


111



HPK1 interacts with dynamin.
Dynamin is a member of GTPase family. The major function of dynamin is to polymerize
around the neck of invaginated plasma vesicles. Through GTPase activity, Dynamin cuts

off vesicles from plasma membrane **> 3¢

. Besides GTPase domain, dynamin has middle
domain (MD), GTPase effect domain (GED), pleckstrin homology (PH), proline-rich
domain (PRD), and SH3-like domain ****2°. All those domains not only are required for
normal dynamin function, but also provide docking sites for some binding partners ** 32,
Dynamin includes 3 conserved homologous called dynammin 1, 2 and 3 3> 32¢3%7,
Dynamin 1 is exclusively expressed in neuron cells. Dynamin 3 is highly expressed in

testis tissue. Dynamin 2 is commonly expressed in each type of cells *2*32%3%7,

Previous research found that dynamin directly interacted with HIP-55, which is involved

. . 225,311,312
in receptor endocytosis “ 7

. HIP-55 was firstly identified as a HPK1 interacting
protein "%, implying that HPK 1, HIP-55, and dynamin may form a protein complex.
Interestingly, our antibody array data demonstrated that dynamin 2 was a binding partner
of HPK1 (Fig.11a). To further confirm that HPK1 associated with dynamin. 10pug of pCI-
Flag-HPK1 was transfected into 293T cells which were grown in @10cm culture plates.
Cells transfected with 10pug of pcDNA3.1(+) plasmids served as negative control. 36
hours after transfection, 293T cells were collected for co-immunoprecipitation assay with
either anti-dynamin antibody, or normal rabbit IgG. The immunoprecipitated HPK1 was

detected by Western blotting. As shown in Fig. 17, significant amount of HPK1 was co-

immunoprecipitated with anti-dynamin antibody but not normal rabbit IgG.
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Figure 17. HPK1 physically bound to dynamin.

HPK1 expression plasmid pCI-HPK1 or vector control pPCDNA3.1(+) were transfected
into 293T cells respectively. Cell lysates were collected for co-immunoprecipitation with
anti-dynamin (Dyn) antibody, using normal rabbit IgG as control. Immunoprecipitated
protein was detected by Western blotting using antibody specific to HPK1 or dynamin.

Anti-Dyn but not normal IgG pulled down a significant amount of HPK1.
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Dynamin is phosphorylated by HPK 1.

In order to test whether HPK 1 can phosphorylate dynamin, Protein of HPK1, kinase dead
form M46, HPK1-KD, HPK1-CD was obtained as described above for in vitro HPK 1
kinase assay with AxI as a substrate. Endogenous dynamin was collected form 293T cells
by immunopreciptation with anti-dynamin antibody. HPK1 in vitro kinase assay
demonstrated that HPK1 and HPK 1-KD, but not M46 and HPK1-CD could

phosphorylate dynamin (Fig. 18a).

To test whether HPK 1 can phosphorylate dynamin in vivo, 10pg of pCI-Flag-HPK1, pCI-
flag-M46, or pcDNA3.1(+) (transfection conrol) was transiently transfected individually
into 293T cells. Proteins having phospho-Thr residue(s) were immunprecipitated by anti-
phospho-Thr antibody. The amount of dynamin in imunoprecipitated protein pool was
detected by Western blotting. Experiment results demonstrated that the amount of
phospo-Thr-dynamin was significantly higher in 293T cells transfected with pCI-Flag-
HPK1 than cells transfected with either pCI-Flag-M46, or pcDNA3.1(+) (Fig. 18b).

Therefore, our data showed that dynamin was phosphorylated on Thr residue(s) by HPK1.
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Figure 18. HPK1 phosphorylated dynamin (Dyn).

(a) HPK1 physphorylated Dyn in vitro. An in vitro kinase assay was performed by
mixing HPK 1, M46, Kinase domian (HPK1-KD), C-terminal domian (HPK1-CD) with
dynamin respectively when 32,-ATP was added. All HPK1 proteins were
immunoprecipiated by M2 Beads from 293T cells with corresponding transiently
overexpressed protein. Endogenous dynamin was immunoprecipitated from 293T cell
lysates by anti-Dyn antibody. The results demonstrated that HPK1 and HPK1-KD can
phosphorylate dynamin. (b) HPK1 phosphorylated dynamin in vivo. 293T cells were
transfected with either pCI-HPK 1, pCI-M46, or pCDNA vector control. Proteins with
phosphorylation on thronine were immunprecipitated with anti-phospho-Thr antibody.
The immunoprecipitated dynamin were detected by Western blotting. When HPK1 was

present, significantly more phosphorylated dynamin was co-immunoprecipitated.
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Dynamin is required for Axl degradation
As described above, dynamin was required for receptor internalization which is the initial

- . 326,327,330
step for receptor entering endosomal sorting *** **”

. Disrupting of dynamin function
would be expected to block Axl internalization and further lysosomal degradation.
Dyanmin-K44A, a dominant negative form, loses affinity to GTP, and inhibits receptor

. .. 331,332
internalization ~”

. To test whether HPK 1 caused Axl degradation is through receptor
internalization or endocytosis pathway, 0.3ug of pCMV-AxI was co-transfected with
pCI-Flag-HPK1 (0.5png), dynamin-K44A (0.5, or 1ug), or both. 24 hours after
transfection, Axl levels in cells were tested by Western blotting. As shown in Fig. 19,
When dynamin-K44A was overexpressed, HPK1 mediated Axl protein degradation was

completely blocked, suggesting dynamin is required for Axl internalization, and further

confirmed that endocytosis pathway was involved in HPK1 mediated Axl degradation.

118



Figure 19. HPK1 mediated Axl degradation was blocked by dominant negative
dynamin K44A .

In 293T cells, HPK1, Axl, or in combination with dynamin K44A was transiently
overexpressed. Axl protein levels were checked with Western blotting assay. When

dynamin K44A was present, HPK1 mediated Axl degradation could not be observed.
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Discussion

We found Axl is overexpressed in PDA tissues and cell lines. However, the molecular
mechanism of Axl up-regulation is unclear. HPK1 served as tumor suppressor in
pancreatic cancer 14 The molecular mechanism how HPK 1 suppress pancreatic cancer
development was unknown either. Our research demonstrated that HPK1 physically
associated with Axl, which was demonstrated by an antibody array assay (Fig. 11a), and
a reciprocal co-immmunoprecipitation assay (Fig. 11b). Physically association between
Axl and HPK1 was further confirmed by identifying that C-terminal domain of HPK1
bond to Axl. HPK1 phosphorylated AxI by an in vitro kinase assay. Whether HPK1
directly interact Axl and whether HPK1 itself phosphorylate AxI need to be determined

with purified proteins.

Axl protein levels were found to be down-regulated by overexpressed HPK1 but not M46
in a dose dependent manner (Fig. 14). Other than to attenuate T cell receptor (TCR)
signaling by phosphorylating SLP-76 '*', we are the first to demonstrate that HPK 1 may
attenuate Axl receptor signaling. Axl was further found to be down regulated by HPK 1
through decreasing Axl protein half-life (Fig. 15a and b). However, Axl mRNA levels,
reflected by quantitative real time PCR, were not altered by HPK1 (Fig. 15c¢). Such
findings implied that phosphorylation of Axl by HPK1 may lead AxI to protein

degradation system.

Here we investigated the mechanisms of Axl degradation caused by HPK1. One major

way to degrade receptors, which are located on plasma membrane, is going through
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endocytosis/lysosome pathway. Receptors are first internalized, and then delivered to

333,193,316 11 order to test the roles of

lysosome through early and late endosomes
endocytosis/lysosome pathway in HPK1 induced Axl degradation, we treated cells with
proteinase inhibitor leupeptin. Leupeptin inhibited HPK1 mediated Axl degradation,
suggesting lysosome was involved in HPK1 mediated Axl degradation. Since receptors
are delivered to lysosome through endosomal sorting, we expect that inhibiting endosome
functions will also block HPK 1 mediateded AxI degradation. Consistent with this notion,
endocytosis inhibitors bafilomycin A1, and monensin inhibited HPK1 mediated Axl
degradation. The roles of endocytosis in HPK1 mediated Axl degradation was further
confirmed by the fact that dominant negative dynamin-K44A completely abolished

HPK1 mediated Axl degradation. Therefore, HPK1 down regulates AxI protein

expression in PDA through endocytosis/lysosome pathway.

Interestingly, we found that HPK1 also physically associated with dynmain 2 in Panc-1
cells by an antibody array assay (Figure 11a). Dynamin 2 has same function as dynamin 1.
The difference is that dynamin 2 is expressed in all types of cells, whereas dynamin 1 is

: - 329 328
exclusively expressed in neuron cells

. The absence of dynamin 1 in Panc-1 cells
can explain why dynamin 1 was not detected to associate with HPK1 in same antibody
array assay. A co-immunoprecipitation assay with anti-dynamin 2 antibody further
confirmed that HPK1 physically associate with dynmin 2. Previous research showed that
dynamin directly bond to HIP-55, a molecule involved in endocytosis **°. HIP-55 has

been identified as a direct binding partner of HPK1 *** '3 So HPK1 may form a

complex with HIP-55 and dynmin. HPK1 may also go through Grb2 to bind to dynamin.
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Grb2 has also been identified to bind directly with either HPK1, or dynmain *** 3% 3%,

Both HIP-55 and Grb2 are adaptor proteins containing SH3 domains. HPK 1 may directly
interact with dynamin or interact with dynamin through HIP-55, or Grb2. Our in vitro
kinase assay with immunoprecipiated HPK1 complex and dynamin 2 complexe
demonstrated that HPK 1 can phosphorylate dynmain (Fig. 18). Moreover, we found that
HPK1 can phosphorylate threonine amino acid on dynamin in vivo (Fig 18). Because
HPK1 kinase dead form M46 could not increase the amount of phospho-Thr-dynamin,
combining with the phenomenon that HPK1 physically associated with dynamin, it

further suggested that dynamin may be a substrate of HPK1.

In summary, we found that HPK1 could cause Axl degradation. An endocytosis coupled
lysosome pathway was required for HPK1 caused Axl degradation. In future direction,
we will put more efforts on determining whether HPK1 caused Axl degradation
contributes to pancreatic cancer progression. In order to keep a close mimic of
physiological condition, Gas6 will be added to pLVX-HPK1-Panc-1 cells with or without
Dox which induced HPK1 expression. Then the cell proliferation, migration/invasion, or
resistance to apoptosis stimuli will be measured and compared. When HPK1 is present,
Gas6 induced cell proliferation, survival, migration, or invasion is supposed to be less,
compared to when HPK1 was absence. This part of experiment will answer the

physiological significance of HPK1 mediated Axl degradation.

Though we found that HPK1 could phosphorylate Axl, and dynamin, there are still many

remaining questions about molecular mechanisms of Axl degradation. So far we don’t
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know which site(s) of Axl is phosphorylated by HPK1. To identify the phosphorylation
sites, we will purify recombinant protein of Axl. After in vitro kinase assay with HPK1,
the phosphorylation sites on Axl will be analyzed by mass spectrometry **. The
identified phosphorylation site(s) will be mutated to check whether phosphorylation is
required for HPK1 caused Axl degradation. The mutants which could not be
phosphorylated by HPK1 also can be used to address whether HPK1 caused Axl

degradation contributes to pancreatic progression.

Another big question is how Axl phosphorylation by HPK1 leads to lysosommal
degradation. It has been reported that Ser/Thr phosphorylation in receptor cytoplasmic

tail regulates receptor internalization. Phosphorylation on Ser' %

sites is required for
EGFR internalization ***. Phosphorylation by p38 cause accelerated EGFR internalization
198.339 Whether HPK1 regulate AxI internalization is an immediate question needing
answers. For address this question, Gas6 will be labeled by rado-isotope, the Gas6
internalization rate will be measured when HPK is present or not. In case of EGFR
degradation, ubiquitination of EGFR by Cbl E3 ligase play an important role. After EGF
binding to EGFR, EGFR become dimerized and activated through trans-phosphorylation
on tyrosine sites. Then Cbl is recruited through adaptor protein Grb2. Ubiquitin on EGFR
provides a recognition site for ubiquitin-interacting motifs contained proteins, like Eps15,
Eps15R and Epsins, which are components of endosytosis machineries'*> *****_ In
Human lens epithelial cells (HLEC), Gas6 treatment caused Axl degradation,

accompanied with Gas6 induced Axl-Cbl interaction, and AxI ubiquitination. Gas6

caused AxI degradation was blocked by endocytosis inhibitors ***. Whether Axl
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phosphorylation by HPK1 can increase Cbl recruitment and AxI ubiquitination is yet to

be determined.

Due to its unique role in vesicle scission, dynamin occupied a critical position in
. 345 . . . . .
endocytosis *°. Accumulated evidences revealed that dynmain polymerization is a

346, 347, 348

strictly regulated process . Dynamin itself is a highly phosphorylated protein **.

Phosphorylation of dynamin by PKC dramatically increases dynamin GTPase activity >>°

st Re-phosphorylation by cdk5 assures that dynmain can be reused in next round of

. .. 352353
internalization >~

. However, the role of many other identified phosphorylation sites
on dynamin and the kinase involved in dynamin phosphorylation are unknown. Here, we
found dynamin can be phosphorylated by HPK1 both in vitro and in vivo. Whether and
how dynamin phosphorylation by HPK1 contributes to Axl internalization will be another
interesting aspect to pursue. Identification of phosphorylation sites on dynamin by HPK 1
will help to address above issue. An immediate question that we can answer is whether
phosphorylation by HPK1 affects dynamin GTPase activity and dynamin polymerization
capability. One more interesting thing is that when cells are stimulated with EGF,
dynamin was phosphorylated on some tyrosine sites >>*, which is required for EGFR
internalization. Gas6 is expected to have same effects as EGF on dynamin
phosphorylation. Whether HPK1 down regulate Gas6 caused dynamin phosphorylation
on tyrosine sites is another interesting question to answer. In a word, those experiments

will answer how HPK1 affects dynamin function to degrade Axl protein. A model

proposed for HPK1 mediated Axl degradation is displayed in Fig. 20.
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Figure 20. Model of HPK1 mediated Axl degradation through endocytosis/lysosome
pathway.

HPKI1 interacts with and phosphorylates dynmain. Phosphorylated dynamin promotes

Axl internalization rate. Internalized Axl will be sequentially delivered to early endosome,

late endosome, and then lysosome, where Axl is finally degraded.
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Toward a more comprehensive understanding of the influence on pancreatic cancer
progression by HPK 1 mediated Axl degradation, we will check Axl down-stream
signalings potentially affected by HPK1. Since the highly conserved activation
mechanism of Akt adopted by Axl and EGFR 2% we expect HPK 1 can also attenuate
Gas6 stimulated Akt activity. Other Axl down-stream effectors, like ERK, MAPK, SRC,
and PKC, will also be considered as test objects **. However, we may not anticipate
HPK 1 will bring similar impacts on all Axl down-stream effectors *>>*°%3*7 Those
works will further answer the biological significance of HPK1 mediated Axl degradation

in PDA cells.

Since stabilizing HPK1 expression in Panc-1 cells caused Axl degradation (Fig. 14b),
down-regulating Gas6/Axl signaling could be one approach adopted by HPK1 to function
as tumor suppressor in PDA 14 The loss of HPK1 in PDA is going through proteasome
pathway '®*. Inhibiting proteasome pathway in PDA is one potential way to down

regulate Axl expression and further improve clinic outcomes of PDA patients.

In a word, our research for the first time demonstrated that AxI protein degradation could
be through endocytosis/lysosome pathway. HPK1 is firstly found to down regulate Axl
expression through endocytosis/lysosome pathway. Since HPK1 was found to interact
with and phosphorylate dynmain, HPK1 can be a component of endocytosis pathway.
Our research enriched the knowledge that HPK1 can function as a negative regulator of
receptor more than activating the INK pathway ', but can directly modulate receptor

expression. Our research demonstrated that, except inhibiting the AxI kinase activity,
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accelerating Axl degradation through endocytosis/lysosome pathway will be an
interesting direction to consider for its application in PDA therapy. Morover, how HPK1
participate in endocytosis/lysosome pathway is needed to be investigated more in the

future.

129



Summary

Our general goal is to understand the molecular mechanism of pancreatic ductal
adenocarcinoma (PDA) development, and identify potential therapeutic molecular targets.
Here, we found receptor tyrosine kinase Axl is overexpressed in 70% of PDA patients
and 75% of PDA cell lines. Axl overexpression correlates with shorter overall survival
time of PDA patients, and severer distant metastasis. In PDA mouse model, Axl
overexpression is early event happened in chronic pancreatitis. Silencing Axl by shRNA
sensitizes PDA cells to apoptosis stimuli, and decreases the cell migration/invasion
potential. Axl silencing abolishes ligand Gas6 stimulated Akt activation and decreases
secreted MMP-2 levels and NF-«kB activity, all of which have oncogenic function in PDA
tumorigenesis. Our research successfully demonstrated that Axl can be a useful

prognostic marker of PDA patients and Axl can be developed as therapeutic target.

During the process of investigating the molecular mechanism of Ax1 up-regulation in
PDA, we found hemopoietic progenitor kinase 1 (HPK1) interacts with and
phosphorylates Axl. HPK1 down regulates Axl protein levels through decreasing Axl
protein stability. Restoring HPK 1 expression in PDA cell reduces Axl expression.
Endocytosis/lysosome pathway is involved in HPK1 mediated Ax] degradation. HPK1
binds to and phosphorylates dynamin, a crucial component of endocytosis pathway.
Dominant negative form of dynamin completely blocks HPK 1 mediated Axl degradation.
Since HPK1 is degraded by proteasome pathway in PDA, besides directly inhibiting Axl
kinase activity, inhibiting proteasome pathway provides one more option to decrease Axl

protein levels and further to slow down PDA progression.
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