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Figure 6. Ibrutinib binds to the ATP-binding pocket
of HCK and blocks ATP binding. (A) Docking model A
of the ibrutinib (purple stick) aligned with the co-crystal Thr333
structure of HCK (green ribbon)-A419259 (yellow stick). Glu&
The hydrogen bonds (depicted as red dashed lines) 3
between the aminopyrimidine moiety of ibrutinib and the b
hinge region of HCK are indicated. Docking studies
showed that ibrutinib bound to the ATP-binding pocket of " 324 A419259 .
HCK with calculated affinity energy (AG) of —10.5 kealimol. Ibrutinib lorutinio— ) o
(B) Results from pull-down experiments using SVB, IB-BTN, Met3%
and CC-292 (CC-BTN) to detect BTK and HCK binding in
MYD88-mutated BCWM.1, MWCL-1, and TMD-8 cells. Asp 346 Asn 31
(C) Results from kinase active-site inhibition assays / P Ala 3%
utilizing an ATP-BTN probe that was used to pull down 4
active kinases in the presence of ibrutinib, CC-292, or (
A419259 in lysates from BCWM.1 WM cells. ATP-BTN,
ATP-biotin; IB-BTN, biotinylated ibrutinib; SVB, streptavidin B BCWM.1 MWCL-1 T™MD-8 Lysates
beads.
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calculated affinity energy (AG) of —10.5 kcal/mol. Similar to
A419259, ibrutinib’s 4-amino group, forms an hydrogen-bond to
the carbonyl groups of the gatekeeper residue Thr**® (Thr*® based
on ¢-SRC numbering)" and also with Glu®** of HCK; its 3-nitrogen
atom, as an hydrogen-bond acceptor, interacts with the backbone
amino group of Met**® of HCK (Figure 6A). The 4-phenoxyphenyl
substituent at 5-position of ibrutinib, which is also identical to the
5-substituent of A419259, extends into the inner ATP-hydrophobic
pocketof HCK. The pyrrolidine group at the 7-position of ibrutinib,
the only distinctive substituent related to A419259, is predicted
to interact with Ala**°, Asn®®', or Asp*®* of HCK, whereas the
7-substituent of A419259 protrudes outward the ATP pocket and
interacts with Asp>*® (Figure 6A).

To confirm HCK target engagement in cells by ibrutinib, we
synthesized a biotin-modified version of ibrutinib. For comparative
purposes, we also prepared a biotin-modified version of CC-292, a
pyrimidine-based covalent BTK inhibitor.”” Both ibrutinib and CC-292
use an acrylamide-moeity to form a covalent bond to Cys**! and are
potent kinase inhibition of BTK (reported half maximal inhibitory

concentration [ICso] = 0.5 nM).'®?” Ibrutinib reversibly inhibits the
kinase activity of HCK with an ICsq of 3.7 nM, whereas CC-292 is a
very weak HCK inhibitor with an ICs( of 14.6 wM, which is well above
the observed physiological concentrations of this drug.'“* As
expected, biotinylated ibrutinib and CC-292 pulled down BTK in
mutated MYD88 expressing BCWM.1, MWCL-1, and TMD-8 cells,
demonstrating their ability to directly bind to BTK (Figure 6B).
Biotinylated ibrutinib, but not CC-292 pulled down HCK in MYD88-
mutated BCWM.1, MWCL-1, and TMD-8 cells, thereby confirming
binding of ibrutinib to HCK (Figure 6B).

To confirm target engagement in living cells, we performed KiNativ
profiling where the ability of inhibitors to protect kinases from sub-
sequent labeling with a reactive ATP-biotin probe is determined.?®
Living cells were treated with either ibrutinib, CC-292, or A419259,
followed by lysis treatment with ATP-biotin and western blotting
for BTK, HCK, and other SRC family kinases. Consistent with the
biochemical kinase assays, ibrutinib and A419259 but not CC-292
blocked ATP binding to HCK in a dose-dependent manner, whereas
ibrutinib and CC-292 but not A419259 blocked ATP binding to BTK in
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Figure 7. (Continued).

BCWM.1 WM cells. Consistent with its known activity, A419259 also
blocked ATP binding to the SRC family members SRC and LYN.
Conversely, ibrutinib and CC-292 did not block ATP binding to either
SRC or LYN (Figure 6C).

HCK activity is blocked by ibrutinib and impacts survival of
MYD88-mutated WM cells

To assess the impact of ibrutinib and A419259 on HCK-related activity
in MYD88-mutated WM and ABC DLBCL tumor cells, we performed
Phosflow studies and assessed changes in HCK activation (Tyr*'"). We
also evaluated tumor-cell viability by the CellTiter-Glo Luminescent
Cell Viability Assay, and apoptosis by PI and Annexin V staining
to determine if HCK inhibition contributed to WM cell death.
We observed that ibrutinib, and A419259 even more so, reduced
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HCK Tyr*'! phosphorylation in MYD88 L265P expressing WM and
ABC-DLBCL cell lines, as well as primary WM LPC. In contrast, CC-292
had little or no impact on HCK Tyr*'! phosphorylation (Figure 7A).
Decreased dose-dependent viability was also observed for ibrutinib and
more so for A419259 that was more pronounced in mutated MYDS8S8 vs
MYD88WT cells (Figure 7B). In contrast, the BTK inhibitor CC-292
that lacks HCK kinase inhibition showed higher half maximal effective
concentration (> 1 log-fold) for the mutated MYD88 cell lines, with the
exception of OCI-Ly3 cells that carry a NF-kB activating CARD11
mutation (Figure 7B).” Increased apoptotic changes were also observed
in the mutated MYD88 cell lines and primary WM cells that showed
decreased viability following ibrutinib, and A419259 even more so. In
contrast, CC-292 had little or no impact on apoptosis in mutated
MYDSS cells (Figure 7C). Also, we observed little or no apoptotic
activity for ibrutinib, A419259, or CC-292 apoptosis in MYD88WT cell
lines or HD B cells (data not shown). To investigate whether ibrutinib or
A419259-induced killing of WM cells was a consequence of BTK and/
or HCK inhibition, we transduced MYD88%* expressing BCWM.1
WM cells with a lentiviral control vector or vectors expressing WT
BTK; BTK with a mutation of the cysteine required for irreversible
inhibition (BTK*®'S); WT HCK; or HCK with the gatekeeper
mutation Thr*** (Thr**® based on c-SRC numbering).'> Transduction
of BCWM.1 WM cells with the BTK cysteine mutant (BTK“**'S) but
not the vector control or WT BTK, resulted in decreased ibrutinib and
CC-292-mediated killing of BCWM.1 WM cells (<1 log-fold shift)
(Figure 7D). In contrast, treatment with HCK inhibitor A419259 showed
no survival change vs vector control transduced cells (Figure 7D).

Transduction of BCWM.1 WM cells with the HCK gatekeeper
mutant (HCKT333 M. HCK™**™ based on c-SRC numbering] 5) resulted
in a >2 log-fold decrease in both ibrutinib and A419259-mediated
tumor cell killing. Over-expression of WT HCK also resulted in a 1 log-
fold decrease in both ibrutinib and A419259-mediated tumor cell
killing when compared with control vector transduced BCWM.1 WM
cells (Figure 7D). No substantial change in tumor cell killing following
CC-292 treatment was observed in BCWM.1 cells transduced to
express HCK™**™ or WT HCK (Figure 7D).

Discussion

We sought to clarify the contribution of non-BTK target(s) to the
activity of ibrutinib in MYD88-mutated diseases such as WM. We
focused this study on HCK, a member of the SRC family of kinases.
HCK is over-expressed at early stages of B-cell development, and
its transcriptional regulation is suppressed with terminal B-cell
differentiation.?®>° Using gene expression profiling, Gutiérrez et al'!
previously reported that HCK was highly over-expressed in malignant
LPC taken from WM patients, although the genetic basis for this
observation remained unclear. In this study, we observed that HCK was
highly expressed in MYD88-mutated primary WM cells, WM, and
ABC-DLBCL cell lines, but was absent or expressed at low levels in HD

Figure 7. HCK activity is blocked by ibrutinib and impacts the survival of MYD88-mutated WM cells. (A) Phosflow analysis showing changes in pHCK™™'" following
treatment of MYD88-mutated WM (BCWM.1 and MWCL-1) and ABC DLBCL (TMD-8, OCI-Ly3, and HBL-1) cells and MYD88-mutated primary LPCs from 4 WM patients with
0.5 uM of A419259, ibrutinib, or CC-292 for 30 minutes. (B) Dose-dependent survival determined by CellTiter-Glo Luminescent Cell Viability Assay for mutated (BCWM.1, MWCL-1,
TMD-8, HBL-1, and OCI-LY3) and WT (OCI-LY7, OCI-LY19, Ramos, and RPMI 8226) MYD88 cells following treatment with ibrutinib (top), A419259 (middle), or CC-292 (bottom)
for 72 hours. (C) Apoptotic changes using Pl and Annexin V (FITC-A) staining following treatment of mutated and WT MYD88 cell lines, and primary LPCs from 3 WM patients with
0.5 uM of A419259, ibrutinib, or CC-292 for 18 hours. DMSO denotes vehicle control only treated cells. Cell line results are from experiments performed in triplicate. Primary LPC
data are from results obtained from 6 WM patients. *P = .05 and **P = .01 vs DMSO controls. (D) Dose-dependent tumor cell survival of MYD88-mutated BCWM.1 cells
transduced with control vector or vectors expressing WT BTK (BTK WT); BTK-expressing mutated site for ibrutinib binding (BTK C481S); WT HCK (HCK WT); or HCK-expressing
the gatekeeper mutation (HCK'*3M; HCK™3# based on c-SRC numbering)'® and treated with ibrutinib, A419259, or CC-292. Protein levels following transduction with control,
WT, or mutated BTK or HCK vectors are also shown at the bottom of (D). FITC-A, fluorescein isothiocyanate A; RLU, relative luminescence units.
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B cells, as well as MYD88YT cell lines. Furthermore, we observed that
over-expression of the MYD88"*F protein itself markedly induced
HCK transcription across multiple B-cell lines, including both MYD88-
mutated and WT cell lines. It is not likely that HCK transcription was
triggered by MYDS88-triggered IL-6, because exogenous treatment of
MYD88-mutated WM cells with IL-6 or an IL-6 antibody did not
directly impact HCK transcription. In addition, CXCR4 mutations that
are found in up to 40% of WM patients neither impacted HCK
transcription or activation in primary WM cells, nor did we observe
HCK transactivation in previous studies with MYD88-mutated
BCWM.1 and MWCL-1 cells that were transduced with CXCR4
WHIM-mutated receptors and stimulated with CXCL12 (unpublished
observations).*'** Our findings therefore provide a genomic explana-
tion for HCK over-expression in WM, and suggest that mutated MYDS88
enforces high transcription levels of HCK. NF-kB, activator protein 1,
and cAMP-response element binding sites are present on the promoter of
HCK, and their transactivation is known to be triggered by WT MYDS88
in response to toll-like receptor stimulation.*'>* Studies to delineate the
precise signaling cascade(s) by which mutated MYD88 transduces
HCK are therefore needed, although the constitutive activation of
NF-«kB by mutated MYDB88 is a strong suspect in WM and ABC DLBCL
cells, as well as activator protein 1 in ABC DLBCL."*® The BCR and
other pro-survival pathways may also contribute to HCK activation
and warrant further investigation.

The findings also suggest an important role for IL-6 in triggering
HCK activity in WM, and possibly other MYD88-mutated diseases.
We show that both IL-6 and IL-6R are highly expressed in WM disease,
and that MYD88 L265P itself induces IL-6 transcription. Ngo et al’
showed that HCK and IL-6 were among 285 genes whose transcription
was downregulated upon knockdown of MYD88 in HBL-1 ABC-
DLBCL cells that express L265P as a heterozygous mutation. The role
of IL-6 as an activator of pHCK through IL-6R/IL-6ST has previously
been reported, and appears dependent on an acidic domain (amino
acids 771-811) of IL-6ST.'*"* IL-6 is highly transcribed in WM and
ABC-DLBCL tumors."'*"* [L-6 is also secreted by the BM
microenvironment in response to WM cell adhesion.'* We show in
these studies that HCK is hyper-activated in mutated MYD88 primary
WM cells as well as WM and ABC-DLBCL cell lines, and that
exogenous IL-6 induced its activation, whereas knockdown of IL-6ST
attenuated HCK activation. HCK was also found to induce PI3K/AKT,
MAPK/ERK, and BTK signaling, providing for the first time evidence
that mutated MYDS88 can trigger pro-survival signaling beyond its
known activation of NF-kB by eliciting HCK transcription and
activation. The transactivation of BTK by HCK is also noteworthy.
Cheng et al previously described that BTK could bind to HCK through
SH3-mediated interactions.>' In previous work, we described that the
activated-form BTK was complexed with MYD88 in MYD88-
mutated cells, although the mechanism for BTK activation in this
context remained unclear. Our findings offer a mechanistic explanation
for BTK activation in MYD88-mutated WM and ABC DLCBL cells.

A key finding of this study was the recognition of HCK as a novel
therapeutic target for WM, and possibly other mutated MYD88 diseases.
Kinase selectivity profiling had previously implicated HCK as a potential
target of ibrutinib with an ICsy of 3.7 nM, a dose level close to the ICs of
BTK (0.5 nM) and well within the pharmacologically achievable levels
of ibrutinib.'®* We provide definitive evidence in this report that
HCK is a target of ibrutinib using docking models, direct pull-down
experiments with biotinylated ibrutinib, cellular target engage-
ment, and cellular rescue with inhibitor-resistant mutant proteins.
We also observed that treatment of mutated MYD88 WM and ABC-
DLBCL cells with ibrutinib, or a preclinical HCK inhibitor (A419259)
attenuated HCK activation, whereas over-expression of WT HCK and
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more so HCK bearing a mutated gatekeeper (HCK™**™; HCK ™3™
based on c-SRC numbering)15 reduced the activity of both of these
compounds in MYD88-mutated cells. The attenuation of MYD88-
directed HCK activity may provide mechanistic insights into the high
response activity observed in MYD88-mutated WM and ABC-
DLBCL patients undergoing ibrutinib therapy.*° It also remains
possible that mutations in the gatekeeper site of HCK could contribute
to ibrutinib resistance, akin to that observed with BTK“**'S mutations
in chronic lymphocytic leukemia patients, and warrant examination.*’
Finally, the potential to develop more potent HCK inhibitors is suggested
by these findings. Although ibrutinib suppressed HCK activity, higher
levels of HCK suppression were observed with A419259, and were
associated with greater levels of apoptosis in MYD88-mutated WM
and ABC-DLBCL cells. Several scaffolds for targeted HCK inhibition
are in development based on prior work implicating HCK in the
pathogenesis of several solid and hematologic malignancies, as well as
productive HIV infection.*'** In addition to inhibiting other SRC
family members, dasatinib also shows potent inhibition of HCK and
may be active in diseases dependent on mutated MYD88.**

In conclusion, our findings suggest that HCK is a downstream target
of mutated MYDSS, is activated by IL-6, and triggers pro-survival
signaling including PI3K/AKT, MAPK/ERK, and BTK in MYD88-
mutated cells. HCK is also a highly relevant target of ibrutinib, and
represents a novel focus for therapeutic development in WM and
possibly other diseases driven by mutated MYD88.
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