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ABSTRACT: Triple-negative breast cancer (TNBC) is associated
with poor prognosis because of the lack of effective therapies.
Mixed-lineage protein kinase 3 (MLK3) is a protein that is often
upregulated in TNBC and involved in driving the tumorigenic
potential of cancer cells. Here, we present a selective MLK3
degrader, CEP1347-VHL-02, based on the pan-MLK inhibitor
CEP1347 and a ligand for E3 ligase von Hippel−Lindau (VHL) by
employing proteolysis-targeting chimera (PROTAC) technology.
Our compound effectively targeted MLK3 for degradation via the
ubiquitin-proteasome system in several cell line models but did not
degrade other MLK family members. Furthermore, we showed that
CEP1347-VHL-02 robustly degraded MLK3 and inhibited its
oncogenic activity in TNBC, measured as a reduction of
clonogenic and migratory potential, cell cycle arrest, and the induction of apoptosis in MDA-MB-468 cells. In conclusion, we
present CEP1347-VHL-02 as a novel MLK3 degrader that may be a promising new strategy to target MLK3 in TNBC.

■ INTRODUCTION
Mixed-lineage protein kinase 3 (MLK3, MAP3K11) is a member
of theMLK family of serine/threonine kinases, which belongs to
mitogen-activated protein kinase kinase kinases (MAP3Ks).
MLK3 is well-known to activate the c-Jun N-terminal kinase
(JNK) and p38 MAPK pathways through phosphorylation and
activation of the MAP2Ks MKK4/7 and MKK3/6, respec-
tively.1 MLK3 also activates the extracellular signal-regulated
kinase (ERK) MAPK pathway through both direct mitogen-
activated protein kinase kinase (MEK) phosphorylation and as a
scaffold to promote BRAF activation.2−4 In addition to its role in
MAPK signaling, MLK3 regulates the activity of multiple
oncogenic proteins and signaling pathways, thereby modulating
the proliferation, migration, and invasive potential of cancer cells
in a context-dependent manner.5 Previous studies extensively
investigated MLK3 as a potential therapeutic target in breast
cancer. Chen et al. showed that MLK3 expression is significantly
elevated in breast cancer cell lines compared with epithelial
nontumorigenic breast cell lines. The authors found that the
catalytic activity of MLK3 and its downstream signaling to JNK
and activator protein-1 (AP-1) promote the migration of
mammary epithelial cells through the upregulation of genes that
are associated with the epithelial-to-mesenchymal transition.6

MLK3 signaling through JNK may also phosphorylate the
cytoskeletal protein paxillin, which in turn decreases Rho activity
to promote focal adhesion turnover and the migration of triple-

negative breast cancer (TNBC) cells.7 Additionally, MLK3 was
found to promote TNBC spread by the direct phosphorylation
and activation of p21-activated kinase 1 (PAK1), resulting in
regulation of paxillin and the enhancement of nuclear factor-κB
(NF-κB) activity.8,9 Moreover, MLK3 was reported to increase
expression of the oncogenic transcription factor FOS-related
antigen-1 (FRA-1), accompanied by the elevation of matrix
metalloproteinases in TNBC.10 Contrary to its oncogenic
functions, MLK3 was shown to promote apoptosis in estrogen
receptor (ER)-positive and human epidermal growth factor
receptor 2 (HER2)-positive breast cancers.11,12 Thus, MLK3
may have both tumor-promoting and tumor-suppressing
functions, depending on the breast cancer subtype. Although
MLK3 represents an attractive target for the treatment of human
cancers, including TNBC, the pharmacological targeting of this
kinase poses many challenges. Several MLK3 inhibitors, such as
CEP1347, were pursued as new investigational anticancer drugs,
but the utility of these compounds was limited by their low
specificity. Furthermore, conventional small-molecule inhibitors
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do not inhibit kinase-independent and scaffolding functions of
MLK3, which were previously shown to drive tumorigenic
phenotypes independent of its catalytic activity.2,4,5,13,14

Targeted protein degradation (TPD) is a rapidly growing field
that opens new possibilities for the selective targeting of protein
kinases in cancer. Proteolysis-targeting chimeras (PROTACs)
represent a major TPD technology, which was successfully

applied to degrade numerous oncogenic proteins.15−18

PROTACs are heterobifunctional compounds that consist of
three elements: a pharmacophore that recognizes a targeted
protein of interest (POI), a ligand for recruiting an E3 ligase, and
a linker. These compounds simultaneously bind the POI and E3
ligase, thereby forming a ternary complex, subsequently leading
to POI ubiquitination and proteasomal degradation.19 There are

Figure 1. Synthesis of MLK3-targeting PROTACs: reaction conditions (a) aq LiOH, THF; (b) 1 to 10, HATU, DIPEA, DMF; (c) TFA/CH2Cl2.
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several examples of small-molecule kinase inhibitors that have
been used as pharmacophores for the synthesis of new
PROTACs. Compared with primary small-molecule inhibitors,
PROTACs allow for the inhibition of both catalytic and

noncatalytic functions of targeted kinases and may offer higher
target specificity.20,21

In the present study, we present a novel PROTAC compound
that targets MLK3 kinase for degradation based on the pan-

Figure 2.MLK3 degradation by CEP1347-VHL-based PROTACs in A375_MLK3 andHCC1806_MLK3 cells. (A,B)Western blot analysis ofMLK3
levels in the A375 and HCC1806 cell lines with DOX-inducible MLK3 overexpression after 24 h treatment with different VHL-based PROTACs at a
concentration range of 0.1−5 μM. Dimethyl sulfoxide (DMSO) was used as a control. (C)Western blot analysis of MLK3 levels in the HCC1806 cell
line with DOX-inducible MLK3 overexpression treated with 0.5 μMCEP1347-VHL-02 PROTAC for the indicated times (2−24 h). DMSOwas used
as a control. (D) Western blot analysis of MLK3 levels in the HCC1806 cell line with DOX-inducible MLK3 overexpression after 24 h treatment with
CEP1347-VHL-02 PROTAC and CEP1347-VHL-02-epimer at a concentration range of 0.25−1 μM. DMSO was used as a control. (E) Western blot
analysis of MLK3 levels in the HCC1806 cell line with DOX-inducible MLK3 overexpression pretreated with 1 μM carfilzomib for 1 h, followed by
CEP1347-VHL-02 PROTAC treatment at the indicated concentration range of 0.25−1 μM for 7 h. DMSO was used as a control. (F) Western blot
analysis ofMLK1,MLK2, andMLK4 levels in the A375 cell line with DOX-inducibleMLK1,MLK2, andMLK4 overexpression, respectively, after 24 h
treatment with CEP1347-VHL-02 PROTAC at the indicated concentration range of 0.1−5 μM. DMSO was used as a control.
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MLK inhibitor CEP1347 and ligand for E3 ligase von Hippel−
Lindau (VHL). We demonstrate that this PROTAC robustly
degrades MLK3 but no other MLKs in cancer cell line models.
Furthermore, we show that the PROTAC-mediated degradation
of MLK3 decreased the tumorigenic potential of TNBC cells.

■ RESULTS
Development and Characterization of MLK3-Target-

ing PROTACs. MLK3 was previously reported to increase the
tumorigenic potential of cancer cells in both a kinase-dependent
and -independent manner. To target it for degradation and
eliminate its noncatalytic effect, we designed different
PROTACs based on the MLK3 inhibitor CEP1347 linked
with different E3-ubiquitin ligase ligands (Figure 1). We
synthesized eight PROTACs composed of CEP1347 and ligand
for the von Hippel−Lindau E3 ubiquitin ligase (VHL) coupled
with various linkers (CEP1347-VHL-01−CEP1347-VHL-08).
We also obtained compounds in which CEP1347 was linked

with the inhibitor of apoptosis protein (IAP) ligand (CEP1347-
IAP-01) and with the cereblon (CRBN) ligand (CEP1347-
CRBN-01).

The efficiency of MLK3 degradation by the synthesized
PROTAC compounds was assessed by immunoblotting A375
and HCC1806 cell lines with doxycycline (DOX)-induced
MLK3 overexpression (A375_MLK3 and HCC1806_MLK3,
respectively). To determine the optimal length of the linker for
achieving effective MLK3 degradation, we treated A375_MLK3
cells with eight VHL-based PROTACs (CEP1347-VHL-01,
CEP1347-VHL-02, CEP1347-VHL-03, CEP1347-VHL-04,
CEP1347-VHL-05, CEP1347-VHL-06, CEP1347-VHL-07,
and CEP1347-VHL-08) for 24 h at different concentrations,
ranging from 0.1 to 5 μM (Figure 2A). Additionally, we tested
three VHL-based PROTACs (CEP1347-VHL-01, CEP1347-
VHL-02, and CEP1347-VHL-03) in the HCC1806_MLK3 cell
line (Figure 2B). Out of all VHL-based PROTACs tested,
CEP1347-VHL-02 degraded MLK3 at the lowest concen-

Figure 3. Shotgun proteomic analysis of total cell protein extracts from HCC1806_MLK3 cell line following the treatment with CEP1347-VHL-02
PROTAC. (A,B) HCC1806_MLK3 cells were treated with DOX to induce MLK3 overexpression. Next, cells were incubated with 0.5 μM CEP1347-
VHL-02 PROTAC or DMSO as a control for 24 h. (A) Volcano plot displaying the log2 fold change (Log2 FC, x axis) against the t test-derived−log10
statistical (n = 3) p-value (y axis) for all protein groups detected in the total cell extract from HCC1806_MLK3 cells following DOX induction of
MLK3 expression. The abundance changes thresholds of Log2 FC ≥ |1.0| and the significance threshold of −log10 p-value ≥ 2.0 were applied to
identify protein groups with levels reproducibly decreased (indicated in blue) or increased (indicated in red) in response to the DOX treatment.MLK3
protein is indicated with a black arrow. (B) Volcano plot displaying the log2 fold change (Log2 FC, x axis) against the t test-derived−log10 statistical (n
= 3) p-value (y axis) for all protein groups detected in the total cell extract from HCC1806_MLK3 cells following induction of MLK3 expression and
the treatment with CEP1347-VHL-02 PROTAC. The abundance changes thresholds of Log2 FC ≥ |1.0| and the significance threshold of −log10 p-
value ≥ 2.0 were applied to identify protein groups with levels reproducibly decreased (indicated in blue) or increased (indicated in red) in response to
the PROTAC treatment. MLK3 protein is indicated with a black arrow. (C) Venn diagram of the number of overlapping upregulated proteins from
DOX vs NODOX (yellow boxed area on volcano plot) and downregulated proteins from PROTAC vs DMSO (blue boxed area on volcano plot) MS
analysis. MLK3was not included. (D) Immunoblotting analysis ofMLK3 level in HCC1806_MLK3 cells after DOX induction andCEP1347-VHL-02
PROTAC treatment.
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trations in both cell lines (Figure 2A,B). We also verified MLK3
degradation by CEP1347-IAP-01 and CEP1347-CRBN-01
PROTAC in the A375_MLK3 cell line (Figure S1). We
observed more potent degradation with PROTACs that
contained ligands for VHL compared with PROTACs
containing the IAP or CRBN ligands. Overall, based on these
results, we selected CEP1347-VHL-02 as the most promising
compound for further validation.
CEP1347-VHL-02 Compound Rapidly and Selectively

Degrades MLK3 via the Ubiquitin-Proteasome Pathway.
Next, we evaluated the dynamics of MLK3 degradation by

CEP1347-VHL-02 in the HCC1806_MLK3 cell line. This
PROTAC reduced MLK3 levels after 2 h and led to nearly
complete degradation after 24 h of treatment (Figure 2C).
MLK3 protein levels were not reduced by the inactive cis-epimer
of CEP1347-VHL-02 PROTAC, which does not bind VHL,
indicating that MLK3 was degraded in a VHL-dependent
manner (Figure 2D). Next, we investigated the mechanism of
MLK3 degradation by the CEP1347-VHL-02 compound. The
treatment of HCC1806_MLK3 cells with the proteasome
inhibitor carfilzomib prevented MLK3 degradation by
CEP1347-VHL-02, confirming that MLK3 was degraded

Figure 4. Degradation of endogenous MLK3 by CEP1347-VHL-02 PROTAC in MCF-7 and MDA-MB-468 cell lines. (A) Western blot analysis of
MLK3 levels in MCF-7 and MDA-MB-468 cell lines treated with 1 μM CEP1347-VHL-02 PROTAC for the indicated times (4−48 h). DMSO was
used as a control. The percentage of remainingMLK3 protein during the time of treatment was quantified and plotted in the lower panel, and t1/2 of the
PROTAC reaction was determined. (B) Western blot analysis of MLK3 levels in MCF-7 and MDA-MB-468 cell lines after 24 h treatment with
CEP1347-VHL-02 PROTAC at a concentration range of 0.1−5 μM. DMSOwas used as a control. The percentage of remainingMLK3 protein for the
indicated concentration range was quantified and plotted in the lower panel, and DC50 and Dmax were determined. (C)Western blot analysis of MLK3
levels inMCF-7 andMDA-MB-468 cell lines pretreated with 1 μMcarfilzomib for 1 h, followed by 1 μMCEP1347-VHL-02 PROTAC treatment for 7
h. DMSO was used as a control.
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explicitly through the ubiquitin-proteasome system (Figure 2E).
We then evaluated the selectivity of CEP1347-VHL-02. We
utilized three cell lines that were generated using A375

melanoma cells with the DOX-inducible overexpression of
MLK1, MLK2, and MLK4 (A375_MLK1, A375_MLK2,
A375_MLK4 respectively), which are members of MLK family.

Figure 5.Degradation of endogenousMLK3 by the CEP1347-VHL-02 compound decreased the tumorigenic potential of MDA-MB-468 cells but not
MCF-7 cells. (A) Colony formation assay of MCF-7 and MDA-MB-468 cell lines after CEP1347-VHL-02 PROTAC treatment. (Upper panel)
Representative photographs of colonies stained with crystal violet formed byMCF-7 andMDA-MB-468 cells after 15 days of 1 μMCEP1347-VHL-02
PROTAC treatment. DMSO was used as a control. (Lower panel) Bar chart that summarizes data from three independent experiments. Each data
point represents the mean ± standard deviation (SD) from three independent experiments. The statistical analysis was performed using an unpaired t-
test (***p < 0.001) compared with control. (B) Cell cycle analysis in MCF-7 and MDA-MB-468 cell lines after CEP1347-VHL-02 PROTAC
treatment. (Upper panel) Representative graphs of cell cycle analysis with propidium iodide staining in MCF-7 andMDA-MB-468 cell lines after 48 h
of 1 μM CEP1347-VHL-02 PROTAC treatment. DMSO was used as a control. (Lower panel) Quantified data from two independent experiments.
Each data point represents the mean ± SD from three independent experiments. The statistical analysis was performed using one-way ANOVA (***p
< 0.001). (C) Cell viability analysis of MCF-7 and MDA-MB-468 cell lines after CEP1347-VHL-02 PROTAC treatment. (Upper panel)
Representative graphs of cell viability analysis with annexin V and propidium iodide staining inMCF-7 andMDA-MB-468 cell lines after 48 h of 1 μM
CEP1347-VHL-02 PROTAC treatment. DMSOwas used as a control. (Lower panel) Quantified data from three independent experiments. Each data
point represents the mean ± SD from three independent experiments. The statistical analysis was performed using one-way ANOVA (***p < 0.001).
(D) Boyden chamber transwell migration assays of MCF-7 and MDA-MB-468 cell lines after CEP1347-VHL-02 PROTAC treatment. (Left panel)
Representative images of a randomly selected area of MCF-7 and MDA-MB-468 cells that migrated through the membrane after 24 h of 1 μM
CEP1347-VHL-02 PROTAC treatment. Cells were stained with crystal violet. (Right panel) Quantification ofMCF-7 andMDA-MB-468 cells treated
with 1 μM CEP1347-VHL-02 PROTAC and DMSO that migrated through the insert. The statistical analysis was performed using an unpaired t-test
(**p < 0.01) compared with DMSO as a control. Standard error bars are shown.
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We found no changes in MLK1, MLK2, or MLK4 levels after
CEP1347-VHL-02 treatment, suggesting that CEP1347-VHL-
02 PROTAC selectively targetsMLK3 over other related kinases
(Figure 2F).

To further validate the selectivity of CEP1347-VHL-02, we
performed a shotgun proteomic analysis of protein levels in the
total cell extracts from HCC1806_MLK3 cells upon inducing
MLK3 expression by DOX and treating with either CEP1347-
VHL-02 PROTAC or DMSO (Figure 3A,B and Supplementary
Table 1). Our analysis revealed that MLK3 was the only kinase
that was significantly degraded by the CEP1347-VHL-02
compound (Figure 3B, black arrow). Beyond MLK3, we
observed a reduction in the levels of 11 additional proteins
following PROTAC treatment, as marked by the blue boxed area
in Figure 3B. Importantly, 10 out of these 11 proteins that
showed decreased expression were found to be upregulated in
response to DOX-mediated overexpression of MLK3 (high-
lighted in the yellow boxed area of Figure 3A). This implies that
the action of CEP1347-VHL-02 indirectly leads to the
diminished expression of proteins dependent on the presence
of MLK3 in our cellular model (Figure 3A,C). The efficacy of
MLK3 degradation by CEP1347-VHL-02 in these samples was
further validated through immunoblot analysis (Figure 3D).
CEP1347-VHL-02 PROTAC Degrades Endogenous

MLK3 in Breast Cancer Cell Lines. To verify whether
CEP1347-VHL-02 degraded endogenous MLK3 in cell lines
with high expression of this kinase, we performed additional
experiments using breast cancer cell lines MCF-7 (ER+
subtype) and MDA-MB-468 (TNBC subtype). We assessed
MLK3 degradation in a time- and concentration-dependent
manner. We found that CEP1347-VHL-02 rapidly degraded
MLK3 in both cell lines, with PROTAC reaction half-life (t1/2)
values of 2.5 and 4 h for MCF-7 andMDA-MB-468, respectively
(Figure 4A). CEP1347-VHL-02 also showed a high potency of
MLK3 degradation, with a half-maximal degradation concen-
tration (DC50) of 50 nM and maximal levels of degradation
(Dmax) of 77% for MCF-7 and DC50 of 300 nM and Dmax of 63%
for MDA-MB-468 (Figure 4B). Next, to ensure that the
observed lower amounts of MLK3 after PROTAC treatment
were due to protein degradation rather than changes in mRNA
levels, we analyzed MLK3 gene expression by real-time
quantitative polymerase chain reaction (RT-qPCR) in cells
that were treated with CEP1347-VHL-02. As expected, MLK3
mRNA levels were unaffected by PROTAC treatment,
confirming that the observed MLK3 downregulation by
CEP1347-VHL-02 was not attributable to transcriptional effects
(Figure S2A). We also confirmed that the degradation of
endogenous MLK3 protein by CEP1347-VHL-02 occurred
through the ubiquitin-proteasome pathway, as pretreatment
with carfilzomib prevented MLK3 downregulation in both cell
lines (Figure 4C). We then showed that neither the inactive cis-
epimer of CEP1347-VHL-02 nor CEP1347 compound down-
regulated MLK3 in breast cancer cell lines (Figure S2B,C).
Furthermore, CEP1347-VHL-02 did not degrade endogenous
MLK1, MLK2, or MLK4 in MCF-7 and MDA-MB-468 cells,
confirming the selectivity of this PROTAC for MLK3 (Figure
S2D), which is consistent with the results obtained in A375 cells
(Figure 2F).

We also tested the efficacy of other VHL-based PROTACs
with varying linkers in MDA-MB-468 and MCF-7 breast cancer
cell lines. These experiments confirmed that the best
degradation potency in both cell lines was achieved by
CEP1347-VHL-02 (Figures 4A and S3A), which further

corresponds to the results seen in cell lines with MLK3
overexpression. Finally, we also analyzed the efficacy and
selectivity of endogenous MLK3 degradation by CEP1347-IAP-
01 PROTAC in both cell lines. Similarly to CEP1347-VHL-02,
IAP-based PROTAC showed selectivity toward MLK3 as it did
not degradeMLK1, MLK2, andMLK4, however, the potency of
MLK3 degradation was inferior compared to CEP1347-VHL-02
(Figure S3B,C).

Subsequently, we conducted shotgun proteomic analysis to
assess the protein profiles in total cell extracts from MCF-7 and
MDA-MB-468 cells following treatment with CEP1347-VHL-
02 or vehicle control (DMSO). The mass spectrometry was
unable to detect endogenous MLK3 in these samples, thus
precluding confirmation of its degradation via this technique,
nevertheless, immunoblotting analysis distinctly showed sig-
nificant degradation of MLK3 following treatment with
CEP1347-VHL-02 (Figure S4A,B). Importantly, our analysis
revealed no degradation of proteins, including other members of
the MLK family, underscoring the specificity of the treatment as
no significant changes were observed in the protein landscape
(Figure S4 and Supplementary Table 1). Finally, we assessed the
activity of two major downstream pathways that are activated by
MLK3: MEK/ERK and MKK/JNK pathways. Immunoblotting
analysis showed no changes in the activity of the ERK pathway,
whereas the JNK pathway was significantly downregulated upon
CEP1347-VHL-02 treatment in both MCF-7 and MDA-MB-
468 cell lines (Figure S5A,B).
Degradation of Endogenous MLK3 by the CEP1347-

VHL-02 Compound Decreases the Tumorigenic Poten-
tial of MDA-MB-468 but Not MCF-7 Cells. To determine
whether endogenous MLK3 degradation by CEP1347-VHL-02
PROTAC affects cancer cell proliferation and survival, we
performed a series of phenotypic assays on MCF-7 and MDA-
MB-468 cell lines. We observed a significant reduction of the
clonogenic potential of MDA-MB-468 cells after treatment with
CEP1347-VHL-02 compared with DMSO-treated cells (Figure
5A, right panel). Interestingly, we did not observe this effect in
theMCF-7 cell line (Figure 5A, left panel). To verify this finding
with an alternative method, we knocked down MLK3 in MCF-7
andMDA-MB-468 cells (Figure S6A). A colony formation assay
that was performed on cells in which MLK3 was silenced
confirmed a significant reduction of the clonogenic potential of
MDA-MB-468 cells and no changes in MCF-7 cells compared
with control cells (Figure S6B). We also tested the effects of
CEP1347-VHL-02 treatment under 3D cell culture conditions,
which more closely reflect tumor growth in vivo compared to
two-dimensional culture. We found that after the treatment with
CEP1347-VHL-02, MDA-MB-468 cells grown on hydrogel-
coated plates showed compromised formation of spheroids
(Figure S7A). Similarly, CEP1347-VHL-02 PROTAC treat-
ment caused a reduction in the growth of spheroids formed by
MDA-MB-468 cells grown on low-attachment surface plates
(Figure S7B). No changes in spheroid formation or size after the
treatment with CEP1347-VHL-02 PROTAC were observed for
MCF-7 cells grown in 3D conditions (Figure S7A,B).

Furthermore, our data showed that the reduced proliferation
of MDA-MB-468 cells was likely caused by G2/M phase cell
cycle arrest after CEP1347-VHL-02 treatment, as indicated by
the flow cytometry analysis (Figure 5B). We also observed the
induction of apoptosis in MDA-MB-468 cells after PROTAC
treatment (Figure 5C). No changes were observed in MCF-7 in
cell cycle and there was no significant increase in cell death after
CEP1347-VHL-02 treatment (Figure 5B,C). We also assessed
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the migratory potential of both cell lines upon MLK3
degradation using transwell migration assays. We observed a
reduction of MDA-MB-468 cell migration after treatment with
CEP1347-VHL-02 PROTAC compared with DMSO-treated
cells (Figure 5D, lower panel). On the contrary, CEP1347-VHL-
02 treatment did not decrease the migratory potential of MCF-7
cells (Figure 5D, upper panel). Collectively, these results
suggested that MLK3 degradation reduced tumorigenic and
invasive potential selectively in TNBC cells, where MLK3 plays
a protumorigenic role.

■ DISCUSSION AND CONCLUSIONS
MLK3 has been recently recognized as a potential therapeutic
target in multiple types of malignancies. The functional role of
MLK3 and its downstream signaling has also been well-
documented in neurodegenerative diseases, including Parkin-
son’s disease and Alzheimer’s disease.5,22 Despite growing
knowledge of the role of MLK3 in cancer and other human
diseases, the pharmacological modulation of this kinase remains
challenging. In the present study, we developed and
characterized the first PROTACs that selectively target MLK3
kinase for degradation. We further characterized our lead
compound, CEP1347-VHL-02, in different cell line models and
demonstrated that this PROTAC induced potent, rapid, and
selective degradation of both overexpressed and endogenous
MLK3 protein.

Over the past decades, several small-molecule inhibitors have
been designed to target MLK3 and other MLK family
members.23−26 CEP1347 is a semisynthetic derivative of the
indolocarbazole natural product K252a, which was initially
found to prevent neuronal cell death through inhibition of the
MLK-JNK signaling axis.23,24 These observations moved
CEP1347 to clinical trials as a disease-modifying therapeutic
for Parkinson’s disease, but the clinical studies failed to
demonstrate its effectiveness.27 CEP1347 inhibits the catalytic
activity of all core MLK family kinases (MLK1−3), with half-
maximal inhibitory concentration (IC50) values of 23−51 nM.23

This compound previously showed antineoplastic activity in
different types of cancer cell lines, including pancreatic, breast,
glioblastoma, and ovarian cancer cells.9,10,28,29 Here, we used
CEP1347 as a pharmacophore for the synthesis of MLK3-
targeting PROTACs. Among all tested PROTACs, CEP1347-
VHL-02 demonstrated the most potent degradation of MLK3.
Strikingly, CEP1347-VHL-02 did not lead to the degradation of
other MLK family kinases. Therefore, this compound provides a
novel strategy to selectively target MLK3. The ability of
CEP1347-VHL-02 to discriminate between closely related
kinases is not completely understood. Several recent studies
reported isoform-specific degraders of protein kinases that were
derived from nonselective inhibitors, such as the multikinase
inhibitors Foretinib, TAE-684, and the SGK/S6K1 inhibitor R-
308.30−32 One postulation is that the superior degradation
selectivity of some PROTACs compared with their native
pharmacophores may be driven by the differential cooperativity
and stability of ternary complex formation and geometry and
orientation of the recruited E3 ligase.32,33 Additional research on
the mechanisms that dictate the selectivity of CEP1347-VHL-02
is warranted. A better understanding of this phenomenon may
lead to the development of novel selective degraders for other
MLKs.

An inherent challenge of traditional small-molecule inhibitors
that target MLK3 arises from functions of this protein kinase
that are independent of its catalytic activity. Previous studies

have shown that MLK3 can activate the RAF/MEK/ERK
pathway independent of its kinase activity by acting as a scaffold
and crucial component of the B-Raf/Raf-1 complex.2 Schroyer
et al. demonstrated that the kinase-independent mechanism of
ERK1/2 activation by MLK3 promotes the invasion of
colorectal cancer cells in response to oxidative stress.14 In
another study, MLK3 was found to promote cell migration in a
manner independent of its kinase activity by binding to the Rho
activator p63RhoGEF/GEFT.13 MLK3-targeting PROTACs
appear to be particularly useful tools for targeting and studying
noncatalytic functions of MLK3. CEP1347-VHL-02 degraded
endogenous MLK3 within 24 h, with a DC50 < 50 nM and 300
nM for MCF-7 and MDA-MB-468, respectively. Thus, our
compound provides a much faster reduction of intracellular
protein levels compared with gene silencing methodologies,
which may also pose such various challenges as lethality and
genetic compensation.34−36 Interestingly, we observed a less
potent degradation and an increased rate and extent of target
recovery inMDA-MB-468 cells compared to theMCF-7 cell line
after PROTAC treatment. These findings can be explained by
the intrinsic differences between these two cell lines that may
affect degradation kinetics and target recovery, such as
endogenous expression of the targeted protein and E3 ligase
machinery components, cellular permeability, intracellular
compound stability, and rate of compound efflux.37,38 Further
studies are required to better characterize the pharmacokinetic
properties and stability of CEP1347-VHL-02 and define the
MLK3 degradation profile across different cell lines and in vivo
models.

TNBC is a subtype of breast cancer that is characterized by
the absence of estrogen and progesterone receptors and lack of
HER2 overexpression. Among all breast cancer subtypes, TNBC
is associated with the least favorable prognosis because of its
aggressive clinical course and limited targeted treatment
options.39,40 Here, we showed that MLK3 degradation by
CEP1347-VHL-02 decreased proliferation and mammosphere
formation, induced apoptosis, and decreased migratory
potential of the TNBC MDA-MB-468 cell line. These effects
were not observed in the ER-positive breast cancer MCF-7 cell
line, despite a similar degree of MLK3 degradation by PROTAC
in both cell lines. Similarly, MLK3 silencing using small
interfering RNA (siRNA) decreased the proliferation of
MDA-MBA-468 cells but not MCF-7 cells. These results
correspond to recent studies that reported that MLK3 kinase
activity is higher in TNBC than in hormone receptor-positive
tumors, and it selectively facilitates the survival of TNBC.9−11

Although MLK3 depletion profoundly inhibited oncogenic
features of MDA-MB-468 cells, neither CEP1347-VHL-02 at 1
μM nor genetic knock-down of MLK3 was sufficient to
completely impair the tumorigenic potential of this cell line.
The additional feedback loops involving protein kinases and
transcriptional pathways are likely activated after the degrada-
tion of MLK3 to compensate for its loss and sustain cancer
growth, as previously reported for many kinase targets in
TNBC.39 Furthermore, we demonstrated that CEP1347-VHL-
02 inhibited the activation of JNK, a major downstream effector
of the canonical MLK3 signaling. Because JNK phosphorylation
was reduced in both MDA-MB-468 and MCF-7 cells, these
results do not explain the different phenotypic changes observed
in these cell lines. Therefore, future mechanistic studies of
MLK3-targeting PROTACs are warranted, as these compounds
represent an attractive tool to investigate distinct functions of
MLK3 in TNBC vs ER/PR+ breast cancer. While our results
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highlight MLK3 degradation as a potential treatment strategy in
TNBC, further research aiming to investigate the pharmacoki-
netics properties, in vivo potency, and safety profile of MLK3-
targeting PROTACs is needed to advance the translational
applications of these compounds.

In summary, we described first-in-class PROTAC that induces
the rapid and selective degradation of MLK3 in cancer cell lines.
Our study provides new opportunities for the selective targeting
of MLK3 in cancer and paves the way for the development of
next-generation degraders against MLK3 and related kinases.
Notably, MLK3 degradation by CEP1347-VHL-02 significantly
reduced the oncogenic potential of TNBC cells, suggesting that
the targeted degradation of this kinase may be a feasible
treatment strategy for this subtype of breast cancer.

■ EXPERIMENTAL SECTION
General Information for Chemical Synthesis. Starting

materials were used as received unless otherwise noted. All
moisture sensitive reactions were performed in an inert
atmosphere of argon with oven-dried glassware. Reagent grade
solvents were used for extractions and flash chromatography.
Reaction progress was monitored by LC-MS analysis performed
on an Agilent UPLC/MS instrument equipped with a RP-C18
column (Poroshell 120 SB-C18, 4.6 × 50 mm, 2.7 μm or Zorbax
300SB-C18, 4.6 × 50 mm, 3.5 μm), dual atmospheric pressure
chemical ionization (APCI)/electrospray (ESI) mass spectrom-
etry detector, and photodiode array detector. Flash chromatog-
raphy was performed by using a RediSepRf NP-silica (40−63
μm 60 Å) or a Teledyne RediSepRf Gold RP-C18 column (20−
40 μm 100 Å) in a Teledyne ISCO CombiFlash Rf 200
purification system unless otherwise specified. 1H NMR spectra
were recorded on an Agilent 400 MHz spectrometer and are
reported in parts per million (ppm) on the δ scale relative to
CDCl3 (δ 7.26) and DMSO-d6 (δ 2.50) as internal standards.
Data are reported as follows: chemical shift, multiplicity (s =
singlet, d = doublet, t = triplet, q = quartet, b = broad, m =
multiplet), coupling constants (Hz), and integration. 13C NMR
spectra were recorded on an Agilent 100 MHz and are reported
in parts per million (ppm) on the δ scale relative to CDCl3 (δ
77.00), CD3OD and DMSO-d6 (δ 39.52).
Synthesis and Characterization Data. The well-known

E3 ligase-linker compounds 1−4 and 6−10 were synthesized
using the reported procedures and also compounds 1, 2, 4, 9 and
10 were commercially available. Compound 5, CEP1347-VHL-
01, CEP1347-VHL-02, CEP1347-VHL-02-epimer, CEP1347-
VHL-03, CEP1347-VHL-04, CEP1347-VHL-05, CEP1347-
VHL-06, CEP1347-VHL-07, CEP1347-VHL-08, CEP1347-
IAP-01, and CEP1347-CRBN-01 were synthesized according
to the procedures described below. All compounds were
subjected to internal quality control; most demonstrated greater
than 95% purity and detection of an expected parent ion by
UPLC-MS (ESI) (Figure S8).
LC-MS Methods Used for Analysis. Method A: a 4 min

gradient of 50% to 95% methanol in water (containing 5 mM
ammonium acetate and 0.2% acetic acid) was used with a 7 min
run time at a flow rate of 1 mL/min.

Method B: a 4 min gradient of 50% to 95% acetonitrile
(containing 0.05% trifluoroacetic acid) in water (containing
0.05% trifluoroacetic acid) was used with a 6 min run time at a
flow rate of 1 mL/min.

Method C: a 4 min gradient of 5% to 95% acetonitrile
(containing 0.05% trifluoroacetic acid) in water (containing

0.05% trifluoroacetic acid) was used with a 6 min run time at a
flow rate of 1 mL/min.

Method D: a 7 min gradient of 5% to 95% acetonitrile
(containing 0.05% trifluoroacetic acid) in water (containing
0.05% trifluoroacetic acid) was used with a 10 min run time at a
flow rate of 1 mL/min.

(2S,4S)-1-((S)-2-(2-(4-(Aminomethyl)-1H-1,2,3-triazol-1-
yl)acetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-(4-
(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxa-
mide (5). (2S,4R)-1-((S)-2-amino-3,3-dimethylbutanoyl)-4-
hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)-
pyrrolidine-2-carboxamide dihydrochloride (300 mg, 0.580
mmol) in DMF (4 mL), 2-(4-(((tert-butoxycarbonyl)amino)-
methyl)-1H-1,2,3-triazol-1-yl)acetic acid (149 mg, 0.580
mmol), HATU (232 mg, 0.609 mmol), and DIPEA (202 μL,
1.16 mmol) were added and stirred for overnight. Water was
added and extracted with EtOAc. The organic layer was washed
with brine and dried over anhydrous MgSO4. The filtrate was
concentrated and used for the next step. The crude material was
subjected to DCM/TFA (2 mL: 1 mL) and stirred for 2 h.
Solvent was removed and purified by combi flash C18 column
using water and acetonitrile (both were buffered with 0.05% of
TFA) to provide (2S,4R)-1-((S)-2-(2-(4-(aminomethyl)-1H-
1,2,3-triazol-1-yl)acetamido)-3,3-dimethylbutanoyl)-4-hy-
droxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)-
pyrrolidine-2-carboxamide 5 (217 mg, 64%, white solid) over
two steps. 1HNMR (500MHz, CDCl3) δ 8.67 (s, 1H), 8.15 (d, J
= 8.4 Hz, 1H), 8.00−7.71 (m, 2H), 7.35−7.28 (m, 4H), 5.22−
5.05 (m, 2H), 5.05−4.94 (m, 1H), 4.52−4.43 (m, 2H), 4.37 (s,
1H), 4.14 (s, 2H), 3.82 (d, J = 11.2 Hz, 1H), 3.58 (dd, J = 11.2,
3.4 Hz, 1H), 2.45 (s, 3H), 2.12 (dd, J = 13.4, 7.7 Hz, 1H), 2.00
(ddd, J = 13.5, 9.7, 4.3 Hz, 1H), 1.43 (d, J = 7.0 Hz, 3H), 1.01 (s,
9H). 13C NMR (126 MHz, CDCl3) δ 170.81, 170.75, 167.84,
166.26, 160.96, 150.84, 147.79, 143.68, 132.05, 130.23, 129.42,
126.33, 69.96, 59.19, 58.85, 57.13, 51.86, 48.78, 37.16, 35.40,
34.49, 26.32, 21.99, 15.55. HRMS (m/z): [M + H]+ calcd. for
C28H39N8O4S, 583.2815; found, 583.2806.

Synthesis of (5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hy-
droxy-N-((S)-13-((2S,4R)-4-hydroxy-2-((4-(4-methylthiazol-5-
yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-14,14-dimeth-
yl-11-oxo-3,6,9-trioxa-12-azapentadecyl)-8-methyl-15-oxo-
5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-triaza-5,8-
methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-as-inda-
cene-7-carboxamide (CEP1347-VHL-01). CEP1347 (100 mg,
0.16 mmol) was dissolved in THF (5 mL) and added aqueous
LiOH (4.3 mg, 0.18 mmol in 1 mL water) at room temperature.
The reaction mixture was stirred for 1 h and quenched with
aqueous NH4Cl to precipitate the product. The precipitate was
collected and dried to provide the (5R,7R,8S)-2,11-bis-
((ethylthio)methyl)-7-hydroxy-8-methyl-15-oxo-5,6,7,8,14,15-
hexahydro-13H-16-oxa-4b,8a,14-triaza-5,8-methanodibenzo-
[b,h]cycloocta[jkl]cyclopenta[e]-as-indacene-7-carboxylic acid
(CEP1347-acid) (85 mg, 87%, white solid), which was used
without further purification. To the solution of CEP1347-acid
(7 mg, 0.012 mmol) and (2S,4R)-1-((S)-14-amino-2-(tert-
butyl)-4-oxo-6,9,12-trioxa-3-azatetradecanoyl)-4-hydroxy-N-
(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide 1
(8 mg, 0.012 mmol) in DMF (0.8 mL), 1-[bis(dimethylamino)-
methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexa-
fluorophosphate, N-[(dimethylamino)-1H-1,2,3-triazolo-[4,5-
b]pyridin-1-ylmethylene]-N-methylmethanaminium hexafluor-
ophosphate N-oxide (HATU) (5 mg, 0.012 mmol) and N,N-
Diisopropylethylamine (DIPEA) (4 μL, 0.023 mmol) were
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added at room temperature. The reaction mixture was stirred
overnight and water (6 mL) was added to precipitate the
product. The precipitate was collected and purified by ISCO
combi flash Redi Sef RF basic alumina column (DCM/MeOH=
9:1). The pure fractions were combined to afford the CEP1347-
VHL-01 (3 mg, 20%, white solid). 1H NMR (4 00 MHz, dmso)
δ 9.11 (s, 1H), 8.95 (s, 1H), 8.63−8.52 (m, 2H), 8.30 (t, J = 5.7
Hz, 1H), 7.94 (d, J = 4.7Hz, 2H), 7.78 (d, J = 8.4Hz, 1H), 7.46−
7.37 (m, 6H), 6.99 (d, J = 7.7 Hz, 1H), 6.39 (s, 1H), 5.13 (s,
1H), 4.96 (q, J = 17.6 Hz, 2H), 4.54 (d, J = 9.7 Hz, 1H), 4.45−
4.30 (m, 3H), 4.28−4.22 (m, 1H), 3.98−3.90 (m, 6H), 3.70−
3.38 (m, 14H), 3.27−3.17 (m, 1H), 2.47−2.39 (m, 7H), 2.11−
1.85 (m, 6H), 1.25−1.19 (m, 6H), 0.92 (s, 9H). 13C NMR (101
MHz, dmso) δ 172.66, 172.23, 172.19, 169.58, 169.05, 151.89,
148.20, 139.89, 139.41, 136.28, 133.32, 131.14, 130.15, 129.89,
129.29, 129.12, 128.58, 127.91, 127.04, 126.04, 124.86, 124.62,
122.97, 121.47, 119.84, 115.87, 115.36, 114.77, 109.42, 100.58,
85.76, 85.19, 70.92, 70.33, 70.13, 70.07, 70.01, 69.31, 69.17,
59.18, 57.00, 56.16, 46.01, 42.13, 38.94, 38.36, 36.15, 35.99,
35.31, 26.63, 25.28, 25.11, 22.79, 16.37, 14.91. LC-MS retention
time (Method A): 4.17 min, purity: 97%. LRMS (m/z): [M +
H]+ calcd. for C62H75N8O11S3, 1203.47; found, 1203.40. HRMS
(m/z): [M + H]+ calcd. for C62H75N8O11S3, 1203.4717; found,
1203.4723.

Synthesis of (5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hy-
droxy-N-((S)-13-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methyl-
thiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidine-1-carbon-
yl)-14,14-dimethyl-11-oxo-3,6,9-trioxa-12-azapentadecyl)-
8-methyl-15-oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-
4b,8a,14-triaza-5,8-methanodibenzo[b,h]cycloocta[jkl]-
cyclopenta[e]-as-indacene-7-carboxamide (CEP1347-VHL-
02). To the solution of CEP1347-acid (25 mg, 0.042 mmol)
and (2S,4R)-1-((S)-14-amino-2-(tert-butyl)-4-oxo-6,9,12-tri-
oxa-3-azatetradecanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthia-
zol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxamide 2 (29 mg,
0.046 mmol) in DMF (1.5 mL), HATU (17 mg, 0.044 mmol)
and DIPEA (14 μL, 0.083 mmol) were added at room
temperature and stirred for overnight. Water (6 mL) was
added to precipitate the product. The precipitate was collected
and purified by ISCO combi flash Redi Sef RF silica gel column
chromatography (DCM/MeOH = 9:1) to afford the CEP1347-
VHL-02 (28 mg, 55%, white solid). 1H NMR (400 MHz,
CDCl3) δ 8.73 (s, 1H), 8.59 (s, 1H), 8.42 (s, 1H), 7.82 (d, J = 8.6
Hz, 1H), 7.72−7.65 (m, 2H), 7.43 (d, J = 7.3 Hz, 1H), 7.39−
7.31 (m, 3H), 7.25−7.20 (m, 2H), 7.11 (dd, J = 8.4, 1.7 Hz, 1H),
6.98 (d, J = 8.4 Hz, 1H), 6.72 (dd, J = 7.7, 4.7 Hz, 1H), 6.28 (s,
1H), 5.18−5.06 (m, 1H), 4.85 (q, J = 9.9 Hz, 2H), 4.55−4.24
(m, 3H), 4.09−3.87 (m, 8H), 3.84−3.55 (m, 12H), 3.52−3.41
(m, 1H), 3.17−3.09 (m, 1H), 2.85 (q, J = 7.4 Hz, 2H), 2.40 (q, J
= 7.5 Hz, 2H), 2.37 (s, 3H), 2.11 (s, 3H), 2.10−2.05 (m, 2H),
1.65−1.41 (m, 6H), 1.19 (t, J = 7.4 Hz, 3H), 1.15 (s, 9H). 13C
NMR (101 MHz, CDCl3) δ 172.86, 172.58, 170.81, 170.46,
170.32, 150.22, 144.11, 139.88, 135.99, 131.86, 130.19, 129.54,
129.46, 128.46, 126.76, 126.33, 126.07, 124.92, 124.24, 121.22,
120.03, 117.07, 115.72, 115.42, 113.25, 107.65, 100.85, 85.93,
85.51, 77.23, 71.80, 71.64, 70.57, 70.28, 70.05, 69.51, 59.20,
58.13, 56.85, 53.43, 48.78, 46.13, 42.80, 39.66, 36.67, 36.47,
35.99, 29.71, 26.55, 25.91, 22.96, 22.52, 15.72, 14.82, 14.52. LC-
MS retention time: 4.30 min (Method A), 2.90 (Method B),
4.45 min (Method C) purity: 97%. LRMS (m/z): [M + H]+
calcd. for C63H77N8O11S3, 1217.49; found, 1217.20. HRMS
(m/z): [M + H]+ calcd. for C63H77N8O11S3, 1217.4874; found,
1217.4877.

Synthesis of (5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hy-
droxy-N-((S)-13-((2S,4S)-4-hydroxy-2-(((S)-1-(4-(4-methyl-
thiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidine-1-carbon-
yl)-14,14-dimethyl-11-oxo-3,6,9-trioxa-12-azapentadecyl)-
8-methyl-15-oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-
4b,8a,14-triaza-5,8-methanodibenzo[b,h]cycloocta[jkl]-
cyclopenta[e]-as-indacene-7-carboxamide (CEP1347-VHL-
02-epimer). CEP1347-VHL-02-epimer was synthesized using
the same reaction procedure as CEP1347-VHL-02. Starting
materials CEP1347-acid (14 mg, 0.022 mmol), (2S,4S)-1-((S)-
14-amino-2-(tert-butyl)-4-oxo-6,9,12-trioxa-3-azatetradecano-
yl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)-
ethyl)pyrrolidine-2-carboxamide 2-epimer (13 mg, 0.022
mmol, white solid) and HATU (9 mg, 0.023 mmol), DIPEA
(0.044 mmol, 44 μL) were used. CEP1347-VHL-02-epimer (6
mg, 20%). 1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 8.51 (s,
1H), 7.95 (t, J = 5.6 Hz, 1H), 7.89−7.79 (m, 2H), 7.53−7.39
(m, 2H), 7.38−7.28 (m, 4H), 7.25−7.19 (m, 2H), 7.11 (d, J =
8.4 Hz, 1H), 6.83−6.71 (m, 1H), 6.61 (s, 1H), 5.39−5.28 (m,
2H), 5.01 (p, J = 7.1 Hz, 1H), 4.63−4.51 (m, 2H), 4.50−4.36
(m, 2H), 4.32 (s, 1H), 4.05−3.92 (m, 4H), 3.90−3.68 (m,
13H), 3.52 (dt, J = 15.9, 8.0 Hz, 1H), 3.00−2.93 (m, 1H), 2.65
(q, J = 7.1Hz, 2H), 2.52−2.46 (m, 2H), 2.45 (s, 3H), 2.18 (d, J =
15.7 Hz, 3H), 2.14 (s, 3H), 2.00 (td, J = 9.2, 4.5 Hz, 1H), 1.47−
1.38 (m, 6H), 1.35−1.19 (m, 5H), 1.01 (s, 9H). 13C NMR (101
MHz, CDCl3) δ 171.80, 171.60, 170.65, 170.49, 169.08, 141.41,
138.53, 135.02, 131.23, 129.97, 128.71, 128.59, 125.76, 125.39,
124.83, 124.12, 123.39, 120.81, 119.51, 115.13, 113.86, 112.69,
106.69, 99.65, 84.45, 84.41, 76.20, 70.12, 69.91, 69.80, 69.39,
69.34, 68.68, 58.83, 57.51, 55.50, 52.41, 48.19, 41.80, 38.31,
35.51, 34.25, 33.94, 30.89, 28.68, 28.30, 26.20, 25.36, 25.22,
24.97, 24.70, 24.49, 21.67, 21.32, 20.83, 13.54, 13.10. LC-MS
retention time (Method B): 3.08 min, purity: 99%. LRMS (m/
z): [M + H]+ calcd. for C63H77N8O11S3, 1217.49; found,
1217.20. HRMS (m/z): [M + H]+ calcd. for C63H77N8O11S3,
1217.4874; found, 1217.4860.

Synthesis of (5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hy-
droxy-N-(6-(((S)-1-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methyl-
thiazol-5-yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-di-
methyl-1-oxobutan-2-yl)amino)-6-oxohexyl)-8-methyl-15-
oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-triaza-
5,8-methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-as-in-
dacene-7-carboxamide (CEP1347-VHL-03). CEP1347-VHL-
03 was synthesized using the same reaction procedure as
CEP1347-VHL-02. Starting materials CEP1347-acid (11 mg,
0.018 mmol), (2S,4R)-1-((S)-2-(6-aminohexanamido)-3,3-di-
methylbutanoyl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)pyrrolidine-2-carboxamide 3 (10 mg, 0.018
mmol), HATU (7 mg, 0.019 mmol), and DIPEA (6 μL, 0.036
mmol) were used. The reactionmixture was stirred for overnight
and the water was added to the reaction mixture. Workup with
EtOAc (5 × 5 mL) and the combined layers were dried over
anhydrous Na2SO4. The concentrated crude material was
purified by an ISCO combi flash Redi Sef RF basic alumina
column chromatography (CH2Cl2/MeOH) to give the
CEP1347-VHL-03 (7 mg, 30%, white solid). 1H NMR (400
MHz, dmso) δ 9.11 (d, J = 1.7 Hz, 1H), 8.96 (s, 1H), 8.59 (s,
1H), 8.37−8.31 (m, 2H), 8.00−7.91 (m, 2H), 7.82−7.75 (m,
2H), 7.44−7.34 (m, 5H), 6.99 (dd, J = 7.3, 4.9 Hz, 1H), 6.34 (s,
1H), 5.08 (d, J = 3.5 Hz, 1H), 5.04−4.85 (m, 4H), 4.53 (d, J =
9.3 Hz, 1H), 4.42 (t, J = 8.0 Hz, 1H), 4.27 (d, J = 5.7 Hz, 1H),
4.01−3.91 (m, 5H), 3.60 (d, J = 3.3 Hz, 2H), 3.29−3.17 (m,
3H), 2.47−2.42 (m, 6H), 2.31−2.22 (m, 1H), 2.19−2.14 (m,
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1H), 2.09 (s, 3H), 2.04−1.94 (m, 2H), 1.78 (ddd, J = 12.8, 8.5,
4.6 Hz, 1H), 1.59−1.48 (m, 4H), 1.37−1.19 (m, 11H), 0.94 (s,
9H). 13C NMR (101 MHz, dmso) δ 172.48, 172.37, 172.23,
171.07, 170.08, 151.91, 148.21, 145.09, 139.44, 136.28, 133.33,
131.55, 131.14, 130.14, 129.88, 129.29, 129.27, 127.04, 126.83,
126.36, 126.03, 124.87, 124.61, 122.96, 121.45, 119.83, 115.87,
115.52, 114.78, 109.41, 100.52, 85.75, 85.21, 69.23, 59.00,
56.82, 56.72, 48.14, 46.01, 42.54, 39.11, 38.18, 36.00, 35.67,
35.39, 35.32, 29.28, 26.93, 26.72, 25.69, 25.13, 25.10, 22.86,
22.81, 16.43, 14.91. LC-MS retention time: 4.36 min (Method
A), 3.10 min (Method B), purity: 92%. LRMS (m/z): [M +H]+
calcd. for C61H73N8O8S3, 1141.47; found, 1141.20. HRMS (m/
z): [M + H]+ calcd. for C61H73N8O8S3, 1141.4713; found,
1141.4706.

(5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hydroxy-N-(11-
(((S)-1-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl)-
phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxo-
butan-2-yl)amino)-11-oxoundecyl)-8-methyl-15-oxo-
5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-triaza-5,8-
methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-as-inda-
cene-7-carboxamide (CEP1347-VHL-04). CEP1347-VHL-04
was synthesized using the same reaction procedure as CEP1347-
VHL-02. Starting materials CEP1347-acid (10 mg, 0.017
mmol), trifluoroacetate salt of (2S,4R)-1-((S)-2-(11-amino-
undecanamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-1-
(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxa-
mide 4 (13 mg, 0.018 mmol, white solid), HATU (7 mg, 0.017
mmol) and DIPEA (6 μL, 0.036 mmol) were used to provide
CEP1347-VHL-04 (8.8 mg, 44%). 1H NMR (500 MHz,
CDCl3) δ 8.60 (s, 1H), 8.37 (s, 1H), 7.86 (d, J = 8.4 Hz, 1H),
7.80 (s, 1H), 7.65 (t, J = 5.9 Hz, 1H), 7.49−7.38 (m, 2H), 7.38−
7.29 (m, 4H), 7.19−7.13 (m, 1H), 7.10−7.02 (m, 1H), 6.78−
6.70 (m, 2H), 6.17 (d, J = 8.7 Hz, 1H), 5.14 (s, 1H), 5.04 (p, J =
7.1 Hz, 1H), 4.70 (t, J = 7.9 Hz, 1H), 4.53−4.42 (m, 3H), 4.37−
4.30 (m, 1H), 4.09−3.95 (m, 3H), 3.79 (s, 2H), 3.58−3.44 (m,
2H), 3.44−3.33 (m, 1H), 3.09−3.03 (m, 1H), 2.68 (q, J = 7.4
Hz, 2H), 2.57−2.37 (m, 6H), 2.16 (t, J = 7.6Hz, 2H), 2.11−1.96
(m, 4H), 1.72−1.65 (m, 2H), 1.62−1.51 (m, 2H), 1.45−1.17
(m, 18H), 1.01 (s, 9H). 13C NMR (126MHz, CDCl3) δ 173.87,
172.83, 172.72, 172.17, 169.82, 150.45, 148.39, 143.34, 139.75,
136.09, 132.20, 131.76, 131.08, 130.86, 129.85, 129.65, 128.89,
126.84, 126.52, 126.01, 125.30, 125.13, 124.39, 121.52, 120.45,
116.88, 115.95, 115.16, 113.45, 107.87, 100.94, 85.62, 85.55,
70.11, 58.63, 57.58, 56.84, 48.95, 46.24, 42.94, 39.54, 36.71,
36.61, 36.41, 35.65, 35.24, 29.64, 29.35, 29.20, 29.16, 27.00,
26.63, 26.14, 25.99, 25.63, 22.44, 22.34, 16.12, 14.90, 14.73. LC-
MS retention time (Method B): 4.10 min, purity: 95%. LRMS
(m/z): [M + H]+ calcd. for C66H83N8O8S3, 1211.55; found,
1211.20. HRMS (m/z): [M + H]+ calcd. for C66H83N8O8S3,
1211.5496; found, 1211.5529.

(5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hydroxy-N-((1-(2-
(((S)-1-((2S,4S)-4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl)-
phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-oxo-
butan-2-yl)amino)-2-oxoethyl)-1H-1,2,3-triazol-4-yl)-
methyl)-8-methyl-15-oxo-5,6,7,8,14,15-hexahydro-13H-16-
oxa-4b,8a,14-triaza-5,8-methanodibenzo[b,h]cycloocta[jkl]-
cyclopenta[e]-as-indacene-7-carboxamide (CEP1347-VHL-
05).CEP1347-VHL-05 was synthesized using the same reaction
procedure as CEP1347-VHL-02. Starting materials CEP1347-
acid (15 mg, 0.025 mmol), (2S,4S)-1-((S)-2-(2-(4-(amino-
methyl)-1H-1,2,3-triazol-1-yl)acetamido)-3,3-dimethylbutano-
yl)-4-hydroxy-N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)-
ethyl)pyrrolidine-2-carboxamide 5 (17 mg, 0.030 mmol),

HATU (10 mg, 0.026 mmol) and DIPEA (9 μL, 0.050 mmol)
were used to afford CEP1347-VHL-05 (9 mg, 30%, white solid).
1HNMR (500MHz, DMSO) δ 9.05 (d, J = 1.7 Hz, 1H), 8.91 (s,
1H), 8.81 (t, J = 6.0 Hz, 1H), 8.61−8.50 (m, 1H), 8.46−8.30
(m, 2H), 7.94−7.86 (m, 3H), 7.74 (d, J = 8.5 Hz, 1H), 7.37−
7.35 (m, 4H), 7.32−7.28 (m, 2H), 6.98−6.92 (m, 1H), 6.39 (s,
1H), 5.34−5.10 (m, 2H), 5.08−4.76 (m, 4H), 4.56−4.31 (m,
4H), 4.19 (s, 1H), 3.99−3.79 (m, 4H), 3.63−3.41 (m, 2H),
3.22−3.15 (m, 1H), 2.42−2.35 (m, 8H), 2.11 (d, J = 3.8 Hz,
1H), 2.01 (s, 3H), 1.98−1.91 (m, 1H), 1.70 (ddd, J = 12.9, 8.7,
4.5 Hz, 1H), 1.30 (d, J = 7.0 Hz, 3H), 1.16 (t, J = 7.3 Hz, 6H),
0.90 (s, 9H). 13C NMR (126 MHz, DMSO) δ 172.74, 172.24,
170.99, 169.38, 165.79, 151.96, 148.23, 145.09, 145.03, 139.46,
136.30, 133.37, 131.57, 131.17, 130.17, 129.93, 129.30, 129.26,
127.08, 126.85, 126.38, 126.06, 125.08, 124.85, 124.61, 122.98,
121.48, 119.86, 115.89, 115.39, 114.80, 100.59, 85.29, 69.24,
59.10, 57.36, 56.91, 51.79, 48.18, 46.03, 44.05, 42.54, 38.19,
36.03, 36.00, 35.32, 26.82, 25.13, 22.92, 22.89, 16.46, 14.94. LC-
MS retention time (Method C): 4.23 min, purity: 96%. LRMS
(m/z): [M + H]+ calcd. for C60H68N11O8S3, 1166.44; found,
1166.20. HRMS (m/z): [M + H]+ calcd. for C60H68N11O8S3,
1166.4414; found, 1166.4440.

(5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hydroxy-N-(2-(2-
(2-(((S)-1-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-
yl)phenyl)ethyl)carbamoyl)pyrrolidin-1-yl)-3,3-dimethyl-1-
oxobutan-2-yl)amino)-2-oxoethoxy)ethoxy)ethyl)-8-methyl-
15-oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-tria-
za-5,8-methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-as-
indacene-7-carboxamide (CEP1347-VHL-06). CEP1347-
VHL-06 was synthesized using the same reaction procedure as
CEP1347-VHL-02. Starting materials CEP1347-acid (20 mg,
0.033 mmol), (2S,4R)-1-((S)-2-(2-(2-(2-aminoethoxy)-
ethoxy)acetamido)-3,3-dimethylbutanoyl)-4-hydroxy-N-((S)-
1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carbox-
amide 6 (22 mg, 0.037), HATU (13 mg, 0.035 mmol) and
DIPEA (12 μL, 0.066 mmol) were used. After the consumption
of CEP1347-acid standard workup was performed and purified
by silica gel column chromatography (DCM/MeOH = 9:1) to
afford CEP1347-VHL-06 (19 mg, 49%, white solid). 1H NMR
(400 MHz, dmso) δ 9.11 (d, J = 1.8 Hz, 1H), 8.95 (s, 1H), 8.59
(s, 1H), 8.42 (t, J = 5.9 Hz, 1H), 8.30 (d, J = 7.7 Hz, 1H), 7.96−
7.88 (m, 2H), 7.79 (d, J = 8.5 Hz, 1H), 7.51−7.36 (m, 5H), 7.31
(d, J = 8.3 Hz, 2H), 7.04−6.96 (m, 1H), 6.38 (s, 1H), 5.15−4.78
(m, 4H), 4.57 (d, J = 9.6 Hz, 1H), 4.39 (t, J = 8.1 Hz, 1H), 4.27
(s, 1H), 4.03−3.84 (m, 6H), 3.70−3.36 (m, 10H), 3.28−3.19
(m, 1H), 2.47−2.42 (m, 4H), 2.41 (s, 3H), 2.10 (s, 3H), 2.04−
1.92 (m, 2H), 1.75 (ddd, J = 12.9, 8.5, 4.7 Hz, 1H), 1.31 (d, J =
7.0 Hz, 3H), 1.25−1.17 (m, 6H), 0.94 (s, 9H). 13C NMR (101
MHz, dmso) δ 172.66, 172.23, 170.83, 169.53, 169.05, 151.90,
148.19, 145.04, 139.41, 136.29, 133.33, 131.53, 131.16, 130.14,
129.89, 129.33, 129.26, 127.04, 126.76, 126.71, 126.35, 126.04,
124.84, 124.62, 122.96, 121.46, 119.84, 115.87, 115.35, 114.78,
109.44, 100.57, 85.75, 85.23, 70.95, 70.06, 69.81, 69.32, 69.18,
59.03, 56.89, 56.18, 48.19, 46.01, 44.21, 42.44, 38.96, 38.07,
36.25, 35.99, 35.31, 26.74, 25.12, 22.81, 16.41, 14.91. LC-MS
retention time (Method B): 3.15 min, purity: 99%. LRMS (m/
z): [M + H]+ calcd. for C61H73N8O10S3, 1173.46; found,
1173.20. HRMS (m/z): [M + H]+ calcd. for C60H68N11O8S3,
1173.4612; found, 1173.4637.

(5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hydroxy-N-((S)-
16-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl)-
phenyl)ethyl)carbamoyl)pyrrolidine-1-carbonyl)-17,17-di-
methyl-14-oxo-3,6,9,12-tetraoxa-15-azaoctadecyl)-8-meth-
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yl-15-oxo-5,6,7,8,14,15-Hexahydro-13H-16-oxa-4b,8a,14-tri-
aza-5,8-methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-
as-indacene-7-carboxamide (CEP1347-VHL-07). CEP1347-
VHL-07 was synthesized using the same reaction procedure as
CEP1347-VHL-02. Starting materials CEP1347-acid (10 mg,
0.017 mmol), (2S,4R)-1-((S)-17-amino-2-(tert-butyl)-4-oxo-
6,9,12,15-tetraoxa-3-azaheptadecanoyl)-4-hydroxy-N-((S)-1-
(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-carboxa-
mide dihydrochloride 7 (25 mg, 0.033), HATU (13 mg, 0.033
mmol) and DIPEA (14 μL, 0.083 mmol) were used. After the
consumption of CEP1347-acid standard workup was performed
and purified by silica gel column chromatography (DCM/
MeOH = 9:1) to afford CEP1347-VHL-07 (6.4 mg, 31%, white
solid). 1H NMR (500 MHz, CDCl3) δ 8.66 (s, 1H), 8.45 (s,
1H), 8.23 (s, 1H), 7.89 (d, J = 8.6 Hz, 1H), 7.73 (s, 1H), 7.53−
7.27 (m, 5H), 7.26 (s, 5H), 6.87−6.53 (m, 1H), 5.88 (s, 1H),
5.11−5.00 (m, 1H), 4.82−4.64 (m, 1H), 4.62−4.24 (m, 4H),
4.05−3.54 (m, 21H), 3.01−2.89 (m, 1H), 2.71−2.63 (m, 2H),
2.44 (d, J = 12.9 Hz, 5H), 2.26 (s, 1H), 2.14 (s, 3H), 2.08−2.07
(m, 1H), 1.47−1.42 (m, 6H), 1.24 (d, J = 7.3 Hz, 3H), 1.02 (s,
9H). 13C NMR (126 MHz, CDCl3) δ 172.98, 172.73, 171.19,
170.37, 170.01, 150.46, 143.70, 139.67, 136.06, 132.24, 130.64,
130.15, 129.73, 129.56, 129.44, 129.01, 126.73, 126.50, 126.37,
126.03, 125.25, 125.06, 124.41, 121.81, 120.42, 117.35, 116.05,
115.12, 113.67, 107.78, 100.64, 85.60, 85.54, 70.99, 70.77,
70.72, 70.61, 70.44, 70.36, 70.05, 69.75, 58.75, 57.13, 53.44,
48.79, 46.12, 42.84, 39.21, 36.48, 36.33, 36.10, 35.34, 26.49,
26.44, 26.08, 25.75, 22.42, 15.67, 14.73, 14.57. LC-MS retention
time (Method A): 4.44 min, purity: 99%. LRMS (m/z): [M +
H]+ calcd. for C65H81N8O12S3, 1261.51; found, 1261.20. HRMS
(m/z): [M + H]+ calcd. for C65H81N8O12S3, 1261.5136; found,
1261.5160.

(5R,7R,8S)-2,11-Bis((ethylthio)methyl)-7-hydroxy-N-((S)-
19-((2S,4R)-4-hydroxy-2-(((S)-1-(4-(4-methylthiazol-5-yl)-
phenyl)ethyl)carbamoyl)pyrrolidine-1-carbonyl)-20,20-di-
methyl-17-oxo-3,6,9,12,15-pentaoxa-18-azahenicosyl)-8-
methyl-15-oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-
4b,8a,14-triaza-5,8-methanodibenzo[b,h]cycloocta[jkl]-
cyclopenta[e]-as-indacene-7-carboxamide (CEP1347-VHL-
08).CEP1347-VHL-08 was synthesized using the same reaction
procedure as CEP1347-VHL-02. Starting materials CEP1347-
acid (10 mg, 0.017 mmol), (2S,4R)-1-((S)-20-amino-2-(tert-
butyl)-4-oxo-6,9,12,15,18-pentaoxa-3-azaicosanoyl)-4-hydroxy-
N-((S)-1-(4-(4-methylthiazol-5-yl)phenyl)ethyl)pyrrolidine-2-
carboxamide dihydrochloride 8 (16 mg, 0.020), HATU (8 mg,
0.020 mmol) and DIPEA (14 μL, 0.083 mmol) were used. After
the consumption of CEP1347-acid standard workup was
performed and purified by silica gel column chromatography
(DCM/MeOH = 9:1) to afford CEP1347-VHL-08 (12 mg,
55%, white solid). 1H NMR (500 MHz, DMSO) δ 9.06 (d, J =
1.8 Hz, 1H), 8.90 (s, 1H), 8.56 (s, 1H), 8.36 (d, J = 7.7 Hz, 1H),
8.27 (t, J = 5.9 Hz, 1H), 7.90−7.87 (m, 1H), 7.73 (d, J = 8.4 Hz,
1H), 7.41−7.24 (m, 7H), 6.95 (dd, J = 7.4, 4.8 Hz, 1H), 6.34 (s,
1H), 5.04 (s, 1H), 5.00−4.75 (m, 3H), 4.47 (d, J = 9.5 Hz, 1H),
4.37 (t, J = 8.3 Hz, 1H), 4.20 (s, 1H), 3.93−3.81 (m, 5H), 3.57−
3.39 (m, 19H), 3.37−3.12 (m, 8H), 2.42−2.36 (m, 6H), 2.05 (s,
3H), 2.01−1.91 (m, 2H), 1.70 (ddd, J = 13.1, 8.7, 4.5 Hz, 1H),
1.29 (d, J = 7.0 Hz, 3H), 1.19−1.14 (m, 6H), 0.86 (s, 9H). 13C
NMR (126 MHz, DMSO) δ 172.69, 172.26, 170.93, 169.47,
168.98, 148.22, 145.19, 139.44, 136.31, 133.35, 131.58, 131.16,
130.15, 129.91, 129.29, 127.07, 126.79, 126.38, 126.06, 124.89,
122.99, 121.51, 119.86, 115.90, 115.41, 114.79, 100.62, 85.22,
70.90, 70.30, 70.25, 70.06, 70.02, 69.24, 69.19, 59.03, 56.98,

56.16, 48.21, 46.03, 42.46, 38.96, 38.20, 36.20, 36.00, 35.32,
26.69, 25.13, 22.93, 22.84, 16.45, 14.93. LC-MS retention time
(Method A): 4.43 min, purity: 97%. LRMS (m/z): [M + H]+
calcd. for C67H85N8O13S3, 1305.54; found, 1305.20. HRMS (m/
z): [M + H]+ calcd. for C67H85N8O13S3, 1305.5398; found,
1305.5416.

Synthesis of (5R,7R,8S)-N-(2-(2-(2-(2-((2-(2,6-Dioxopiper-
idin-3-yl)-1,3-dioxoisoindolin-4-yl)amino)ethoxy)ethoxy)-
ethoxy)ethyl)-2,11-bis((ethylthio)methyl)-7-hydroxy-8-meth-
yl-15-oxo-5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-tri-
aza-5,8-methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-
as-indacene-7-carboxamide (CEP1347-CRBN-01). To the
solution of CEP1347-acid (10 mg, 0.017 mmol) and 4-((2-(2-
(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl)amino)-2-(2,6-dioxo-
piperidin-3-yl)isoindoline-1,3-dione 9 (8.3 mg, 0.017 mmol) in
DMF (1 mL), HATU (8 mg, 0.02 mmol) and DIPEA (0.051
mmol, 9 μL) were added. The reaction mixture was than stirred
for overnight and the crude material was purified by a
preparatory HPLC with a XBridge BEH C18 OBD Prep
Column, 130 Å, 5 μm, 30mm × 150mm reversed-phase column
as the stationary phase. Water (buffered with 0.05% trifluoro-
acetic acid) and MeCN (buffered with 0.05% trifluoroacetic
acid) were used as the mobile phase and HPLC conditions: UV
collection 254 nm, flow rate 30 mL/min, 30% MeCN as linear
gradient for 5 min and 30% → 65% MeCN for 5 to 35 min
(HPLC retention time: 27.00 min). The HPLC fractions were
combined and lyophilized to yield CEP1347-CRBN-01 (7 mg,
40%, yellow solid). 1HNMR (400MHz, dmso) δ 11.06 (s, 1H),
9.11 (s, 1H), 8.66−8.57 (m, 1H), 8.33−8.27 (m, 1H), 8.01−
7.90 (m, 2H), 7.78 (d, J = 8.5 Hz, 1H), 7.57−7.49 (m, 1H),
7.44−7.38 (m, 2H), 7.13−7.05 (m, 1H), 7.04−6.96 (m, 2H),
6.56 (s, 1H), 6.38 (s, 1H), 5.07−4.88 (m, 4H), 3.98−3.90 (m,
4H), 3.73−3.61 (m, 12H), 3.50−3.18 (m, 5H), 2.90−2.84 (m,
1H), 2.58−2.53 (m, 1H), 2.47−2.39 (m, 5H), 2.10 (s, 3H),
2.02−1.97 (m, 2H), 1.23−1.19 (m, 6H). 13C NMR (101 MHz,
dmso) δ 173.28, 172.70, 172.26, 170.50, 169.37, 167.72, 146.81,
139.39, 136.64, 136.26, 133.34, 132.47, 131.15, 129.92, 129.28,
127.06, 126.36, 126.02, 124.85, 124.59, 122.94, 121.45, 119.77,
117.83, 115.86, 115.34, 114.75, 111.11, 109.65, 100.61, 85.75,
85.17, 70.35, 70.28, 70.26, 69.98, 69.31, 69.12, 48.99, 46.02,
44.09, 42.43, 42.11, 38.94, 35.97, 35.30, 31.40, 25.12, 22.80,
22.57, 14.90, 14.88. LC-MS retention time (Method D): 6.33
min, purity: 99%. LRMS (m/z): [M + Na]+ calcd. for
C53H58N7O11S2, 1054.3; found, 1054.3. LRMS (m/z): [M +
H]+ calcd. for C53H58N7O11S2, 1032.3636; found, 1032.3630.

Synthesis of (5R,7R,8S)-N-(2-(2-(2-(2-(((3S,5S)-1-((S)-2-Cy-
clohexyl-2-((S)-2-(methylamino)propanamido)acetyl)-5-
(((R)-1,2,3,4-tetrahydronaphthalen-1-yl)carbamoyl)-
pyrrolidin-3-yl)amino)-2-oxoethoxy)ethoxy)ethoxy)ethyl)-
2,11-Bis((ethylthio)methyl)-7-hydroxy-8-methyl-15-oxo-
5,6,7,8,14,15-hexahydro-13H-16-oxa-4b,8a,14-triaza-5,8-
methanodibenzo[b,h]cycloocta[jkl]cyclopenta[e]-as-inda-
cene-7-carboxamide (CEP1347-IAP-01). To the solution of
CEP1347-acid (10.8 mg, 0.018 mmol) and tert-butyl ((S)-1-
(((S)-2-((2S,4S)-4-(2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)-
acetamido)-2-(((R)-1,2,3,4-tetrahydronaphthalen-1-yl)-
carbamoyl)pyrrolidin-1-yl)-1-cyclohexyl-2-oxoethyl)amino)-1-
oxopropan-2-yl)(methyl)carbamate 10 (14 mg, 0.018 mmol) in
DMF (1.5 mL), HATU (7.51 mg, 0.019 mmol) and DIPEA (6
μL, 0.036 mmol) were added at room temperature. The reaction
mixture stirred for 1 h and water was added to precipitate the
product. The precipitate was collected with the aid of water and
was used for the next step without further purification. The dried
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precipitate was dissolved in CH2Cl2 (5 mL) and then degassed
by bubbling with argon. TFA (1 mL) was added at 0 °C under
argon bubbling. The reaction mixture was stirred for about 45
min (monitored by LC-MS) under argon at 0 °C. The solvent
andTFAwere removed using rotary evaporator and purified by a
preparatory HPLC with a XBridge BEH C18 OBD Prep
Column, 130 Å, 5 μm, 30mm × 150mm reversed-phase column
as the stationary phase. Water (buffered with 0.05% trifluoro-
acetic acid) and MeCN (buffered with 0.05% trifluoroacetic
acid) were used as the mobile phase and HPLC conditions: UV
collection 254 nm, flow rate 30 mL/min, 30% MeCN as linear
gradient for 5 min and 30% → 60% MeCN for 5 to 40 min
(HPLC retention time: 26.60 min). The HPLC fractions were
combined and lyophilized to yield CEP1347-IAP-01 (4 mg,
18%, over 2 steps, white solid). 1H NMR (400 MHz, dmso) δ
9.11 (s, 1H), 8.73 (d, J = 7.9 Hz, 1H), 8.59 (s, 1H), 8.43 (d, J =
8.6 Hz, 1H), 8.36−8.29 (m, 2H), 7.96−7.91 (m, 2H), 7.78 (d, J
= 8.4 Hz, 1H), 7.46−7.39 (m, 2H), 7.30−7.26 (m, 2H), 7.15−
7.00 (m, 5H), 6.38 (s, 1H), 5.04−4.83 (m, 3H), 4.45−4.26 (m,
3H), 3.99−3.80 (m, 8H), 3.68−3.51 (m, 10H), 3.46−3.30 (m,
2H), 3.27−3.17 (m, 1H), 2.73−2.63 (m, 3H), 2.48−2.42 (m,
7H), 2.38−2.30 (m, 1H), 2.09 (s, 3H), 2.04−1.94 (m, 1H),
1.89−1.53 (m, 11H), 1.29 (d, J = 6.9 Hz, 3H), 1.24−1.19 (m,
7H), 1.13−0.88 (m, 3H). 13CNMR (101MHz, dmso) δ 172.65,
172.23, 171.38, 169.77, 169.59, 169.03, 139.41, 137.71, 137.41,
136.27, 133.33, 131.14, 129.89, 129.29, 129.00, 128.78, 127.12,
126.06, 124.86, 124.61, 122.96, 121.49, 119.83, 115.87, 114.77,
109.41, 100.58, 85.75, 85.19, 70.89, 70.42, 70.32, 70.12, 69.93,
69.16, 58.97, 56.24, 55.90, 53.33, 47.79, 47.16, 46.00, 42.41,
38.91, 35.98, 35.31, 34.65, 31.18, 30.19, 29.16, 28.88, 28.61,
26.19, 25.95, 25.12, 25.10, 22.78, 20.64, 16.11, 14.91, 14.90. LC-
MS retention time: 2.63 min (Method B), 4.22 min (Method
C), and purity: 98%. LRMS (m/z): [M + H]+ calcd. for
C67H86N9O11S2, 1256.59; found, 1256.40. HRMS (m/z): [M +
H]+ calcd. for C67H86N9O11S2, 1256.5888; found, 1256.5887.
Cell Lines and Culture Conditions. The MDA-MB-468

cell line was purchased from German Collection of Micro-
organisms and Cell Cultures (DSMZ; catalog no. ACC 738).
The A375, HCC1806, and MCF-7 cell lines were a kind gift
from CRUK Manchester Institute (UK). MCF-7 and MDA-
MB-468 cells were cultured in high-glucose Dulbecco’s modified
Eagle medium (DMEM; GIBCO, catalog no. 11995−065)
supplemented with 10% fetal bovine serum (FBS; Sigma, catalog
no. F7524) and 1% antibiotics: penicillin (100 U/ml) and
streptomycin (100 μg/mL; Sigma-Aldrich, catalog no. P4333).
A375 and HCC1806 cells were cultured in Roswell Park
Memorial Institute 1640 (RPMI-1640) medium (GIBCO,
catalog no. 21875-034) supplemented with 10% FBS and 1%
antibiotics: penicillin (100 U/ml) and streptomycin (100 μg/
mL). All cell lines were grown at 37 °C in a humidified 5%CO2/
95% air atmosphere. The number of living cells was calculated by
Trypan Blue staining using a Countess 3 Automated Cell
Counter (Invitrogen). Cell lines were regularly tested for
mycoplasma contamination using a PCR-based method.41

Generation of DOX-Inducible Cell Lines. A375 and
HCC1806 were used to generate cell lines with the DOX-
inducible expression of MLK1−4 as described previously.3,42

Briefly, MLK1−4 plasmids (cloned into pLenti/TO/V5-DEST
vector) and pLenti3.3/TR were transfected into HEK293T cells
to generate the lentiviral stock. Parental A375 and HCC1806
cells were transduced with lentiviral stocks and transduced cells
were subjected to antibiotic selection (Blasticidin [Invitrogen]

and Geneticin [Gibco]). Doxycycline (Invitrogen) was used to
induce MLK expression.
Protein Isolation and Immunoblotting Analysis. A375

and HCC1806 cells with DOX-inducible expression of MLK1−
4 were seeded on a six-well plate at a density of 100 000 cells/
well. The next day, MLK overexpression was induced by 1 μg/
mL DOX. 24 h after DOX induction, the cells were treated with
PROTACs for the indicated times and concentrations. For
rescue experiments, cells were pretreated with 1 μM of the
proteasome inhibitor carfilzomib for 1 h before CEP1347-VHL-
02 PROTAC treatment.

To assess degradation of endogenous MLK in breast cancer
cells, MCF-7 and MDA-MB-468 cells were seeded on a six-well
plate at a density of 100 000 cells/well. The next day, the cells
were treated with PROTACs for the indicated times and
concentrations. For rescue experiments, cells were pretreated
with 1 μMof the proteasome inhibitor carfilzomib for 1 h before
CEP1347-VHL-02 PROTAC treatment.

After the experimental procedures, cells were washed with
phosphate-buffered saline (PBS) and scraped on ice in RIPA
buffer (ThermoScientific, catalog no. 89901) supplemented
with 1% protease inhibitor (Merck, catalog no. 11836170001).
Proteins were separated by electrophoresis in 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels and then
transferred to nitrocellulose membranes by wet electrophoretic
transfer. Membranes were blocked by incubation with 5% nonfat
milk in TBST (0.1%Tween-20) for 1 h at room temperature and
then incubated overnight at 4 °C with primary antibodies. The
next day, the membranes were incubated with appropriate
horseradish peroxidase-conjugated secondary antibodies. Sig-
nals were visualized by enhanced chemiluminescence detection
(Clarity Max Western ECL Substrate or Clarity Western ECL
Substrate, Bio-Rad). Membranes were developed on an
Amersham ImageQuant 800 (Cytiva). As a loading control,
membranes were incubated with a monoclonal anti-GAPDH or
anti-β-actin antibody. Primary antibodies from Santa Cruz
Biotechnology: MLK3 (#SC-166639), MLK-2 (#SC-393675),
ubiquitin (#SC-8017). Primary antibodies from Cell Signaling
Technology: actin (#3700S), MLK1 (#5029), ERK1/2
(#4696S), p-ERK (#4377S), JNK (#9252S), p-JNK (#4671S),
GAPDH (#2118). Primary antibody for MLK4 (#A302−610A)
was purchased from Bethyl Laboratories
Cell Cycle Analysis. MDA-MB-468 and MCF-7 cells were

seeded on a six-well plate at a density of 50 000 cells/well and
subsequently treated with 1 μM CEP1347-VHL-02 PROTAC
or DMSO as a control. After 48 h of treatment, cells were
trypsinized, washed with PBS, fixed in ice-cold methanol, and
stored at −20 °C. The next day, cells were stained with FxCycle
PI/RNase Staining Solution (Invitrogen, catalog no. F10797).
The stained cells were analyzed by flow cytometry (NovoCyte,
Agilent). Experiments were repeated two times. The quantita-
tive analysis was performed using ImageJ software.
Annexin VApoptosis Assay.Apoptotic cells were detected

using the Alexa Fluor488 Annexin V/Dead cell Apoptosis Kit
(Invitrogen, catalog no. 3 V13245). MDA-MB-468 and MCF-7
cells were seeded on a six-well plate at a density of 50 000 cells/
well and treated with 1 μM CEP1347-VHL-02 PROTAC or
DMSO as a control. After 48 h of treatment, the cell suspension
together with the supernatant was washed and stained with
Annexin V for 30 min at room temperature in the dark.
Propidium iodide was added 5 min before the analysis. The
stained cells were analyzed by flow cytometry (NovoCyte,
Agilent). The experiments were repeated at least three times.

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.4c00577
J. Med. Chem. 2024, 67, 15012−15028

15024

pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.4c00577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Colony Formation Assay.MDA-MB-468 and MCF-7 cells
were seeded at a density of 5000 cells/well in a 6 cm plate in
triplicate and treated with 1 μM CEP1347-VHL-02 PROTAC
or DMSO as a control. The cell medium was exchanged every 5
days. Colonies were visualized after 14 days of culture after
staining with crystal violet. The experiments were repeated at
least three times.
3D Cell Culture. 4000 cells were seeded on the top of

hydrogels (LifeGel for 3D Celll Culture, Real Research) and
were left to grow with 1 μM CEP1347-VHL-02 PROTAC or
DMSO for 10 days. As an alternative, cells were grown in low-
attachment surface Nunclon Sphera plates (Thermo Fisher
Scientific) in medium with 1 μM CEP1347-VHL-02 PROTAC
or DMSO as a control for 10 days.
Transwell Migration Assay. Cell migration was evaluated

using Boyden chamber inserts (8-μmpore size; Corning, catalog
no. 353182) in a 12-well format. A total of 200 000 cells,
resuspended in serum-free DMEM with the addition of 1 μM
CEP1347-VHL-02 PROTAC or DMSO as a control, were
seeded inside each insert and incubated for 24 h at 37 °C in a
humidified 5% CO2 atmosphere. Outside the insert, DMEM
supplemented with 20% FBS was used as the chemoattractant.
Cells that migrated through the membrane of the chamber were
fixed and stained with crystal violet. The quantitative analysis
was performed using ImageJ software. The experiments were
repeated at least three times.
Mass Spectrometry Analysis. Experimental Settings. For

the MS analysis, HCC1806_MLK3 cells were seeded on a six-
well plate at a density of 150 000 cells/well. The next day, cells
were treated with DOX for 24 h, followed by treatment with 0.5
μM CEP1347-VHL-02 PROTAC or DMSO as a control. After
24 h, cells were lysed in lysis buffer (Cell Signaling Technology,
catalog no. 9803S) and subjected to sample preparation andMS
analysis.

MCF-7 cells were seeded on a six-well plate at a density of 100
000 cells/well. The next day, cells were treated with 1 μM
CEP1347-VHL-02 PROTAC or DMSO as a control. After 24 h,
cells were lysed in RIPA buffer (Sigma-Aldrich, catalog no.
R0278) and subjected to sample preparation and MS analysis.

MDA-MB-468 cells were seeded on a six-well plate at a
density of 150 000 cells/well. The next day, cells were treated
with 1 μMCEP1347-VHL-02 PROTAC or DMSO as a control.
After 24 h, cells were lysed in urea lysis buffer (8 M urea in 100
mM Tris, pH 8.5) and after 6x dilution in dilution buffer (100
mM HEPES, pH 8.0) subjected to sample preparation and MS
analysis.

Sample Preparation. Samples were subjected to chloro-
form/methanol precipitation, and the resulting protein pellets
were washed twice with methanol. The protein pellets were air-
dried for ∼10 min and resuspended in 100 mM HEPES (pH 8)
by vigorous vortexing and sonication. Proteins were then
reduced and alkylated with 10 mM tris(2-carboxyethyl)-
phosphine hydrochloride (TCEP)/40 mM chloroacetic acid
(CAA) and digested with trypsin in a 1:50 (w/w) enzyme-to-
protein ratio at 37 °C overnight. Digestion was terminated by
the addition of trifluoroacetic acid (TFA) to a 1% final
concentration. The resulting peptides were labeled using an
on-column TMT labeling protocol.43 TMT-labeled samples
were compiled into a single TMT sample and concentrated
using a SpeedVac concentrator. Peptides in the compiled sample
were separated into eight fractions by off-line basic reversed-
phase using the Pierce High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific).

Liquid Chromatography−Mass Spectrometry Measure-
ment. Prior to the liquid chromatography (LC)-MS measure-
ment, the peptide fractions were resuspended in 0.1% TFA and
2% acetonitrile in water. Chromatographic separation was
performed on an Easy-Spray Acclaim PepMap column (15 cm
length × 75 μm inner diameter or 50 cm length × 75 μm inner
diameter; Thermo Fisher Scientific) at 35 or 55 °C by applying
105−180 min acetonitrile gradients in 0.1% aqueous formic acid
at a flow rate of 300 nL/min. An UltiMate 3000 nano-LC system
was coupled to a Q Exactive HF-X mass spectrometer via an
easy-spray source (all Thermo Fisher Scientific). TheQExactive
HF-X was operated in TMT mode with survey scans acquired at
a resolution of 60 000 at m/z 200. Up to 15 or 18 of the most
abundant isotope patterns with charges 2−5 from the survey
scan were selected with an isolation window of 0.7 m/z and
fragmented by higher-energy collision dissociation with
normalized collision energies of 32, while the dynamic exclusion
was set to 35 s. The maximum ion injection times for the survey
scan and dualMS (MS/MS) scans (acquired with a resolution of
45 000 at m/z 200) were 50 and 96 or 150 ms, respectively. The
ion target value for MS was set to 3e6 and for MS/MS was set to
1e5, and the minimum AGC target was set to 1e3.

The data were processed withMaxQuant v. 1.6.17.044 and the
peptides were identified from the MS/MS spectra searched
against Uniprot human reference proteome (UP000005640)
using the built-in Andromeda search engine. Reporter ion MS2-
based quantification was applied with reporter mass tolerance =
0.003 Da and min reporter PIF = 0.75. Cysteine carbamidome-
thylation was set as a fixed modification and methionine
oxidation, glutamine/asparagine deamination, as well as protein
N-terminal acetylation, were set as variable modifications. For in
silico digests of the reference proteome, cleavages of arginine or
lysine followed by any amino acid were allowed (trypsin/P), and
up to two missed cleavages were allowed. The false discovery
rate (FDR) was set to 0.01 for peptides, proteins, and sites. A
match between runs was enabled. Other parameters were used
as preset in the software. Unique and razor peptides were used
for quantification enabling protein grouping (razor peptides are
the peptides uniquely assigned to protein groups and not to
individual proteins). Reporter intensity corrected values for
protein groups were loaded into Perseus v. 1.6.10.0.45 Standard
filtering steps were applied to clean up each data set: reverse
(matched to decoy database), only identified by site, and
potential contaminant (from a list of commonly occurring
contaminants included in MaxQuant) protein groups were
removed. Reporter intensity corrected values were Log2
transformed. Protein groups with all values and at least 2
unique+razor peptides were kept. Reporter intensity values were
then normalized by median subtraction within TMT channels.
Student’s t tests were performed on these values for groups of
samples constituting a given data set. The abundance changes
thresholds of Log2 fold change (Log2 FC) ≥ |1.0| and the
significance threshold of −Log10 p-value ≥ 2.0 were applied to
deliver protein groups with levels deemed reproducibly
decreased or increased between the sample groups investigated.
This data set has been deposited to the ProteomeXchange
Consortium46 via the PRIDE partner repository47 with the data
set identifier PXD050260.
RNA Isolation, cDNA Synthesis, and RT-qPCR. Total

RNA was isolated from MCF-7 and MDA-MB-468 cells 24 h
after PROTAC treatment using the GeneMATRIX Universal
RNA Purification Kit (EURX, catalog no. E3598) according to
the manufacturer’s instructions. The concentration and purity of
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RNA samples were determined using a DeNovix DS-11
Spectrophotometer. cDNA was synthesized from 1 μg of total
RNA using the HighCapacity cDNA Reverse Transcription Kit
(Applied Biosystems, catalog no. 4368814) according to the
manufacturer’s protocol. The level of MLK3 gene expression
was quantified by RT-qPCR. Each reaction mixture contained 1
μL of 10× diluted cDNA, 5 μL of iTaq Universal SYBR Green
Supermix(2x) (Bio-Rad, catalog no. 1725121), and 0.5 μM
specific oligonucleotide MLK3 or GAPDH primers in a total
volume of 10 μL. Reactions were performed in triplicate on the
LightCycler 480 II (Roche) under the following conditions: 5 s
at 95 °C, followed by 45 amplification cycles (95 °C for 10 s, 60
°C for 10 s, 72 °C for 10 s). MLK3 expression was normalized to
the expression of GAPDH. Sequences of the primers were the
following: MLK3 (forward, 5′-GGCGAGCGTATCAGCATG-
3′; reverse, 5′-GGGAAAGGTGGGCGAATC-3′), GAPDH
(forward, 5′-CCCTTCATTGACCTCAACTAC-3′; reverse,
5′-CCTGCTTCACCACCTTCTTGA-3′).
SiRNA Transient Transfection and Colony Formation

Assay. MCF-7 and MDA-MB-468 cells were seeded on a six-
well plate at a density of 10 000 cells/well. The next day, cells
were transfected with specific siRNAs that targeted MLK3 gene
(ON-TARGETplus Human MAP3K11 (4296) SMARTpool
siRNA (Dharmacon, catalog no. J-003577)) or with universal
negative nontargeting control siRNA (Dharmacon, catalog no.
D-001210−05−20) using JetPRIME Transfection Reagent
(Polypus, catalog no. 101000046) according to the manufac-
turer’s instructions. Cells were stained with crystal violet
solution 7 days after transfection. The efficiency of MLK3
silencing was validated by immunoblotting.
Statistical Analysis. All experiments were performed at

least three times. Statistical analyses were performed using
GraphPad Prism 7 software. Statistical significance was
determined using Student’s t-test (comparison between two
groups) or one-way ANOVA (comparison between more than
two groups). The data are expressed as themean ± SD. Values of
p < 0.05 were considered statistically significant.
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MB-468, but not the MCF-7 cell line (Figure S6);
degradation of MLK3 by CEP1347-VHL-02 PROTAC
treatment impaired the formation of MDA-MB-468
spheroids in 3D cell culture (Figure S7); NMR spectra
and HPLC traces of newly synthesized PROTACs
(Figure S8) (PDF)
Shotgun proteomic analysis of protein levels in the total
cell extracts from HCC1806_MLK3, MCF-7 and MDA-
MB-468 (XLSX)

SMILES data of compounds (CSV)
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■ ABBREVIATIONS
ANOVA, analysis of variance; DC50, half-maximal degradation
concentration; Dmax, maximal levels of degradation; DMEM,
Dulbecco’s modified Eagle medium; DMSO, dimethyl sulf-
oxide; DOX, doxycycline; ER, estrogen receptor; ERK,
extracellular signal-regulated kinase; FBS, fetal bovine serum;
FRA-1, FOS-related antigen-1; HER2, human epidermal growth
factor receptor 2; IAP, inhibitor of apoptosis protein; IC50, half-
maximal inhibitory concentration; JNK, c-Jun N-terminal
kinase; LC, liquid chromatography; MAP3K, mitogen-activated
protein kinase kinase kinase; MEK, mitogen-activated protein
kinase kinase; MLK, mixed-lineage kinase; MS, mass spectrom-
etry; NF-κB, nuclear factor-κB; PAK1, p21-activated kinase 1;
PBS, phosphate-buffered saline; POI, protein of interest;
PROTAC, proteolysis targeting chimera; RT-qPCR, real-time
quantitative polymerase chain reaction; RPMI, Roswell Park
Memorial Institute; SD, standard deviation; siRNA, small
interfering RNA; t1/2, half-life of a reaction; TFA, trifluoroacetic
acid; TNBC, triple-negative breast cancer; TPD, targeted
protein degradation; VHL, von Hippel−Lindau
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