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Abstract

GNA13, encoding one of the G protein alpha subunits of heterotrimeric G proteins that transduce signals of G protein-
coupled receptors (GPCR), is frequently mutated in germinal center B-cell-like diffuse large B-cell lymphoma (GCB-
DLBCL) with poor prognostic outcomes. Due to the “undruggable” nature of GNA13, targeted therapy for these
patients is not available. In this study, we found that palmitoylation of GNA13 not only regulates its plasma membrane
localization, but also regulates GNA13's stability. It is essential for the tumor suppressor function of GNA13 in GCB-
DLBCL cells. Interestingly, GNA13 negatively regulates BCL2 expression in GCB-DLBCL cells in a palmitoylation-
dependent manner. Consistently, BCL2 inhibitors were found to be effective in killing GNA13-deficient GCB-DLBCL
cells in a cell-based chemical screen. Furthermore, we demonstrate that inactivating GNA13 by targeting its
palmitoylation enhanced the sensitivity of GCB-DLBCL to the BCL2 inhibitor. These studies indicate that the loss-of-
function mutation of GNA13 is a biomarker for BCL2 inhibitor therapy of GCB-DLBCL and that GNA13 palmitoylation is

a potential target for combination therapy with BCL2 inhibitors to treat GCB-DLBCL with wild-type GNA13.

Introduction

GNA13 encodes one of the alpha subunits (GNA13/
Gal3) of the heterotrimeric G proteins that transduce
signals of G protein-coupled receptors (GPCR). It is
expressed in various tissues, including lymphoid, vascular,
and bone tissues in embryos and adults. Although GNA13
is classified into the Gal2/13 subfamily and highly
homologous to GNA12!, GNA13 has unique functions. It
has been shown to play critical roles in localization of
germinal center (GC) B cells®, angiogenesis®, female fer-
tility™*, bone homeostasis®, and platelet activation”®,

Recurrent mutations in the GNA13 gene have been
identified in multiple tumor types. As GNA13 activation
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can promote migration, invasion, and metastasis in pan-
creas, prostate, and ovarian cancer, it was originally
classified as an oncogeneg’n. However, loss-of-function
mutations in GNA13 have recently been identified in
diffuse large B-cell lymphoma (DLBCL)"*™', indicating
that GNA13 may also function as a tumor suppressor.
Consistent with this observation, GNA13-deficient mice
develop GC B-cell-derived lymphoma®.

DLBCL is the most commonly diagnosed lymphoma
and accounts for 25-35% of all B-cell non-Hodgkin
lymphomas'®. Based on the gene expression pattern and
cell-of-origin, DLBCL is usually classified into two main
subtypes, namely, GC B-cell-like (GCB) and activated B-
cell-like (ABC) DLBCL'®Y. Although nearly 60% of
DLBCL patients can be cured by Rituximab plus
chemotherapy-based standard treatment (R-CHOP), the
rest may die due to therapy nonresponsiveness or disease
relapse resulting from the complexity and heterogeneity
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of the disease'. Identifying valuable therapeutic targets
for treating DLBCL remains an urgent need.

In the GC, B cells are strictly confined within follicles
by the GPCR signaling, such as sphingosine-1-
phosphate receptor S1PR2 and purinergic receptor
P2RYS signaling'®*°. GNA13 was found to activate
ARHGEF1-RHOA and subsequently inhibits the
phosphoinositide 3-kinase (PI3K)/AKT pathway®'. A
recent CRISPR/Cas9-based screen in primary GC B
cells showed that GNA13 depletion strikingly enhances
cell survival and proliferation, indicating its major
suppressive role in constraining GC B cells**. Con-
sistent with this, over 18% of germinal center B-cell-
like diffuse large B-cell lymphoma (GCB-DLBCL)
patients harbor loss-of-function mutations or homo-
zygous deletions in the GNA13 gene locus'*™'*. Addi-
tionally, some partners of GNA13, like SIPR2, P2RYS,
ARHGEFI, and RHOA, are also frequently mutated or
dysregulated in GCB-DLBCL, implying the critical role
of this GPCR signaling in lymphomagenesis'*?>>2*,

Although GCB-DLBCL prognosis is generally more
favorable than that of ABC-DLBCL, a recent compre-
hensive analysis of 1001 DLBCL patients revealed that
GCB-DLBCL patients who harbor GNA13 mutations
and also express high level of BCL2 have an extra-
ordinarily high risk of poor outcomes®’. However, no
effective therapeutic strategy is available for this DLBCL
subtype.

Post-translational protein modifications regulate pro-
tein function and can be used as therapeutic targets. S-
palmitoylation involves palmitoyl acyltransferase (PAT)-
mediated covalent lipid modification of cysteine side
chains with the 16-carbon fatty acid, palmitate®®*’, Pal-
mitoylation regulates the membrane association, sub-
cellular trafficking, stability, and function of proteins®.
We previously showed that palmitoylation of NRAS is
essential for its plasma membrane (PM) translocation,
signal transduction, and leukemogenesis, both in vivo and
in vitro®®,

Palmitoylation is required for GNA13 to associate with
the PM and the activation of Rho-dependent signaling®.
Here, we show that palmitoylation of GNA13 also reg-
ulates its stability and is required for its tumor suppressor
function in GCB-DLBCL cells. Interestingly, GNA13
negatively regulated BCL2 expression in GCB-DLBCL
cells in a palmitoylation-dependent manner. Inactivating
GNA13 by targeting its palmitoylation enhanced the
sensitivity of GCB-DLBCL cells to the BCL2 inhibitors.
Our studies suggested that GNA13 loss-of-function
mutations may serve as a biomarker for BCL2 inhibitor-
mediated precision therapy of DLBCL and that GNA13
palmitoylation may be a potential target for combination
therapy with BCL2 inhibitors to treat DLBCL with wild-
type (WT) GNA13.
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Results
Palmitoylation regulates GNA13 protein stability

To elucidate the role of GNA13 palmitoylation in GCB-
DLBCL, we first confirmed the palmitoylation sites in
GNA13 employing isobaric iodoTMT switch labeling in
HeLa cells stably expressing HA-tagged GNA13. The
proteomics data showed that both cysteine 14 (C14) and
18 (C18) contained iodoTMT®-127, indicative of palmi-
toyl modifications (Fig. 1A). All other cysteines could be
excluded as palmitoylation sites except for C236, because
the tryptic peptide containing this residue could not be
resolved by mass spectrometry owing to its small size.
Similarly, a click chemistry-based, single-cell in situ
proximity ligation assay (Supplementary Fig. S1A-C)
showed that GNA13 was palmitoylated (red fluorescence)
and that palmitoylation was almost abolished by the C14/
18S double mutation. We further confirmed the above
results using bioinformatic algorithms (CSS-PALM 4.0,
MDD-PALM?") and an Acyl-RAC assay (Supplementary
Fig. S1D, E). These results were consistent with previous
findings®.

Next, we characterized the PM localization of GNA13
by co-staining with the PM marker, Na-K ATPase (Sup-
plementary Fig. S3A). A large fraction of WT GNA13
(GNA13¥7) localized to the PM, whereas GNA13 har-
boring the single or double mutations in palmitoylation
sites showed diffused cytoplasmic staining. Furthermore,
2-bromopalmitate, a pan-palmitoylation inhibitor, mark-
edly inhibited the membrane localization of GFP-
GNA13YT after a short treatment (Supplementary Fig.
S3B). We further employed a biochemical method to
isolate the PM and cytosolic fractions of the cell. Con-
sistent with a previous report®’, the data showed that the
PM fraction of palmitoylation-deficient GNA13 mutants
was considerably less than that of GNA13Y" (Fig. 1B).

Notably, the expression level of the GNA13¢14/188
mutant was lower than that of GNA13YT, as well as that
of the single mutants (Fig. 1B), indicating that palmitoy-
lation affected protein stability. A cycloheximide-based
pulse-chase experiment revealed that the loss of palmi-
toylation accelerated GNA13 degradation compared with
GNA13Y7 (Fig. 1C).

Palmitoylation can regulate protein stability by affecting
critical proteolytic processes, such as those associated with
the ubiquitin-proteasome®>**, autophagosome-lysosome™*,
and caspase systems®>*°, To examine if palmitoylation reg-
ulates GNA13 protein stability through these systems, we
tested whether the downregulation of the GNA13<'*18
mutant could be rescued by treatment with the proteasomal
inhibitor MG132, the autophagy inhibitors HCQ and ULK-
101, and several caspase inhibitors. Interestingly, the
downregulation of GNA13“"*1%° was marked reversed by
exposure to the pan-caspase inhibitors Z-VAD(OMe)-FMK,
Q-VD-Oph, and Emricasan, as well as by the group II
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Fig. 1 Palmitoylation of GNA13 regulates its protein stability. A The scheme of isobaric iodoTMT switch labeling-based mass spectrometry assay
and results of MS/MS spectrum of palmitoylated peptide of GNA13. lodoTMT®-127 labeling on Cys14 and Cys18 (the two C in lowercase) of GNA13
peptide sequence was shown in peaks graph (upper panel). B Total, membrane (Mem) and cytosolic (Cyto) fractions of Hela cells expressing HA-
tagged WT GNA13, C14S, C18S, or C14/18S mutant of GNA13 were immunoblotted with an anti-HA antibody. a-Tubulin was used as a loading
control for total cellular proteins, while Na-K-ATPase and GAPDH were used as markers of the membrane and cytosol, respectively. C Hela cells
overexpressing WT GNA13 or C14/18S mutant were incubated with cycloheximide (CHX) and analyzed by western blot at the indicated time points.
D Protein levels of WT GNA13 and C14/18S mutant in Hela cells treated with or without indicated caspase inhibitors for 24 h were detected by
immunoblotting with an anti-HA antibody. a-Tubulin was used as a loading control.
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caspase-specific inhibitor Ac-DEVD-CHO (Fig. 1D), indi-
cating that the palmitoylation of GNA13 regulates its sta-
bility through the evasion of caspase-associated degradation.

Interestingly, the level of GNA13%" can be upregulated
by MG-132 (Supplementary Fig. S2C), indicating that
GNA13 is also subject to proteasome-mediated degrada-
tion. Meanwhile, protein levels of both GNA13%T and
GNA13“"*185 can be moderately upregulated by autop-
hagic inhibitors HCQ and ULK-101 (Supplementary Fig.
S2D), suggesting that GNA13 can also be regulated by the
autophagosome-lysosome system. Palmitoylation does
not appear to affect these processes.

These data demonstrated that GNA13 palmitoylation
regulates both its PM localization and its stability.

Palmitoylation of GNA13 is required for its tumor
suppressor function

GNA13 is frequently mutated in GCB-DLBCL. Various
sites are mutated throughout the GNA13 gene, consistent
with their loss-of-function nature'’™* Through the
whole genome sequencing data obtained from St. Jude
Cloud®, we found that there were at least two patients
harboring the GNA13 C14S mutation (Supplementary
Fig. $3)**3° suggesting that palmitoylation of GNAI3
regulates its tumor suppression function.
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To examine the role of palmitoylation in GNA13’s
tumor suppressor function, we compared the tumor
suppressor activity of palmitoylation-deficient mutants of
GNA13 to that of WT counterpart in two GCB-DLBCL
cell lines. First, we transduced GNA13%"', GNA131%S,
GNA13°'*5, and GNA13“'*'*® into OCI-LY1, a GCB-
DLBCL cell line harboring loss-of-function GNA13
mutations. Consistent with the tumor suppressor function
of GNA13, we found that ectopic expression of
GNA13Y" markedly suppressed proliferation of OCI-LY1
cells (Fig. 2A). The three GNA13 palmitoylation mutants,
on the other hand, did not inhibit proliferation of OCI-
LY1 cells (Fig. 2A), indicating that palmitoylation of
GNA13 is required for its tumor suppressor function.

Interestingly, the palmitoylation mutants of GNA13,
particularly GNA13“'*185 actually promoted prolifera-
tion of OCI-LY1 cells (Fig. 2A). This result suggests that
OCI-LY1 cells retain partial GNA13 tumor suppressor
functions, either the GNA13 mutant in OCI-LY1 cells
retain partial tumor suppressor function or the presence
of the wild-type allele of GNA13, and that palmitoylation
mutants of GNA13 have a dominant negative effect. To
test this possibility, we knocked down the endogenous
GNA13 by introducing GNA13 shRNAs (Fig. 2B).
We found that two independent GNAI3 shRNAs,
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Fig. 2 Palmitoylation of GNA13 is required for its tumor suppressor function. A Viability of OCI-LY1 cells transfected with empty vector (EV), WT,
C14s, C18S, or C14/18S GNAT3 construct measured by CellTiter-Glo Luminescent Cell Viability Assay 48 h after plating. B, C Knocking down of the
endogenous GNA13 in OCI-LY1 (B) or SU-DHL4 (C) cells by two GNA13-specific shRNAs, shGNA13-600 and shGNA13-UTR. Scrambled shRNA (Scr) was
used as the negative control. Cell viability of each cell line was measured by CellTiter-Glo Luminescent Cell Viability Assay 48 h after plating. Protein
levels of GNA13 in these cells were examined by western blot analysis. a-Tubulin was used as loading controls. D SU-DHL4 cells expressing ShGNA13-
UTR were transfected with EV, HA-tagged WT, C14S, C18S, or C14/18S mutant GNA13. Cell viability of each cell line was measured by CellTiter-Glo
Luminescent Cell Viability Assay 48 h after plating. E Apoptosis assay of each SU-DHL4 cell line using Annexin V/PI staining was examined by
flowcytometry 48 h after plating. OE, overexpression. F Cell-cycle analysis of each SU-DHL4 cell line by using BrdU/7-AAD staining. Percentage of the
cells at S phase was shown as the proliferative portion of whole population.
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shGNA13°®° and shGNA13Y™®, both promoted pro-
liferation of OCI-LY1 cells (Fig. 2B), supporting the
assumption that OCI-LY1 cells retain partial GNA13
tumor suppressor functions.

Next, we further confirm the role of palmitoylation in
GNA13’s tumor suppressor function in SU-DHL4, a
GCB-DLBCL cell line with the WT GNAI3. In this
experiment, we first transfected SU-DHL4 cells with
either scrambled or GNA13-specific ShRNAs. The endo-
genous GNA13 expression was significantly reduced in
SU-DHL4 cells transfected with specific shRNAs
(Fig. 2C). More importantly, proliferation of SU-DHL4
cells transfected with GNA13 shRNAs was significantly
increased as compared to SU-DHL4 cells transfected with
control shRNA (Fig. 2C). We chose SU-DHL4 cell line
stably expressing the GNA13-UTR shRNA (SU-DHL4-
shGNA13"™) for further experiments.

We then transduced GNA13%¥ ", GNA13“*5, GNA13“%5,
and GNA13“"'* into SU-DHL4-shGNA13"™ cells. As
expected, ectopic expression of GNA13Y' markedly sup-
pressed proliferation of SU-DHL4-shGNA13"™  cells
(Fig. 2D). The three GNA13 palmitoylation mutants, on the
contrary, did not inhibit proliferation of SU-DHL4-
shGNA13"™ (Fig. 2D), further demonstrating that palmi-
toylation of GNA13 is required for its tumor suppressor
function. The increased proliferation of SU-DHLA-
shGNA13"™ expressing palmitoylation mutants of GNA13
compared to that transfected with the vector control may be
a result of the dominant negative effect of palmitoylation
mutants of GNA13 over the residual GNA13, as discussed
above (Fig. 2A, D).

In addition, we found that SU-DHL4-shGNA13"™®
expressing palmitoylation mutants of GNA13 exhibited a
significant decrease in annexin V/PI positive apoptotic
cell population compared to SU-DHL4-shGNA13Y™®
expressing the WT GNA13 (Fig. 2E and Supplementary
Fig. S4A), indicating that palmitoylation of GNA13 is
required for its pro-apoptotic function. We also found
that the cells overexpressing GNA13% T showed a higher
level of the cleaved Caspase3, which means the WT
GNA13 could induce an active state of caspase3 (Sup-
plementary Fig. S5). Consistently, a similar trend in cell
proliferation could also been observed among these
cells when we assessed the cell-cycle progression using a
BrdU/7-AAD labeling assay (Fig. 2F and Supplementary
Fig. S4B).

GNA13 negatively regulates BCL2 expression in GCB-
DLBCL in a palmitoylation-dependent manner
Intriguingly, the clinical data from PPISURV* revealed
that GNA13 and BCL2 expressions exhibited opposite
prognostic effects on the survival of DLBCL patients
(Fig. 3A, B). To gain insights into the mechanism by
which GNA13 functions as a tumor suppressor in GCB-
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DLBCL, we analyzed RNA sequencing data of 102 GCB-
DLBCL cases from public datasets (R2: Genomics Ana-
lysis and Visualization Platform, https://hgserverl.amc.nl/
cgi-bin/r2/main.cgi). We found that BCL2 expression and
GNA13 expression are inversely correlated (Fig. 3C).

To check if the BCL2 expression is affected by the
GNA13 activity, we examined BCL2 expression levels in
GCB-DLBCL cell lines either with the WT GNA13 (SU-
DHL4) or mutant GNA13 (OCI-LY1 and SU-DHL6). We
found that the expression of BCL2 is significantly higher
in cells with GNA13 mutant than the cells with WT
GNA13 (Fig. 3D). These data suggest that GNA13 may
exert its tumor suppressor function partially by regulating
the BCL2 expression.

To test this hypothesis, we examined the expression
level of BCL2 in SU-DHL4 cells vs. SU-DHL4-
SshGNA13Y™® cells. We found that BCL2 expression was
drastically elevated when GNA13 was knocked down
(Fig. 3E), indicating that GNA13 negatively regulates the
expression of BCL2. We then moved on to do a rescue
experiment and found that ectopic expression WT
GNA13 in SU-DHL4-shGNA13"™® inhibited the expres-
sion of BCL2 (Fig. 3E), confirming that GNA13 negatively
regulates BCL2 expression level.

Consistent with the previous finding that palmitoylation
of GNA13 is required for its tumor suppressor function,
ectopic expression of palmitoylation mutants of GNA13
were found to be incapable of suppressing the expression
of BCL2 in SU-DHL4-shGNA13""® cells (Fig. 3E). Similar
results were obtained in OCI-LY1 cells bearing a loss-of-
function mutant of GNA13 (Fig. 3F). These data demon-
strate that GNA13 is a negative regulator of BCL2 and that
palmitoylation is required for this function of GNA13.

GNA13-deficient GCB-DLBCL cells are hypersensitive to the
treatment with BCL2 inhibitors

To find potential therapies for GNA13-deficient GCB-
DLBCL, we carried out a cell-based drug screening using
a chemical library comprising FDA-approved drugs and
bioactive compounds with known targets. The SU-DHL4-
shGNA13Y™ described above was used as a model for
GNA13-deficient GCB-DLBCL and the parental SU-
DHL4 was used for the counter screening. We found
that two BCL2 inhibitors, ABT-737 and ABT-263 (the
first- and second-generation BCL2 inhibitors, respec-
tively), exhibited the most significant efficacy in killing
SU-DHL4-shGNA13"™ as compared to the SU-DHL4
control cells (Fig. 4A).

It has been shown by us (Fig. 4E) and others® that the
PI3K-AKT signaling pathway is a well-known down-
stream target of GNA13. We found that inhibitors of the
PI3K-AKT signaling pathway, such as MK-2206, can also
effectively kill GNA13-deficient SU-DHL4 cells (Fig. 4A,
B), demonstrating the validity of this screening.
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Having found that GNA13-deficient SU-DHL4 cells are
hypersensitive to the treatment with BCL2 inhibitors, we
analyzed sensitivity of DLBCL cell lines to BCL2 inhibi-
tors from published data*'. Figure 4C shows that DLBCL
cell lines with GNA13 mutations are more sensitive to the
treatment with BCL2 inhibitors than those with WT
GNA13. To further confirm that GCB-DLBCL cells with
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GNA13 mutations are hypersensitive to the treatment
with BCL2 inhibitors, we compared the sensitivity of
ABT-199 (also known as venetoclax, the third-generation
BCL2 inhibitor*') in treating GCB-DLBCL cell lines either
with the WT GNA13 (SU-DHL4) or mutant GNA13
(OCI-LY1). As shown in Fig. 4D, OCI-LY1 cells are much
more susceptible to the treatment with ABT-199 than
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\

Fig. 4 GNA13-deficient GCB-DLBCL cells are hypersensitive to BCL2 inhibitors. A Volcano plot of FDA-approved drugs and bioactive compounds
with known targets on SU-DHL4-shGNA13*" and SU-DHL4-shGNA13Y™ cells. Drug effect size ratio between SU-DHL4-shGNA13*“" and SU-DHL4-
shGNA13Y™ vs_ statistical significance (P value) were plotted. Red and blue points indicate drug identified as differentially inhibited between the two
types of cells. B Dose—response curves for SU-DHL4-shGNA13°" or SU-DHL4-shGNA13Y™ treated with AKT inhibitor MK-2206. C ICs, of BCL2 inhibitors
ABT-199 and ABT-263 in DLBCL cell lines with either wild-type (blue dots) or mutant (red dots) GNA13. D Dose-response curves for SU-DHL4 and OCl-
LY1 cells treated with ABT-199. E SU-DHL4 or OCI-LY1 cells were transfected with constructs containing shGNA13-600, shGNA13-UTR, or a scrambled
ShRNA (Scr). Levels of total (T)-AKT and phosphorylated (P)-AKT>*"3 in these cells were examined by western blot analysis. GAPDH was used as loading
controls. F Western blot analysis of BCL2, total (T)-AKT, and phosphorylated (P)-AKT**” level in SU-DHL4 cells treated with PI3K inhibitors Copanlisib or
GDC-0941 at indicated concentrations for 6 h, respectively. G Western blot analysis of BCL2 level in SU-DHL4-shGNA13*“ or SU-DHL4-shGNA13"™ cells
treated with PI3K inhibitors Copanlisib or GDC-0941 at indicated concentrations for 6 h, respectively. a-Tubulin was used as a loading control.

J

SU-DHLA4 cells. Consistent with the function of GNA13 in
suppressing the phosphoinositide 3-kinase (PI3K)/AKT
pathway®', the AKT Serine 473 phosphorylation (P-
AKT®*3) level was elevated in SU-DHL4 cells transfected
with GNA13 shRNAs (Fig. 4E). To test whether the high
expression of BCL2 is correlated to the activation of PI3K-
AKT pathway in DLBCL, we used the pan-PI3K inhibitor
GDC-0941 and PI3Ka/$ inhibitor Copanlisib* in treating
WT SU-DHL4 cells. Both of the inhibitors could suppress
the phosphorylation of AKT**”® and BCL2 protein
expression accordingly (Fig. 4F). Likewise, in SU-DHL4-
shGNA13Y™R cells, the protein expression level of BCL2
was also drastically repressed upon PI3BK-AKT pathway
inhibition by the above two inhibitors (Fig. 4G), implying
a high correlation between PI3K-AKT signaling and BCL2
anti-apoptosis pathway may exist in the GNA13-deficient
background.

These data, together with the above finding that GNA13
negatively regulates the expression of BCL2, suggest that
the loss-of-function mutation of GNA13 is a biomarker
for the precision BCL2 inhibitor therapy for GCB-DLBCL.

Inactivation of GNA13 by targeting its palmitoylation
sensitizes the GCB-DLBCL cells to BCL2 inhibitors

Although GCB-DLBCL with loss-of-function mutation of
GNA13 could be treated effectively with BCL2 inhibitors,
the majority of GCB-DLBCL patients harbor WT GNA13.
As GNA13 negatively regulates BCL2 expression, the sen-
sitivity of GCB-DLBCL to the treatment with BCL2 inhi-
bitors, the effective therapy of GCB-DLBCL with WT
GNA13 may be achieved by targeting both GNA13 and
BCL2. Since our data show that palmitoylation of GNA13 is
required for its function in regulating the BCL2 expression,
inhibiting GNA13 palmitoylation may sensitize the GCB-
DLBCL cells with WT GNA13 to BCL2 inhibitors.

As a proof-of-concept experiment, we attempted to test
the sensitivity of GCB-DLBCL cells bearing palmitoylation
mutant of GNA13 to the treatment with BCL2 inhibitor.
We first confirmed that SU-DHL4-shGNA13""™® cells, in
which the WT GNA13 was knocked down with the spe-
cific GNA13 shRNA as described earlier, were more sus-
ceptible to the treatment with ABT-199 compared to the
parental SU-DHL4 cells (Fig. 5A).

Official journal of the Cell Death Differentiation Association

To test the ABT-199 efficacy in vivo, we generated two
xenograft models by serially transplanting SU-DHL4-
shGNA13"™-OE™" or SU-DHL4-shGNA13""®-QE“/1%
cells into recipient NOD/SCID mice. Tertiary recipients
transplanted with two different SU-DHL4 cells were ran-
domly assigned to two cohorts that were orally administered
100 mg/kg ABT-199 or vehicle, respectively. As shown in
Fig. 5B, SU-DHL4-shGNA13""™®-OE“***® tumors in mice
treated with vehicle control (n=13) grew faster than SU-
DHL4-shGNA13"™-OE¥T tumors (# = 13), which is con-
sistent with previous in vitro result in Fig. 2D. The ABT-199
treatment slowed down the growth of sS\GNA13Y™®-OEW T
tumors (z = 10), while the effect of the ABT-199 treatment
was much more dramatic on SU-DHLA4-shGNA13"™*-
OE“™185 tumors (n=8) (Fig. 5B). At the end of this
experiment (56 days), 8 out of 8 SU-DHL4-shGNA13V™*-
OE“™185 mice (100%) treated with the ABT-199 remained
tumor-free. These data suggest that inhibition of palmitoy-
lation of GNA13 is an effective therapeutic strategy for
GCB-DLBCL in combination with the BCL2 inhibitor.

Discussion

In this study, we demonstrate that palmitoylation of
GNA13 not only regulates its plasma membrane loca-
lization, but also regulates GNA13’s stability. It is
essential for the tumor suppressor function of GNA13
in GCB-DLBCL cells. Interestingly, we found that
GNA13 negatively regulates BCL2 expression in GCB-
DLBCL in a palmitoylation-dependent manner. Con-
sistently, we found that GCB-DLBCL with loss-of-
function mutations of GNA13 are sensitive to the
treatment with BCL2 inhibitors and that inactivating the
WT GNA13 by targeting its palmitoylation dramatically
enhanced the sensitivity of GCB-DLBCL to the BCL2
inhibitor. These results indicate that the loss-of-
function mutation of GNA13 is a biomarker for the
precision BCL2 inhibitor therapy for GCB-DLBCL and
that GNA13 palmitoylation is a potential target for
combination therapy with the BCL2 inhibitor to treat
GCB-DLBCL with WT GNA13.

It has been shown that palmitoylation regulates protein
stability®®. We show here that palmitoylation of GNA13
does affect its stability (Fig. 1B). Our data show
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that downregulation of palmitoylation-deficient mutant
GNA13“"185 was rescued significantly by caspase inhi-
bitors such as Z-VAD(OMe)-FMK (Fig. 1D), indicating
that palmitoylation of GNA13 regulates its stability by
inhibiting caspase-mediated protein degradation. It is
possible that palmitoylation affects the conformation of
GNA13, exposing the caspase cleavage sites. Alternatively,
changed cellular localization due to lack of palmitoylation
may subject GNA13 to the caspase-mediated protein
degradation. These possibilities will be tested in the
future.

Mutations of GNA13 have been found in about 18% in
GCB-DLBCL, 13% Burkitt lymphoma (BL), and 15.6%
Follicular Lymphoma (FL), respectively*®~**, including
multiple point mutations and truncated variants. In BL,
several prevailing GNAI13 point mutations, such as
L184R, L197Q, and F245S, were shown to be loss-of-
function mutations in terms of Gal3/RHOA activity in
GPCR signaling®. Here, we identified two palmitoylation
sites, C14 and C18, in the N-terminal GNA13 protein by
using both genetic and biochemical approaches. Con-
sistent with our finding that palmitoylation of GNA13 is
required for its tumor suppressor function, at least two
DLBCL patients were found to bear the GNA13 C14S
mutation®®*°, Our data further support the idea that
GNA13 plays tumor suppressor function in germinal
center B cells and loss-of-function mutations of GNA13
are involved in lymphomagenesis.

Venetoclax, the FDA-approved BCL2 inhibitor*”*%, is
being tested to extend its application in DLBCL*’. Our
study indicates that inactivation of GNA13 alone could
lead to higher expression of BCL2 that eventually con-
ferred higher drug sensitivity to BCL2 inhibitor, implying
that DLBCL patients with inactive mutations of GNA13
are more sensitive to the BCL2 inhibitor treatment, pro-
viding a patient-stratification biomarker for the veneto-
clax therapy.
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Inactivating a tumor suppressor may sound counter-
intuitive in fighting cancers. But it works as a strategy of
synthetic lethality. A recent systematic drug sensitivity
screening shows that loss of SETD2 sensitized tumor cells
to CDK7 inhibitor, and BAP1 depletion confers vulner-
ability to inhibitor of DNMT1%°. Our work that inacti-
vating GNA13 increases sensitivity of GCB-DLBCL cells
to the BCL2 inhibitor may serve as a new therapeutic
strategy for GCB-DLBCL.

S-palmitoylation is catalyzed by PATs. To date, at least
23 mammalian PATs have been identified”'. The limited
responsibilities of each PAT give hope that targeting
specific PAT may be safe and effective in cancer therapies.
It is important to identify which PAT is responsible for
the palmitoylation modification of GNA13 and develop
specific PAT inhibitors. Such agents would be effective for
treating GCB-DLBCL with WT GNA13 in combination
with the BCL2 inhibitor.

As mentioned in the Introduction, the role of GNA13 in
tumorigenesis is cell-context dependent. It is not clear
whether GNA13 also regulates the expression of BCL2 in
tumors other than GCB-DLBCL and whether the ther-
apeutic scenario for targeting palmitoylation of GNA13 in
combination with the BCL2 inhibitor holds in other types
of cancer. We will test the role of palmitoylation of
GNA13 in other type of cancer in the future.

Materials and methods
Cell culture

The GCB-DLBCL cell lines SU-DHL6 and OCI-LY1
were kindly provided by Dr. Chenghua Yang, Shanghai
Institute of Nutrition and Health, Chinese Academy of
Sciences (CAS). The GCB-DLBCL cell line SU-DHL4 was
obtained from Stem Cell Bank, CAS. All the GCB-DLBCL
cell lines were cultured in RPMI 1640 (Basal Media,
Shanghai, China) with 10% (v/v) FBS (Thermo, Waltham,
MA, USA) in a humidified incubator at 37 °C under 5%
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CO,. The HeLa cells were bought from ATCC and cul-
tured as previously described®®. All cell lines were
authenticated via STR profiling and periodically treated
with Plasmocin (Invivogen, San Diego, CA, USA) to
exclude mycoplasma contamination.

Cell proliferation/viability assay

Cell proliferation/viability ~were assessed using
CellTiter-Glo Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) as previously described®>>®. Briefly,
cells were seeded into 96-well cell plates (5000 cells/well)
and supplemented with drugs at various concentrations.
After 48 h of incubation, cells were lysed by CellTiter-Glo
reagent and the resulting luminescence was measured
using an Envision plate reader (PerkinElmer, Akron, OH,
USA) after a 30-min incubation at room temperature.

Chemicals and antibodies

The chemical library containing FDA-approved drugs and
bioactive compounds, BCL2 inhibitor navitoclax (ABT-263),
AKT inhibitor MK-2206, and proteasome inhibitor MG-132
were purchased from Selleckchem (Houston, TX, USA). The
BCL2 inhibitor venetoclax (ABT-199), the pan-caspase
inhibitor Emricasan and Q-VD-Oph, the group II caspases
inhibitor Ac-DEVD-CHO, the pan-PI3K inhibitor GDC-
0941, and the PI3Ka/d inhibitor Copanlisib were purchased
from CSNpharm (Arlington Heights, IL, USA). The cyclo-
heximide (CHX), autophagy inhibitors, Hydroxychloroquine
sulfate (HCQ), ULK-101, and the pan-caspase inhibitor Z-
VAD(OMe)-FMK were purchased from TargetMol (Well-
esley Hills, MA, USA). For antibodies, the rabbit anti-
GNA13 (ab128900), rabbit anti-Na-K-ATPase (ab76020),
and rabbit anti-BCL2 (ab32124) antibodies were purchased
from Abcam (Cambridge, UK). The rabbit anti-Caspase3
(9662), rabbit anti-phospho-AKT (Ser473(4060)), rabbit
anti-pan-AKT (4691), rabbit anti-HA (3724), anti-Rabbit
IgG (H+L), and F(ab’)2 Fragment (Alexa Fluor® 555
Conjugate) (4413) antibodies were purchased from Cell
Signaling (Danvers, MA, USA). The HRP-conjugated mouse
anti-GAPDH (HRP-60004) and HRP-conjugated mouse
anti-a-Tubulin (HRP-66031) antibodies were bought from
Proteintech (Rosemont, IL, USA). The goat anti-Biotin (B
3604) was purchased from Sigma Aldrich (St. Louis, MO,
USA). The donkey anti-Goat IgG (H + L) Cross-Adsorbed
Secondary Antibody, Alexa Fluor 546 (A-11056) was bought
from Thermo.

Membrane and cytosolic protein isolation
Protein extractions from membrane and cytosolic part
of cells were isolated as previously described”*>".

Western blot analysis

Western blot analysis was performed as previously
described. Briefly, cells were lysed in 1x sodium dodecyl
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sulfate (SDS) sample loading buffer, and then equal
amounts of protein samples were loaded to polyacrylamide
gel, transferred to nitrocellulose membrane, and then
blotted with specific primary and secondary antibodies.
Luminescence signals on membrane were detected with
Immobilon Western HRP Substrate (Millipore, Darmstadt,
Germany) and blots were imaged by the FluorChem Mul-
tiplex imaging system (ProteinSimple, San Jose, CA, USA).

Drug screening

Both SU-DHL4-Scr and SU-DHL4-UTR cells were
seeded into 96-well plates at a density of 5000 cells/well.
Individual chemicals from FDA-approved Drug Library
were added into each well in duplicates by an Explorer
automation workstation (Perkin Elmer) at the con-
centration of 2 uM. After 48 h of incubation, cell viability
was measured using CellTiter-Glo (Promega) following
the manufacturer’s instructions.

Statistical analysis

GraphPad Prism 7 and the Student’s ¢-test were used for
data analysis. Statistical significance threshold was set at
P =0.05, and different levels were denoted as *, P < 0.05,
** P<0.01, and ***, P <0.001, respectively.
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