphorylation of PEAK1 by CAMK2 requires interaction of
the two proteins via the PEAK1 CIM (Fig. 6C).

CAMK2 phosphorylates PEAKI1 to regulate the PEAK1
interactome

In order to characterise the impact of CAMK2-mediated phosphor-
ylation on PEAK1 scaffolding potential, we compared the interactomes
of wild-type (WT) PEAK1 and the AAA and EE CIM mutants in vivo. We
utilised this approach since it more selectively addresses the impact of
CAMK2-mediated PEAK1 phosphorylation, while RA306 treatment
would exert a more general inhibition of CAMK2-mediated cellular
phosphorylation. The binding of the adaptors Crk-L and Grb2, which
associate with PEAK1 via SH3 and SH2 domain-mediated interactions,
respectively’” was unaffected by the CIM mutations (Supplementary
Fig. 7B). In contrast, Western blotting of PEAK1 IPs revealed sig-
nificantly reduced association of 14-3-3 proteins with the two mutants
(Supplementary Fig. 7C, D). Since 14-3-3 binding to client proteins is
classically phosphorylation-dependent, this indicated that impaired
CAMK?2 activation by the CIM mutants leads to decreased phosphor-
ylation of PEAK1 on 14-3-3 binding sites. Next, we assayed the hetero-
typic association of PEAK1 with PEAK2, a critical determinant of signal
output, with PEAK2 binding being required for PEAKI to promote cell
migration and oncogenic signalling’. Importantly, whereas the het-
erotypic association of wildtype PEAK1 with PEAK2 in MDA-MB-231
TNBC cells could be readily detected, this was markedly reduced for
the CIM mutants (Fig. 6D). Overall, these data demonstrate that
CAMK2-mediated PEAK1 phosphorylation is a critical regulator of
PEAK1-mediated protein-protein interactions and signalling.

PEAK1/CAMK?2 signalling is a therapeutically ‘actionable’ target
in TNBC
The finding that CAMK2 and PEAKI1 reciprocally regulate led us to
interrogate how the expression of these proteins is related to breast
cancer patient survival. Interestingly, combined high expression of
PEAK1 and CAMK2D was significantly associated with poor overall
survival, while a non-significant trend was detected for the PEAK1/
CAMK2G combination (Supplementary Fig. 8A-C). Of note, this ana-
lysis emphasised the importance of high expression of both PEAK1 and
CAMK2D (Supplementary Fig. 8B), consistent with a co-activating
PEAK1/CAMK2D ‘cassette’ promoting breast cancer progression. To
gain further insights into the combined role of PEAK1 and CAMK2/G in
breast cancer, we interrogated their association with distant
metastasis-free survival (DMFS). However, this was only possible with a
meta-cohort derived from certain publicly available datasets (see
Methods) and for the PEAKI/CAMK2G combination. Nevertheless, this
revealed a significant association between high PEAK1/CAMK2G and
reduced DMFS (Supplementary Fig. 8D).

Next, we characterised the effects of PEAK1/CAMK?2 signalling on
biological endpoints in TNBC cells. Previously we reported that

CRISPR-mediated PEAK1 KO in MDA-MB-231 cells significantly reduced
anchorage-dependent proliferation as well as tumoursphere formation
in low attachment plates®. Interestingly, treatment with RA306 resul-
ted in a dose-dependent reduction in the viability of these cells under
anchorage-dependent and -independent conditions (high and low
attachment plates, respectively) (Supplementary Fig. 9A, B). These
effects appeared to be mediated via decreased proliferation, as PEAK1
KO or RA306 did not induce apoptosis (Supplementary Fig. 9C, D).
Taken together, these data indicate that both PEAK1 and CAMK2
contribute to proliferative signalling in TNBC.

Next, we probed the role of PEAKI/CAMK2 in cell migration/
invasion. Knockdown of either CAMK2D or G blocked the effect of
PEAK1 overexpression on cell migration and invasion (Fig. 7A, B and
Supplementary Fig. 10A) and RA306 treatment blocked PEAKI-
promoted migration in both MDA-MB-231 and -468 cells (Fig. 7C and
Supplementary Fig. 10B, C) and PEAK1-promoted invasion in MDA-MB-
231 cells (Supplementary Fig. 10D). Furthermore, the A301-324 PEAK1
mutant, which cannot bind or activate CAMK2 (Fig. 3D-G), was unable
to enhance TNBC cell migration and invasion (Fig. 7D and Supple-
mentary Fig. 10E). Overall, these data indicate a requirement for
CAMK2 expression and/or activation, as well as PEAK1/CAMK2 binding,
in regulation of cell migration and invasion by PEAKI.

We then evaluated RA306 in an in vivo model of TNBC tumour
growth and metastasis. Previously, we demonstrated that PEAK1 gene
knock-out significantly inhibited growth and lung metastasis of
orthotopic MDA-MB-231 TNBC xenografts®. To test RA306, we utilised
the highly metastatic variant of this cell line, MDA-MB-231-HM?, so that
we could readily assay metastatic spread from the primary tumour. In
addition, we generated PEAKI-deficient MDA-MB-231-HM cells via
CRISPR editing (Supplementary Fig. 11A) to compare the effect of
RA306 with PEAKI1 knock-out and also the combined effect of these two
manipulations. On-target activity of RA306 could be detected in the
xenografts, and PEAK1 ablation also reduced CAMK2 activation (Sup-
plementary Fig 11B, C). RA306 treatment significantly impaired primary
tumour growth (Fig. 7E). Importantly, the degree of growth inhibition
was similar to that observed upon PEAKI gene knock-out and com-
bining RA306 with gene knock-out did not enhance this further,
strongly suggesting that RA306 treatment and PEAK1 knock-out are
targeting the same oncogenic signalling axis (Fig. 7E). Furthermore, we
also allowed a separate cohort of primary tumours to grow to the same
mean size (Supplementary Fig. 11D), resected them and then mon-
itored metastasis. Strikingly, RA306 blocked metastasis to a similar
extent to PEAK1 knock-out (Fig. 7F and Supplementary Fig. 11E). Since
PEAK1 KO or RA306 treatment impacts cell proliferation, migration and
invasion but not apoptosis® (Fig. 7 and Supplementary Figs. 9, 10), the
effect on primary tumour growth is likely mediated via reduced pro-
liferation while the reduced metastatic growth must be independent of
primary tumour size and reflect a decreased ability to metastasise to
the lung and/or reduced proliferation at this secondary site. Overall,
these data identify RA306 as a potential therapeutic strategy against
the PEAK1/CAMK?2 axis in TNBC and potentially other human cancers.
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Fig. 3 | Mapping the CAMK2 binding region on PEAKI. A Schematic structure of
PEAK1 and various truncation mutants. WT, wildtype. B Association of CAMK2D
with specific PEAK1 deletion mutants. The indicated Flag-tagged PEAKI1 deletion
mutants were expressed in HEK293T cells. Total cell lysates (TCL) and Flag IPs were
subjected to Western blotting as indicated. Positions of size markers are indicated
for both panels, sizes on the right. C Schematic representation of various PEAK1
N-terminal deletion mutants. Deleted regions of PEAKI1 are indicated by red crosses.
D, E. Fine structure mapping of N-terminal regions required for the association of
PEAK1 with CAMK2D (D) or CAMK2G (E). Analysis was undertaken as in (B). The
asterisk in 3D highlights degradation products present for the A261-300 and
A261-324 mutants. F, G. PEAK1 binding to CAMK2 is required for CAMK2 activation.

MDA-MB-231 cells were transfected with WT PEAK1 or the A301-324 PEAK1 con-
struct. Cell lysates were Western blotted as indicated (F), with the dotted line in F
indicating where the image was cropped to remove an irrelevant lane. Raw data for
the full image are provided in the Source Data file. Relative CAMK2 activation, as
determined by T287 phosphorylation, was then quantified (G). Data are expressed
relative to vector control which was arbitrarily set at 1. All data in (B, D and E) are
representative of at least n =2 independent experiments. In (G), data are presented
as mean values +/- SEM from n = 3 independent experiments. NS indicates p > 0.05.
Data were analysed by one-way ANOVA with Tukey’s multiple comparisons test.
Source data are provided as a Source Data file.

Discussion

The pseudokinase scaffold PEAKI has emerged as a critical regulator
of intracellular signalling, transducing and integrating pleiotropic
signals downstream of a variety of growth factor receptors and
integrins. For example, PEAK1 promotes Ras activation via Grb2

binding®, and couples to paxillin regulation at focal adhesions via
Crk®. In addition, it can indirectly impact Csk and Stat3 via association
with PEAK2' and ASAPI1, PYK2 and Cbl via PEAK3*. Our discovery that
PEAKI1 can also promote Ca® signals via PLCyl and moreover, binds
and sustains activation of the Ca®* effector CAMK2 greatly expands
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Fig. 4 | Characterisation of a conserved CAMK?2 interaction motif (CIM)

in PEAKI. A Sequence alignment of the PEAK1 CIM with other CAMK2 binding
partners. The critical residues for CAMK2 interaction (R297, L301 and R303 in
PEAK]1) are highlighted in yellow. The canonical motif numbering (A306 being 0) is
shown above the alignment. B Representative ITC measurement of CAMK2 kinase
domain binding to PEAK1 CIM peptide. The mean Kp value from n =3 independent
experiments is indicated. C Comparative modelling of the PEAK1/CAMK?2 interaction
by AlphaFold. Surface representation of CAMK2 with PEAK1 amino acids

291-320 shown as ribbon (grey). The orientation is as in Supplementary Fig. 6.

CAMK?2
PEAK1

CAMK?2 is coloured by electrostatic charge. The PEAK1 binding site on CAMK?2 is
noticeably negative, with key arginine residues of PEAK1 mediating interactions with
CAMK2. The N- and C-termini are labelled as N and (C), respectively. D Surface
representation of modelled PEAK1/CAMK?2 interaction. CAMK?2 is grey and PEAK1
amino acids 291-320 are purple. E, F Focused view of key predicted molecular
interactions. Boxed regions from (D) illustrating predicted formation of salt bridges
and electrostatic interactions (dotted lines) by specific PEAK1 residues across the
surface of CAMK2. The canonical numbering of the PEAK1 motif is shown in white
boxes. Source data are provided as a Source Data file.
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Fig. 5 | The role of the PEAK1 CIM in CAMK2 activation. A, B. Effect of CIM
mutation on intracellular Ca®* levels. Constructs expressing WT PEAK1 or the PEAK1
RR-EE mutant were stably expressed in MDA-MB-231_EcoR cells via retroviral
transduction. PEAK1 expression levels were determined by Western blot (A) and
Ca* levels (B) assayed as in Fig. 2G-H. In (A), the dotted line indicates where the
image was cropped to remove an irrelevant lane. Raw data for the full image are
provided in the Source Data file. Data in (B) represent mean Fluo-4 fluores-

cence + SEM from n =3 independent experiments. Statistical analysis utilised an
unpaired one-tailed ¢ test. C, D. Effect of CIM mutation on tyrosine phosphorylation
of PLCyL. The indicated plasmids were transiently transfected into HEK293 cells and
cell lysates Western blotted as indicated (C). PLCy1 tyrosine phosphorylation was

normalised for total expression (D). Data in (D) are expressed relative to the vector
control, which was arbitrarily set at 1 and represents the mean + SEM of n=3
independent experiments. Data were analysed by unpaired two-tailed ¢ test.

E-G Effect of CIM mutation on CAMK2 activation. Plasmids encoding WT PEAK1
and the indicated mutants were transfected into MDA-MB-231 cells. Total cell
lysates were Western blotted as indicated (E) and then relative CAMK2 activation
was quantified (F, G). Data from n =3 independent experiments are expressed
relative to the vector (DsR) control which was arbitrarily set at 1. Data represent the
mean + SEM of n =3 independent experiments. NS indicates p > 0.05. Data were
analysed by one-way ANOVA with Dunnett’s multiple comparisons test. Source data
are provided as a Source Data file.

the signalling repertoire of this scaffold and cements its role as a
fundamental cell signalling nexus. It also reveals PEAK1 as a kinase
superfamily member that sustains activation of CAMK2 via direct
binding and an oncoprotein that targets CAMK2 via this mechanism.
This expansion of the known signalling functions of PEAK1 calls for a

re-evaluation of its role in physiological processes linked to
CAMK?2 signalling including learning and memory, cardiac function
and osteogenic differentiation?’. As discussed later, it also highlights a
potential strategy for therapeutically targeting the oncogenic activity
of PEAK1.
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Fig. 6 | CAMK2 phosphorylates PEAK1 to regulate the PEAK1 interactome. A, B.
RA306 inhibits PEAK1 serine/threonine phosphorylation. MDA-MB-231_EcoR cells
stably expressing Flag-tagged PEAKI1 were treated with RA306 (1 uM) for 24 h and
cell lysates were directly Western blotted or subject to immunoprecipitation with
Flag antibody prior to blotting as indicated (A). Relative serine/threonine phos-
phorylation of PEAK1, normalised for total PEAK], is shown in the histogram, which
presents the mean + SEM of n =3 independent experiments (B). In panel (B), data
were analysed by ratio paired two-tailed ¢ test. C CAMK2 phosphorylates PEAK1
in vitro. Flag-tagged versions of WT and mutant PEAK1 proteins were expressed in
HEK293T cells. PEAK1 proteins were immunoprecipitated using anti-Flag antibody

and following washing, immediately treated with SDS-PAGE sample buffer (SB) (no
incubation) or incubated in kinase reaction buffer supplemented as indicated at
37°C for 30 min. Reactions were terminated with SB. Samples were then Western
blotted as indicated. The asterisk indicates a background band present in all
CAMK2D-incubated samples, including the vector control while the arrowhead
highlights phosphorylated PEAK1. D Impact of CIM mutations on heterotypic
association with PEAK2. Flag-tagged WT PEAK1 or PEAK1 mutants were expressed in
MDA-MB-231 cells and association with endogenous PEAK2 assayed by IP/Western.
Datain (C, D) are representative of n =3 independent experiments. Source data are
provided as a Source Data file.
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Our findings lead to a model whereby PEAK1 enhances and pro-
longs CAMK2 activation and signalling by two mechanisms that toge-
ther provide a ‘feed-forward’ regulatory process for CAMK2 (Fig. 8).
First, PEAK1 overexpression leads to enhanced and more sustained Ca*'
signals in cells, reflecting increased tyrosine phosphorylation and hence
activation of PLCyl which is driven in an SFK-dependent manner. While

the role of SFKs in this pathway is consistent with PEAK1 functioning
within an SFK signalling network in TNBC”, the detailed mechanism
currently remains unclear and based on our BiCAP data, does not
appear to involve direct binding of PEAK1/2 to SFKs or PLCyL. In this
regard, it differs from the direct binding and regulation of the tyrosine
kinases Csk and PYK2 by PEAK2 and PEAK3, respectively?**. In terms of
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Fig. 7 | Role of CAMK2 in PEAKI-regulated TNBC biology. A PEAKI over-
expression with CAMK2D and CAMK2G knockdown in MDA-MB-231 cells. Cells
were transfected with a PEAK1 plasmid +/- siRNA-mediated CAMK2D or CAMK2G
knockdown. Cell lysates were Western blotted as indicated. Data are representative
of n=3 independent experiments. B Role of CAMK2D/G in PEAK1-promoted MDA-
MB-231 cell migration. Cells validated in (A) were subjected to a transwell migration
assay. C, D Role of CAMK2 activation. MDA-MB-231 cells were transfected with a
PEAK1 plasmid and subject to transwell migration assays +/— RA306 (C). Plasmids
expressing WT PEAK1 and the A301-324 mutant that cannot activate CAMK2 were
transiently transfected into MDA-MB-231 cells, and cells subjected to a transwell
migration assay (D). E Role of PEAKI/CAMK?2 signalling in TNBC xenograft growth.
Control MDA-MB-231_HM cells (Cas9-control) or PEAK1 KO cells (Cas9-sgPEAK1) in
combination with RA306 or vehicle control (captisol) were injected into the
mammary fat pad. Left panel, representative whole body bioluminescent imaging
(BLI) images. Right panel, quantification of xenograft growth. Each treatment

group exhibited 9 mice. F Role of PEAK1/CAMK2 signalling in TNBC metastasis.
Control MDA-MB-231_HM cells (Cas9-control) or PEAK1 KO cells (Cas9-sgPEAK]1) in
combination with RA306 or vehicle control (captisol) were injected into the
mammary fat pad. At Day 19 post-injection with primary tumour size at ~100 mm?,
they were resected, and tumour growth at secondary sites measured. Left panel,
representative whole body and ex vivo lung BLI images from each group at Day 72
post-injection. Right panel, comparison of obvious metastatic growth (defined as
BLI > 500 E + 05 p/s) across the different treatment groups. Data are presented as
mean values +/- SEM from n =3 independent experiments (B-D) or from the
individuals of each group (E). In (F), mouse numbers were: Cas9 control + captisol,
9; sgPEAKI + captisol, 7; Cas9 control + RA306, 6; sgPEAK1 + RA306, 8. NS indicates
p>0.05. Data were analysed by two-way ANOVA with Tukey’s (B, C) or Dunnett’s (E)
multiple comparisons tests, one-way ANOVA with Tukey’s multiple comparisons
test (D), or Chi-square test (F). Source data are provided as a Source Data file.
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Fig. 8 | Schematic representation of feed-forward regulation of CAMK2

by PEAKL. PEAKI1 enhances intracellular Ca®* by promoting SFK-mediated tyrosine
phosphorylation of PLCyL. This leads to classical activation of CAMK2 by Ca*”CaM
and the aD helix rotates out. The PEAK1 CIM then binds to the CAMK2 substrate
binding site and competes with the regulatory segment, effectively ‘locking’
CAMK2 in an active conformation. Sustained phosphorylation of PEAK1 and CAMK2

PEAK1 phosphorylated by
CAMK?2 holoenzyme

* CAMK2 locked in active conformation
¢ Spread of activation throughout CAMK2 holoenzyme?

* Protection from phosphatase activity?

itself (on T287) then occurs as the PEAK1 CIM undergoes cycles of dissociation and
re-association. However, other mechanisms may contribute to the observed effects
on CAMK?2 activation, as indicated on the figure. CIM-mediated recruitment of
PEAK1 to the CAMK2 holoenzyme promotes serine/threonine phosphorylation of
PEAK1 which in turn positively regulates heterotypic association with PEAK2.

the SFKs responsible, TNBCs express several SFKs including Src, Yes,
Fyn and Lyn, but expression of the latter is particularly high, and since
Lyn also regulates PEAK1 tyrosine phosphorylation, it represents an
interesting candidate for further investigation®?”*. The enhanced Ca*
signal generated by this PEAKI/SFK/PLCyl/Ca* pathway leads to a
greater pool of activated CAMK2. Second, PEAK1 binds directly to the
Ca**-activated CAMK?2 via the conserved CIM and this has two effects -
first, it leads to sustained CAMK2 activation, as determined by T287
phosphorylation, and second, it promotes CAMK2-mediated PEAK1
phosphorylation. We note that sustained elevation of intracellular Ca*"
can be pro-apoptotic?, but this is likely countered by survival signals
emanating from PEAK], for example via Grb2/Ras/Erk’.

Promotion of CAMK2 T287 phosphorylation and PEAK1 phos-
phorylation by binding of the PEAK1 CIM to CAMK2 can be explained

by a model that incorporates two key characteristics of this enzyme/
interactor system - first, the known ability of CAMK2 to form a large
holoenzyme comprising 12-14 monomers** and second, PEAK1 CIM
binding ‘locking’ CAMK2 in an active state with the aD helix rotated
outward® (Fig. 8). In this model, repeated cycles of association/dis-
association of one PEAK1 CIM to different CAMK2 subunits within the
complex leads to sustained activation of a subset of subunits, allowing
continued autophosphorylation on T287, which occurs in trans **and
phosphorylation of PEAK1. However, we accept that alternative, or
contributory, mechanisms are conformational changes within the
holoenzyme induced by PEAKI binding to one monomer that pro-
motes more widespread enzyme activation and autophosphorylation,
and T287 being protected from phosphatase action by PEAK1 binding
to CAMK2. In addition, CIM-mediated recruitment of PEAK1 to one
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monomer within the Ca**-activated oligomer leads to phosphorylation
of PEAK1 by other activated monomers within the complex. This would
be facilitated by the relatively large number of consensus CAMK2
phosphorylation sites present on PEAKI (41 R/KXXS/T sites in total).
Importantly, a precedent for a reciprocally-activating interaction of
CAMK2 with a binding partner exhibiting a pseudosubstrate CIM is
provided by CAMK2/TIAML. Here, binding of the TIAM1 CIM to CAMK2
leads to sustained phosphorylation of TIAM1 by CAMK2*,

An interesting question is the stoichiometry of the resulting
PEAK1/CAMK2 complexes. While CAMK2 forms a large holoenzyme
complex of 12-14 subunits, PEAK1 can form dimers via the SHED
domain and also higher-order oligomers via pseudokinase domain
interfaces'. These properties may facilitate the formation of assem-
blies with CAMK2 oligomers. In addition, the localisation of the PEAK1
CIM towards the N-terminus of a largely disordered extension provides
considerable flexibility for the assembly of large multimeric protein
complexes. Interestingly, in contrast to PEAK1, PEAK2 lacks a con-
sensus CIM, and its dimerisation potential is essential for CAMK2
association. While the impact of PEAK2 on CAMK2 regulation requires
further characterisation, one possibility is that PEAK2 contributes to
the assembly of higher-order complexes of PEAK1/2 with CAMK2.

While PEAKI is known to be regulated by site-selective tyrosine
phosphorylation®®3®, our study demonstrates positive regulation of
PEAK1 by serine/threonine phosphorylation. Furthermore, we deter-
mine that like tyrosine phosphorylation, this regulates the PEAK1
interactome. In particular, the two PEAK1 CIM mutants, which are poor
substrates for CAMK?2, exhibit decreased association with PEAK2. This
provides one explanation for the role of CAMK2 in PEAKI-enhanced
migration since heterotypic interaction with PEAK2 is required for this
process'®. Conceivably, CAMK2-mediated phosphorylation may reg-
ulate PEAK1 conformation and accessibility of the dimerisation and/or
oligomerization interfaces. Another protein that exhibits significantly
reduced binding to the PEAK1 CIM mutants is 14-3-3. This is consistent
with the overlap between the minimal CAMK2 phosphorylation site
consensus (R/KXXS/T) and the 14-3-3 mode 1 motif for binding,
RXXpS/TXP. In the case of PEAK3, 14-3-3 binding to phosphorylated
PEAK3 S69 impairs Grb2 and Crk recruitment to the scaffold, and the
PEAK3 S69A mutant exhibits a markedly enhanced ability to promote
cell migration”. With PEAKI, the overall effect of CAMK2-mediated
phosphorylation on PEAKI-promoted migration/invasion is positive,
so 14-3-3 binding may downregulate binding of negative regulatory
factors, and/or increase association with positive ones, such as PEAK2.

Reflecting their role in a variety of disease states, pseudokinases
have emerged as potential therapeutic targets, albeit challenging ones
given their lack of catalytic activity. Possible therapeutic intervention
strategies include the use of small molecule allosteric regulators,
therapeutic antibodies for cell surface receptor pseudokinases such as
HER3, targeted degradation approaches e.g., using PROTACs, and
pharmacologic modulation of ‘actionable’ downstream effector
pathways>. The oncogenic pseudokinase PEAKI presents a particular
conundrum since it does not bind ATP or GTP, the dimerisation
interface is relatively large and difficult to target using small molecule
drugs, and PEAK1 is an intracellular protein and, therefore, not acces-
sible by standard therapeutic antibody approaches’. However, in this
study, we identify a strategy for targeting PEAK1 signalling that exploits
the functional dependency of this pseudokinase on a readily ‘action-
able’ bona fide kinase, CAMK2. Importantly, supporting therapeutic
targeting of this serine/threonine kinase, CAMK2 isoforms are over-
expressed in a variety of human cancers, including breast cancer,
where they promote cell proliferation, migration and invasion***.
They are also positively associated with metastasis. In an animal model
of prostate cancer metastasis, genetic ablation of all CAMK2 family
members significantly reduced lymph node metastasis®’. Expression,
as well as activation, of CAMK?2 is significantly higher in lymph node
metastases than in primary breast cancers, and high expression of the

CAMK?2 family is associated with worse DMFS in TNBC?. In addition,
brain metastatic colonisation of TNBC is associated with
CAMK2 signalling®®. Our work now provides important insights into
the oncogenic mechanism of CAMK2, with a key role being CAMK2-
mediated phosphorylation of PEAKI. This promotes heterodimeriza-
tion of PEAK1 with PEAK2, a process required for PEAK1 to promote cell
migration, presumably because PEAK2 recruits/activates critical
effectors such as Csk and Stat3'. In addition, the activated CAMK2 may
phosphorylate other downstream targets that promote metastasis,
such as the Rho family GEF TIAM1*, and regulate the focal adhesion
proteins FAK and paxillin®.

In general, characterisation of the oncogenic role of CAMK2 has
been compromised by a poor understanding of regulatory mechan-
isms, with functional studies often utilising constitutively active
mutants, as well as a reliance on tool compounds for CAMK?2 inhibi-
tion, such as KN93, that have numerous off-target effects*’. Our study
addresses these issues by identifying the oncogenic pseudokinase
PEAK1 as a feed-forward activator of CAMK2 and the second-
generation CAMK2D/G inhibitor RA306 as a suitable targeted agent
to block PEAK1/CAMK?2 signalling in TNBC and other cancers where
PEAK1 is involved, such as pancreatic cancer. Importantly, RA306
avoids central nervous system side effects and exhibits good oral
bioavailability, highlighting its potential for oncology re-purposing®.
In addition, the identification of a reciprocally activating PEAK1/
CAMK2 complex indicates that these two proteins could be used as
predictive biomarkers to guide patient stratification for anti-CAMK2
treatment. Overall, our work identifies an unsuspected interaction
across the kinase superfamily with significant implications for our
understanding of cell signalling in normal and disease states and pre-
cision targeting of PEAK1 and CAMK2.

Methods

Research ethics

All research complied with ethical guidelines established by the
National Health and Medical Research Council (NHMRC). Ethics
approval for animal work is described in the corresponding section.

Plasmids and siRNAs

The retroviral expression vector pRetroX-IRES-DsRedExpress (DsR)
containing N-terminal HA-tagged and C-terminal FLAG/Myc-tagged
PEAK1 as well as its deletion mutants including ANterm, ACterm and
AN, together with the expression vector pMIG containing N-terminal
HA-tagged and C-terminal FLAG-tagged PEAK2 as well as PEAK2 site
mutants (L955A, L966A, W1382A) were previously generated in our
laboratory'®®, pRetroX-IRES- DsRedExpress plasmid containing Flag-
tagged PEAK1 N terminal (residues 1-324) deleted and other mutants
(A1-260, A261-300, A261-324, A301-324, R297A/L301A/R303A and
R297E/R303E) were purchased from GenScript.

pDEST-V1 (Addgene plasmid 73637) and pDEST-V2 (Addgene
plasmid 73638) vectors were assembled from various recombinant and
synthetic components as described previously?. Vectors expressing
V1- or V2-labelled fusions of PEAK1 or PEAK2 were generated by
recombination cloning from pDONR223-PEAK1 and pDONR223-PEAK2
constructs into pDEST-V1 or pDEST-V2 destination vectors using
Gateway LR Clonase enzyme mix (Life Technologies) according to the
manufacturer’s instructions and verified by sequencing. The expres-
sion vector encoding full-length Venus fluorescent protein was a gift
from S. Michnick (University of Montreal).

CAMK?2A kinase domain (residues 7-274) was cloned into a pET
vector containing an N-terminal 6 x His followed by a SUMO tag. A
D135N mutation was introduced by site-directed mutagenesis.

Sequences of siRNAs were PEAK1I (ON-TARGETplus Human
PEAK1 siRNA, cat. LQ-005339-00-0010), PEAK2 (MISSION Human
PEAK2 siRNAs, cat. #1: SASI_Hs02_00316033, #2: SASI_Hs02_00316034,
#3:  SASI_Hs02_.00316035, #4: SASI Hs02 00316036), CAMK2D
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(siGENOME Human CAMK2D siRNAs, cat. #1: D-004042-02-0002, #2:
D-004042-03-0002, #3: D-004042-04-0002, #4: D-004042-05-0002),
CAMK2G (siGENOME Human CAMK2G siRNAs, cat. #1: D-004536-01-
0005, #2: D-004536-03-0005, #3: D-004536-05-0005, #4: D-004536-
06-0005). Negative control siRNA was ON-TARGET plus Non-targeting
pool (Dharmacon, D-001810-10-20).

Antibodies

The following antibodies were purchased from Santa Cruz Bio-
technology (Dallas, TX): PEAKI1 (cat. sc-100403), B-actin (cat. sc-69879)
and Pan 14-3-3 (cat. sc-1657). CAMK2D (cat. ab181052) and CAMK2G
(cat. ab201966) were purchased from Abcam. Phospho-Akt Substrate
(RXXS*/T*) (cat. 9614), T-CAMK2 (cat. 4436), CAMK2-pT287 (cat.
12716), PLC-y (cat. 5690S), PLC-y-pY783 (cat.14008S) and cleaved PARP
Asp 214 (cat. 9546) were purchased from Cell Signalling Technology.
Flag (cat. F1804 and F7425), and a-tubulin (cat. T5168) were purchased
from Sigma. The following antibodies were also used: CAMK2D (Gen-
etex, cat. GTX111401), HA (Roche Applied Science, cat. 11867423001).
Phospho-Ser/Thr antibody (cat. 612548) was purchased from BD
Transduction Laboratories. The custom-made PEAK2 (SgK223) anti-
body was generated by Cambridge Research Biochemicals Ltd. by
standard procedures and described previously'.

Inhibitors and chemicals

RA306 was custom synthesised by Reagency (cat. RGNCY-0117). The
SFK inhibitor eCF506 was obtained from Professor Margaret Frame
(Edinburgh Cancer Research Centre). Captisol (cat. A508148) was
purchased from AmBeed. BAPTA-AM (cat. A1076) and DMSO (cat.
d8418) were purchased from Sigma. Doxorubicin-HCI was obtained
from Selleckchem (cat. S1208).

Cell lines and tissue culture

HEK293T cells were maintained in Dulbecco’s Modified Eagle’s Med-
ium (DMEM, Gibco, cat. 1200046) supplemented with 10% (v/v) foetal
bovine serum (FBS; Fisher Biotech, cat. S-FBS-US-015). MDA-MB-231
parental cells were obtained from EG&G Mason Research Institute,
Worcester, MA. MDA-MB-231 cells stably expressing the murine eco-
tropic receptor (MDA-MB-231_EcoR) were a kind gift from A/Prof Maija
Kohonen-Corish at the Garvan Institute of Medical Research. MDA-MB-
468 cells were obtained from the American Type Culture Collection
(ATCC, Number HTB-132). The highly metastatic MDA-MB-231 cell line
(MDA-MB-231_ HM) was originally established by Prof. Zhou Ou from
Fudan University Shanghai Cancer Centre in China. The MDA-MB-
231_HM cell line expressing luciferase/mCherry was a kind gift from A/
Prof. Erica Sloan at Monash University. In this paper, MDA-MB-231_HM
refers to the cell line expressing luciferase/mCherry.

Breast cancer cell lines were maintained in RPMI-1640 medium
(Life Technologies, cat. 11875119 and Gibco, cat. 31800-089) supple-
mented with 10% FBS (Fisher Biotec, cat. S-FBS-US-015), 10 pg/mL
Actrapid penfill insulin (Clifford Hallam Healthcare), and 20 mM HEPES
(Life Technologies, cat. 15630080). All cell lines were authenticated by
short tandem repeat polymorphism, single-nucleotide polymorphism,
and fingerprint analyses and underwent routine mycoplasma test-
ing by PCR.

Cell lysis, immunoprecipitation, and immunoblotting

Cell lysates for immunoblotting and immunoprecipitation (IP) were
prepared using radioimmunoprecipitation (RIPA) buffer and normal
lysis buffer (NLB), respectively*. For IP of overexpressed Flag- or HA-
tagged proteins, cell lysates were incubated with either anti-FLAG M2
affinity-agarose beads (Sigma, cat. A2220) or red anti-HA affinity gel
(Sigma, cat. E6779) at 4 °C for 2-4 h with end-to-end rotation. After the
incubation, the beads were washed extensively with ice-cold lysis
buffer, the immune complexes were eluted with SDS-PAGE loading
buffer, and subjected to Western blotting analysis, which was

performed following SDS-polyacrylamide gel electrophoresis using 5%
stacking gels and 8%, 10% or 12% separating gels. In order to ensure that
phospho and total antibodies were used at non-limiting concentra-
tions, Western blot analyses were undertaken on a dilution series of
cell lysates. Uncropped and unprocessed scans of blots are provided in
the Source Data file or in the Supplementary Information.

Generation of PEAK1 knock-out cells

Stable MDA-MB-231_ HM PEAK1 knockout cells were generated using
the Synthego Immortalised Cell Nucleofection Protocol as per the
manufacturer’s instructions (Synthego). Briefly, ribonucleoprotein
(RNP) complexes were assembled by combining Cas9 2NLS (Syn-
thego), human PEAK1 sgRNA (Gene Knockout Kit v2, Synthego) and
Nucleofector SolutionTM L + supplement (Synthego) and incubating
at room temperature for 10 mins. RNP complexes were combined with
cells in NucleocuvetteTM strips immediately prior to electroporation.
Cells were electroporated using the 4D-X Core unit (Lonza) using
setting CH-125. Cells were immediately resuspended in a normal cul-
ture medium following electroporation. Cell lysates were collected
72 h post-electroporation to confirm PEAK1 knockout efficiency by
Western blot.

Transfections

SMARTpool siRNA or individual siRNA duplexes were applied to cells
using DharmaFECT (Dharmacon, Lafayette, CO) transfection reagent
according to the manufacturer’s instructions. Plasmid transfections
were performed using Lipofectamine 3000 (Invitrogen) according to
the manufacturer’s instructions.

BiCAP purification

This was performed as previously described”. Briefly, HEK293T cells
were transfected with the appropriate BiCAP constructs. Cells were
lysed with ice-cold lysis buffer comprising SOmM Tris (pH 7.4),
150 mM NaCl, 1mM EDTA, 1% (v/v) TritonX-100 supplemented with
fresh EDTA-free protease inhibitor cocktail and 0.2mM sodium
orthovanadate. Samples were cleared by centrifugation at 18,000 x g
for 10 min at 4 °C to remove cellular debris. Total protein concentra-
tion was determined by Bradford assay using Bio-Rad Protein Assay
Dye Reagent Concentrate (Bio-Rad Laboratories) according to the
manufacturer’s instructions. To purify BiCAP dimers (or Venus alone as
anegative control for nonspecific interactions), 1 mg of total lysate was
incubated with 35 ul of GFP-Trap_A agarose beads slurry (ChromoTek
GmbH) for 2 h at 4 °C with end-to-end rotation. Beads were extensively
washed with wash buffer [10 mM Tris (pH 7.5), 150 mM NacCl, 0.5 mM
EDTA] and subjected to on-bead digestion with trypsin, and the
resulting peptides were analysed by mass spectrometry (MS). Samples
from each experimental condition were subjected to data-dependent
acquisition (DDA) to construct a spectral library. Independent
experiments (n=3) for each condition were then analysed by data-
independent acquisition (DIA) to characterise the corresponding
interactomes. Conditions for DDA and DIA are detailed below.

Mass spectrometry-based proteome analysis

MS analysis was based on an UltiMate 3000 RSLC nano-LC system
(Thermo Fisher Scientific) coupled to a Q Exactive Plus Mass Spec-
trometer (Thermo Fisher Scientific). The peptides were loaded via a
Pepmapl00 trap column, 100 pm x 2 cm nanoviper, (Thermo Fisher
Scientific), eluted and separated on a PepmaplO0 RSLC analytical
column, 75 um x 50 cm, nanoViper, C18 (Thermo Fisher Scientific). For
each injection, 1 pg of peptides was loaded onto the column and eluted
using increasing concentrations of buffer B (80% acetonitrile / 0.1%
formic acid) at 250 nL/min over 150 min. The eluent was nebulised and
ionised using a nanoelectrospray source (ThermoFisher Scientific)
with a distal-coated fused silica emitter (Trajan, Ringwood, Victoria,
Australia). The capillary voltage was set at 1.7 kV.
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To generate spectral libraries for proteomics, the MS was firstly
operated in DDA mode to automatically switch between full MS scans
and tandem MS/MS scans. Survey full scan MS spectra (m/z 375-1700)
were acquired in the Orbitrap with 70 000 resolution after accumu-
lation of ions to a 1 x 10° target value with a maximum injection time of
120 ms. Up to 12 of the most intensely charged ions (z > +2) were
sequentially isolated and fragmented in the collision cell by higher-
energy collisional dissociation with the following parameters, fixed
injection time of 120 ms, 35 000 resolution and automatic gain control
target of 5x10°. Dynamic exclusion was set to 15s.

The DIA mode consisted of an MS1 scan (scan range from 400 to
1220 m/z, at the resolution of 35000, an AGC target of 5x10° and a
maximum ion injection time of 120 ms) followed by MS2 scans with 60
DIA windows at a resolution of 35000, an AGC target of 3 x10° with
automatic injection time, isolation window of 30 m/z. The stepped
collision energies were 22.5%, 25%, and 27.5%. The spectra were
recorded in profile type.

Data processing

The DDA spectra were analysed with MaxQuant (version 1.5.2.8)*
against the human UniProt fasta database (v2015-08, 20,210 entries)
using default settings (protease = Trypsin/P; Maximum missed clea-
vages = 2; fixed modifications = Carbamidomethyl (C); variable mod-
ification = Acetyl (Protein N-term);Oxidation (M); minimum peptide
length = 7; mass tolerance for precursor = 4.5ppm; minimum number
of unique peptides for protein identification = 1; peptide- and protein-
level false discovery rate (FDR)=1%). The spectral library was then
generated in Spectronaut® software (version 8, Biognosys, Schlieren,
Switzerland) and normalised to iRT peptides. The DIA data were firstly
transformed into htrms format and analysed with Spectronaut® using
default settings (XIC RT Extraction Window =Dynamic; Calibration
Mode = Automatic; iRT Calibration Strategy = Non-linear iRT calibra-
tion; Interference Correction = True; Profiling Strategy = iRT Profiling;
Profiling Row Selection =Minimum Qvalue Row Selection; peptide-
and protein-level FDR =1%). The MS data were searched against the
same human UniProt database and the aforementioned spectral
library. The false discovery rate (FDR) was set to 1% at peptide and
protein levels. Perseus (version 2019) was used to normalise the data
and impute for missing values*’. Candidate interacting proteins were
defined by applying the following criteria: p-value < 0.05 by two-tailed
ttest and a log2 fold change of > 1.5 against the Venus control. Pathway
enrichment was undertaken using the WikiPathways Database.

Protein expression and purification

CAMK2A D135N kinase domain was recombinantly expressed in
BL21(DE3) cells (Millipore) as previously described®’. Protein expres-
sion was induced for ~6 h by 1 mM isopropyl -a-D-1-thiogalactopyr-
anoside (IPTG; GoldBio) in an 18°C shaker. Cell pellets were
resuspended and lysed in Buffer A [25mM Tris pH 8.5, 50 mM KClI,
40 mM imidazole, 10% glycerol] with protease inhibitor mixture
[0.2 mM AEBSF, 5.0 pM leupeptin, 1 pg/ml pepstatin, 1 pg/ml aprotinin,
0.1 mg/ml trypsin inhibitor, 0.5 mM benzamidine] and DNase (1 pg/ml;
Sigma). Protein purification was performed using an AKTA pure
chromatography system at 4 °C. After pelleting the cell debris, clarified
cell lysate was loaded onto two 5mL HisTrap FF Ni-NTA Sepharose
columns (GE) and eluted with a combination of 50% buffer A and 50%
buffer B [25 mM Tris-HCI pH 8.5, 150 mM KClI, 1M imidazole, 10% gly-
cerol] for a final concentration of 0.5 M imidazole. Protein was desalted
using a HiPrep 26/10 desalting column (GE), and His-SUMO tags were
cleaved with Ulpl protease overnight at 4 °C in buffer C [25 mM Tris-
HCI pH 8.5, 40 mM KCl, 40 mM imidazole, 2 mM tris(2-carboxyethyl)
phosphine (TCEP), 10% glycerol]. Cleaved tags were separated by a
subtractive Ni-NTA step followed by an anion exchange step per-
formed with a 5 ml HiTrap Q-FF (GE) and protein was eluted with a KCI
gradient. Eluted proteins were concentrated and further purified in gel

filtration buffer [25 mM tris-HCI pH 8.0, 150 mM KCI, 1 mM TCEP, 10%
glycerol] using a Superdex 75 10/300 GL size exclusion column (GE).
Pure fractions were then concentrated, aliquoted, flash-frozen in liquid
nitrogen, and stored at — 80 °C until further use.

Peptide synthesis

The PEAKI1 peptide used for ITC was synthesised to >95% purity with
acetylation at the N-terminus and amidation at the C-terminus (Genscript).
The peptide sequence was as follows:KKWNTIPLRNKSLQRICAVDYDDSYD.

Isothermal titration calorimetry

ITC data were obtained using a Malvern Auto-iTC200 calorimeter
(UMass Amherst). The peptide was dissolved in gel filtration buffer
with 6% v/v DMSO and concentration was determined using
€280 = 8370 M-1cm-1. CAMK2 kinase domain was diluted in gel filtra-
tion buffer with 5.6% v/v DMSO and concentration was determined
with €280 = 43850 M-1cm-1. Titrations were performed with the pep-
tide as the titrant. Blank titrations were performed by injecting the
peptide into gel filtration buffer. All titrations were performed at 20 °C
using the standard 19-injection method where one injection of 0.4 pL is
followed by 18 x 2 pL injections with 150 s between injections. The stir
speed was set to 750 rpm, and the reference power was set to 10. Data
were buffer-subtracted and analysed using MicroCal ITC Origin add-on
dissociation model v1.00 using the one-site fitting model.

Comparative modelling of PEAK1(291-320):CAMK2

Several candidate structural models of PEAK1(291-320):CAMK2 were
generated by AlphaFold-Multimer*** (v3) using the ColabFold*
(v1.5.1) community implementation. Multiple sequence alignments
and template searches were performed by MMseqs** and HHsearch
using default settings. Custom templates of CAMK2 in complex with
known tight binders were required to achieve models with acceptable
metrics of pLTTD and pTM scores. These interactions were manually
curated from crystal structures determined by Ozden et al.*® (crystal
symmetry mates were discarded). Six recycle rounds were conducted
and final models were ranked according to pTMscore. The best scoring
models were relaxed with Amber*’ to minimise steric clashes.

Cross species multiple sequence alignment of PEAK1 N-terminus
To generate a multiple sequence alignment, two rounds of PSI-BLAST*®
were performed against the non-redundant clustered database* (to
increase taxonomic depth) using human PEAKI as a query sequence. A
cutoff of the expectation value of 1 x 107 was used to select sequences
for subsequent rounds and alignment. Finally, the top 50 and top
250 sequences (sorted by expectation value) were subjected to align-
ment in Clustal Omega®™. The full sequence range for the top
250 sequences was subjected to a MEME® search to identify consensus
motifs.

Proximity ligation assay (PLA)

PLA was performed to detect protein-protein interactions in MDA-MB-
231 cells using Duolink™ In Situ Red Starter Kit (Sigma, cat. DU092101).
All the reagents, including probes, detection reagents and wash buf-
fers were provided in this kit. On day 1, 6 x 10* cells were seeded per
well in a 48-well plate and incubated at 37 °C overnight. On day 2, cells
were gently washed 3 times with 1x phosphate-buffered saline [PBS;
NaCl (136 mM), KCI (2.6 mM), Na2HPO4 (10 mM), KH2PO4 (1.76 mM)],
and then fixed in 4% (v/v) paraformaldehyde (VWR, cat.
ALFA43368.9 M) for 30 min on ice. Following that, cells were washed
with 1xPBS again and permeabilized with 0.2% Triton X-100 (Sigma,
cat. T8787) for 3min at room temperature. After another 1xPBS
washing step, cells were incubated with a blocking solution for 30 min
at 37 °C, following which, cells were incubated with two primary anti-
bodies from different species against the targeted proteins overnight
at 4 °C. On day 3, cells were washed with 1x Tris-buffered saline (TBS)
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solution with the detergent Tween-20 [TBS-T; Tris base (50 mM), NaCl
(150 mM), pH 7.6, Tween-20 (0.01% v/v)], then PLA probes were added
to the cells and incubated for 60 min at 37 °C. Following ligation and
amplification steps, samples were mounted with Mounting Medium
with DAPI (Invitrogen, cat. P-36931). Cells were photographed using a
confocal microscope and dot numbers were analysed using ImageJ
software (Version 1.52).

Calcium assay

MDA-MB-231 EcoR cells expressing DsR empty vector, wildtype PEAK1
or PEAK1-CIM mutants were generated by retroviral-mediated trans-
duction as previously described®. Cells were seeded into FluoroDish
cell culture dishes (World Precision Instruments, cat. FD35-100) and
cultured overnight. The medium was then replaced with starvation
medium (RPMI-1640 medium supplemented with 0.4% FBS, 10 pg/mL
Actrapid penfill insulin, 20 mM HEPES) supplemented with 5 uM Cal-
cium indicator Fluo-4 AM (Invitrogen, cat. F14217). Cells were then
incubated for 60 min at 37 °C. The dye-loading media was removed
and replaced with a starvation medium without Fluo-4 AM. Images
were acquired with a fluorescence microscope (Leica DMi8) using the
FITC filter set with excitation peaking at 495 nm and emission peaking
at 519 nm. The cellular fluorescence was quantitated using ImageJ
software. A total of >200 cells were quantified per condition in each
biological replicate. The background was subtracted from the cell
signal to plot fluorescence intensity.

Proliferation assays

These were performed using the CellTiter-Glo® 2.0 Cell Viability Assay
(Promega - G9241) as per the manufacturer’s instructions. Briefly,
MDA-MB-231 HM cells were harvested and seeded into High Attach-
ment (HA) (Falcon, FAL353072) and ultra-low attachment (LA) (Corn-
ing, CLS3474) plates at a density of 1000 cells/well. After 16-18 h, Day O
assays were undertaken and the cells were treated either with vehicle
control (DMSO) or RA306 at varying concentrations. After 120h,
assays were performed on replicates of vehicle control and RA306-
treated cells.

Transwell migration/invasion assay

Transwell migration and invasion assays were essentially as previously
described*. Transwell migration chambers with 8 um pores were pur-
chased from Corning (cat. CLS3464-48EA) and MERCK Millipore (cat.
MCEP24H48). Matrigel invasion chambers pre-coated with Matrigel
were purchased from Corning (cat. 354483). Prior to seeding, cells were
treated with mitomycin C at 10 ug/ml for 1 h to prevent cell division.

In vitro kinase assay

HEK293T cells were transiently transfected with plasmids encoding
wildtype PEAK1 or the CAMK2-interaction motif mutants. Cell lysates
were prepared using RIPA buffer* supplemented with 12.5mM -
glycerol phosphate. Cell lysates were then incubated with anti-FLAG
M2 affinity-agarose beads (Sigma, cat. A2220) at 4 °C for 2 h with end-
to-end rotation. After the incubation, the beads were washed exten-
sively with ice-cold RIPA buffer and kinase reaction buffer [Tris (pH 7.5)
40 mM, MgCl, 10 mM, CaCl, 0.5 mM]. After the last wash, beads were
incubated in kinase reaction buffer supplemented with 100 ng
recombinant CAMK2D (Invitrogen, cat. PV3373), 100 uM recombinant
calmodulin (Enzo, cat. BML-SE325-0001) and 2 mM Adenosine 5-tri-
phosphate (ATP) disodium salt hydrate (Sigma-Aldrich, cat. A1852-1VL)
for 30 min at 37 °C. Following incubation, the immune complexes were
eluted with SDS-PAGE loading buffer and subjected to Western blot-
ting analysis.

Animal studies
All procedures involving mice were conducted in accordance with
NHMRC regulations on the use and care of experimental animals and

the study protocol approved by the Monash University Animal Ethics
Committee (Ethics numbers: 23095, 30360). The maximal tumour
size/burden permitted was 1000 mm® or 10% body weight and this
burden was not exceeded. Power calculations performed indicated
group sizes of n=8 per treatment group were required to detect a
significant difference in tumour growth inhibition of 50% between
treated and control (significance level: 0.05; power: 90%). All in vivo
experiments were performed with 6-week-old female BALB/c athymic
nude mice obtained from the Animal Resources Centre (Canning Vale,
Australia) and housed in sterile conditions at Monash Animal Research
Platform. This facility uses a 12-12 h light-dark cycle, 22-24 °C. Female
mice were utilised due to the requirement for tumour growth in the
mammary fat pad. Throughout the study, each cage was randomly
assigned to the experimental groups without considering any other
variable. Mice were randomly divided into four equal groups, cas9-
control cells with captisol (control), cas9-control cells with RA306,
cas9-sgPEAKI1 cells with captisol and cas9-sgPEAKI cells with RA306.

Xenograft model

Mice (n =40) were injected with 2 x 10° MDA-MB-231_HM Cas9 control
or sgPEAK1 stable knockdown cells suspended in 20 pl PBS into the
fourth mammary fat pad. One day post-injection, RA306 (30 mg/kg) or
captisol-only control was administered via daily oral gavage until the
end of the experiment. To measure tumour burden, mice were injected
with luciferin (150 mg/kg) by an intraperitoneal route. Tumour burden
was measured weekly using the AMI-HTX imaging system (Spectral
Instruments Imaging). Results are presented as mean +/— SEM of total
BLI signal (photons/s).

Tumour metastasis model

Mice (n =40) were injected with 2 x 10° MDA-MB-231_HM Cas9 control
or sgPEAK1 stable knockdown cells suspended in 20 pl PBS into the
fourth mammary fat pad. One day post-injection, RA306 (30 mg/kg) or
captisol-only control was administered via daily oral gavage until the
end of the experiment. When the primary tumours from each group
reached ~100 mm? in size, they were resected. Tumour metastasis to
secondary sites was then measured weekly using the AMI-HTX imaging
system (Spectral Instruments Imaging). Organs were dissected imme-
diately following the final BLI image and re-imaged in the AMI-HTX
ex vivo to allow for direct measurement of organ-specific tumour
burden via BLI. Results are presented as mean tumour luciferase
intensities +/— SEM of total BLI signal (photons/s).

Tumour tissue homogenisation

Following dissection at the experimental endpoint, tumour tissues
were transferred immediately to dry ice. Tumour tissues were cut into
small pieces and added to a 1.5ml tube containing RIPA buffer and
Zirconia tissue disruption beads (Research Products International, cat.
9835) then homogenised for 10 s at low speed and 30 s at high speed at
room temperature.

To prepare samples for Western blotting, homogenised samples
were centrifuged for 20 min at 20,000 x g at 4 °C. The supernatant was
then collected, and the protein concentration determined using either
Bradford Ultra Protein Assay Reagent (Expedeon, cat. EP-BFUOSL) or
Pierce TM BCA Protein Assay Reagents (Thermo Scientific, cat. 23225).
The protein concentration of each sample was subsequently adjusted
using RIPA buffer, and SDS-PAGE loading buffer was added prior to
Western blotting analysis.

Association of PEAK1 and CAMK2D/G with overall survival and
distant metastasis-free survival

For overall survival analysis, publicly-available mRNA expression,
mutation profile and associated overall survival data from 2509 breast
cancer patients as part of the METABRIC trial ** were downloaded from
the cBioPortal for Cancer Genomics portal (https://www.cbioportal.
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org/). Breast cancer patients were divided and classified into three
main groups, each having either low, or medium, or high expression of
CAMK2D, CAMK2G or PEAKI individually. Main groups were then fur-
ther categorised into four sub-groups exhibiting different combined
expression patterns: (i) CAMK2D and PEAK1 both high, (i{) CAMK2D and
PEAK1 both low, (iij) CAMK2G and PEAK1 both high, (iv) CAMK2G and
PEAK1 both low, (1) CAMK2D low and PEAK1 high, (vi) CAMK2D high and
PEAK1 low. Survival analyses comparing overall survival between these
sub-groups were subsequently performed using a Log-rank test (with
p<0.05 considered significant). The Log-rank test statistics and sur-
vival curves were generated using the Kaplan-Meier estimate and
implemented using the Logrank package® in MATLAB 2023a.

To determine the association with distant metastasis-free survival
(DMFS), mRNA expression and DMFS data were obtained from the
Gene Expression Omnibus (GEO) database as indicated under ‘Data
availability’. CAMK2D data were unavailable in most datasets; there-
fore, this analysis focused on PEAK1 and CAMK2G. To create a more
robust and larger meta-dataset, we applied z-score standardisation to
the gene expression data of individual cohorts and then combined all
cohort data to generate a 527-patient meta-cohort. Subsequently,
breast cancer patients were divided into low or high-expression
groups for PEAK1 and CAMK2G, individually, based on the 33% per-
centile of gene expression (bottom 33% vs top 67%). Finally, patient
groups were categorised into two subgroups based on combined
expression patterns: (i) PEAK1 and CAMK2G both low, and (ii) PEAK1
and CAMK2G both high. The DMFS was compared between these two
subgroups using a log-rank test (p < 0.05 considered significant). Log-
rank test statistics and survival curves were generated using the sur-
vival (version 3.5.8) and survminer (version 0.4.9) packages in R.

Statistics and reproducibility

Experimental data were subject to appropriate statistical analyses
(two-tailed unpaired ¢ tests, 1 or 2-way ANOVA with appropriate post-
hoc tests, Chi-square analysis) as detailed in the corresponding figure
legends. Power calculations were utilised to determine the sample
sizes for animal work, as detailed under ‘Animal studies’. Animal cages
were randomly assigned to the experimental groups. All quantified
cell-based experiments involved the use of at least n =3 independent
experiments unless specified. No data were excluded. The Investiga-
tors were not blinded to allocation during experiments and outcome
assessment.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The mass spectrometry proteomics data for the spectral library and
DIA analysis have been deposited to the ProteomeXchange Con-
sortium via the PRIDE*® partner repository with the dataset identifier
PXD044872. Project Webpage: http://www.ebi.ac.uk/pride/archive/
projects/PXD044872. FTP Download: https://ftp.pride.ebi.ac.uk/
pride/data/archive/2025/01/PXD044872. The gene expression data
used in this study are available in the Gene Expression Omnibus (GEO)
database under the following accession codes: Princess Margaret
Cancer Centre (database accessions GSE6532, https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=gse6532 and GSE9195, https://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE9195),  Veridex  LLC
(GSE12093, https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
gse12093) and Bayer Technology Services GmbH (GSE11121, https://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=gsel1121). All other data
supporting the findings in this work are included in the main article,
supplementary information or source data file. Source data are pro-
vided in this paper.

Code availability

AlphaFold models and associated metadata to accompany this paper
have been deposited in the Zenodo database and are available at
https://zenodo.org/records/14715248.
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