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Introduction
Diffuse large B cell lymphoma (DLBCL) is the most frequent sub-
type of non-Hodgkin lymphoma (NHL), accounting for 30%–40% 
of newly diagnosed cases (1). With more than 20,000 deaths 
from lymphoma occurring each year in the United States (2), new 
approaches to diagnosis, prognosis, and treatment are needed. 
Although the molecular and genetic features that drive aggressive 
behavior of B cell lymphomas are not fully defined, gene expres-
sion profiling studies have identified at least 2 distinct molecular 
subtypes of DLBCL, termed germinal center B cell (GCB) and 
activated B cell (ABC) (3). ABC-DLBCL exhibits an inferior out-
come following standard R-CHOP chemotherapy, with a 3-year 
progression-free survival of approximately 40% compared with 
75% for non-ABC cases, and is associated with constitutive canon-
ical NF-κB activation (4, 5). A loss-of-function RNA interference 
screen revealed that the majority of ABC-DLBCL cell lines rely on 
components of the B cell receptor–dependent (BCR-dependent) 
NF-κB signaling pathway for growth and survival (6).

Stimulation of the B or T cell antigen receptor (AgR) results in 
assembly and activation of the CBM complex, which is composed 
of the scaffolding protein CARMA1 (also known as CARD11), 
the adaptor protein BCL10, and the protease MALT1 (7, 8). Loss 
of any component of this complex is toxic for ABC-DLBCL cells, 
indicating that it plays a critical role in the molecular pathogenesis 
of this tumor (6). MALT1 functions as the essential downstream 
effector molecule of the CBM complex by carrying out 2 important 
functions. First, MALT1 acts as a scaffold to recruit downstream 
signaling proteins, most notably the ubiquitin ligase TNF recep-
tor–associated factor 6 (TRAF6). In turn, TRAF6 directs an array 
of polyubiquitinations that promote stimulation of the IκB kinase 
(IKK) complex (9–11). IKK then phosphorylates the inhibitor of 
NF-κB (IκB), thereby targeting it for proteasomal degradation and 
freeing NF-κB subunits to translocate into the nucleus and alter 
target gene expression (12). Second, MALT1 acts as protease to 
enzymatically cleave and inactivate multiple substrates, includ-
ing several negative regulators of canonical NF-κB signaling (13, 
14). Thus, MALT1 protease activity is thought to amplify and sus-
tain NF-κB activation by clearing proteins that dampen this path-
way. For example, activated MALT1 protease cleaves the NF-κB 
family member RELB (15). Since RELB is an inhibitor of canon-
ical RELA-dependent transcriptional activity, MALT1-dependent 
cleavage of RELB results in enhanced expression of canonical 
NF-κB gene targets. MALT1 also cleaves several other substrates, 
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we identified GRK2 as a new MALT1-interacting protein (Sup-
plemental Figure 1A; supplemental material available online with 
this article; https://doi.org/10.1172/JCI97040DS1). We validated 
this interaction by Western blot analysis, showing endogenous 
GRK2 and MALT1 co-IP in both Jurkat T cells and BJAB B cells 
(Figure 1A), as well as in HEK293T cells (Supplemental Figure 
1B). We then used purified recombinant proteins to demonstrate 
a direct interaction between GRK2 and MALT1, but not between 
GRK2 and BCL10, another member of the CBM complex (Figure 
1B and Supplemental Figure 1C). Next, we investigated whether 
AgR stimulation, which promotes both MALT1 scaffolding and 
proteolytic activities, impacts the GRK2-MALT1 interaction. We 
found that treatment with phorbol ester 12-myristate 13-acetate 
and the calcium ionophore ionomycin (PMA/Iono), which mimics 
AgR stimulation by promoting PKC-dependent phosphorylation 
of CARMA1 and subsequent activation of the CBM complex (40, 
41), resulted in time-dependent dissociation of GRK2/MALT1 in 
Jurkat T cells (Figure 1, C and D). Notably, GRK2 dissociation from 
MALT1 occurred within the same general time course as CARMA1 
association with BCL10/MALT1 and phosphorylation of IκB. Simi-
lar results were also observed in BJAB B cells (Supplemental Figure 
1D). These findings could suggest that GRK2 binding to MALT1 
inhibits CBM complex function, with dissociation of GRK2 some-
how allowing full activation of MALT1 and downstream NF-κB 
pathway signaling following lymphocyte AgR stimulation.

The GRK2 N-terminus interacts with MALT1 death domain and 
inhibits MALT1-dependent NF-κB activation. As an initial approach 
to testing whether GRK2 binding to MALT1 plays an inhibitory 
role in lymphocyte signaling, we investigated the impact of overex-
pression of GRK2. We found that GRK2 overexpression inhibited 
the coimmunoprecipitation of BCL10 and MALT1 (Supplemental 
Figure 2A). In addition, using differentially epitope-tagged MALT1 
monomers, we demonstrated that GRK2 overexpression inhibited 
BCL10-dependent MALT1 oligomerization (Supplemental Figure 
2B). While these overexpression studies suggest that GRK2 might 
interfere with the BCL10-MALT1 interaction, we did not observe an 
increase in the association of BCL10 and MALT1 upon GRK2 disso-
ciation after PMA/Iono treatment in lymphocytes (Figure 1C).

We next sought to identify the specific region of MALT1 that 
interacts with GRK2. MALT1 contains 2 Ig-like protein-protein 
interaction domains that are required for binding to BCL10 (refs. 
42–44 and Figure 2A), and a central catalytic domain that shares 
homology with the proteolytic active site of the caspase family of 
serine proteases (43). MALT1 also contains an N-terminal death 
domain (DD), and recent studies suggest that this domain may 
interact with BCL10 (44). Interestingly, co-IP mapping studies 
revealed that GRK2 binds to this MALT1 DD (amino acids 1–139) 
(Figure 2A). Notably, a recent report demonstrated that MALT1 
undergoes autoproteolysis in response to AgR stimulation, cleaving 
itself after arginine-149 (R149), thereby separating this DD from the 
remaining 76-kDa (p76) C-terminal portion of MALT1 (45). In con-
trast to full-length (FL) MALT1, the p76 cleavage fragment potently 
activates NF-κB independently of CARMA1/BCL10. These find-
ings suggest that the DD may possess a negative regulatory function 
and serve to somehow restrain MALT1-dependent signaling.

Together, our findings that GRK2 dissociates from MALT1 in 
response to AgR stimulation and that GRK2 binds to the MALT1 

including its binding partner BCL10 and the deubiquitinases A20 
and cylindromatosis (CYLD) (15–19). Collectively, these cleavage 
events not only optimize NF-κB activation but also regulate cel-
lular adhesion and enhance the related c-Jun N-terminal kinase 
(JNK) signaling pathway (20).

In ABC-DLBCL, mutations in the CD79A or CD79B subunits 
of BCR are present in approximately 23% of cases (21, 22), and 
gain-of-function mutations of CARMA1 occur in another 9% of 
cases (1, 22–24). These mutations mimic BCR signaling and conse-
quently result in constitutive MALT1-mediated NF-κB activation. 
Blockade of MALT1 activity, by either genetic knockdown or chem-
ical inhibition of protease activity, reduces viability and growth of 
ABC-DLBCL lines (25–29). In addition to ABC-DLBCL, inappro-
priate MALT1 activation also occurs in a variety of other NHL sub-
types and is critical to tumor pathogenesis. Translocations t(1;14) 
and t(14;18) in MALT lymphoma position BCL10 and MALT1, 
respectively, adjacent to the Ig heavy chain enhancer, leading to 
BCL10 and MALT1 overexpression and NF-κB activation (12). The 
t(11;18) translocation, which occurs in 30% of MALT lymphomas, 
creates an oncogenic fusion protein that links the N-terminus of 
cellular inhibitor of apoptosis (API2) to the MALT1 C-terminus, 
and this results in constitutive MALT1 proteolytic activity (30–32). 
Furthermore, recent studies have suggested that a subset of man-
tle cell lymphomas, peripheral T cell lymphomas, and T cell leu-
kemias may also require MALT1 proteolytic activity for survival 
(33–35). In light of these observations, MALT1 has emerged as a 
promising new target for pharmaceutical intervention in the treat-
ment of multiple subtypes of lymphoid malignancy.

Here, we identify G protein–coupled receptor kinase 2 (GRK2) 
as a new MALT1-interacting protein and provide compelling evi-
dence that GRK2 inhibits MALT1-mediated NF-κB activity in lym-
phoma cells, which leads to reduced tumor growth. GRK2 is 1 of 
7 members of the GRK family, a group of proteins best known as 
serine/threonine kinases that phosphorylate activated G protein–
coupled receptors, signaling receptor desensitization (36). Emerg-
ing evidence indicates that in addition to this canonical function, 
GRK2 binds to a variety of other cellular proteins involved in 
diverse aspects of signal transduction, and regulates the activity 
of these signaling proteins via kinase-independent mechanisms 
(37). While GRK2 has been reported to influence many of the pro-
cesses involved in the hallmarks of cancer, such as cell prolifera-
tion, survival, motility metabolism, and others, the role of GRK2 
in tumor formation and progression has only recently begun to be 
investigated (38). GRK2 is expressed in several cell types within 
the immune system, though relatively little is known about the 
function of GRK2 in either normal or malignant lymphocytes (39). 
Our findings suggest that GRK2 can act as a tumor suppressor by 
binding and inhibiting MALT1. This study provides important new 
insight into the molecular mechanisms that regulate the MALT1 
proto-oncoprotein and represents a major step toward devel-
oping improved prognostication and targeted therapeutics for 
MALT1-dependent lymphomas.

Results
GRK2 binds to MALT1 in both T cells and B cells and dissociates 
from MALT1 after AgR stimulation. Using coimmunoprecipitation 
(co-IP) coupled with liquid chromatography–mass spectrometry, 
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sion of this GRK2(1–173) fragment also effectively inhibited the 
coimmunoprecipitation of BCL10 and MALT1 (Supplemental Fig-
ure 2D). Our results indicate that the other domains within GRK2, 
such as the kinase and pleckstrin homology (PH) domains, are not 
required for MALT1 inhibition.

GRK2 inhibits MALT1 proteolytic activity. In order to investi-
gate whether GRK2 modulates MALT1 catalytic activity, we first 
analyzed whether expression of GRK2 in HEK293T cells impacts 
the proteolytic processing of CYLD or RELB, 2 known MALT1 
substrates. We found that BCL10/MALT1–dependent cleavage of 
CYLD and RELB were both inhibited by expression of GRK2, while 
API2-MALT1–mediated cleavage of both substrates was not affect-
ed (Figure 3, A and B). This lack of effect on API2-MALT1 proteolyt-
ic activity is presumably due to the fact that the API2-MALT1 fusion 
does not retain the DD of MALT1 (31), and parallels the finding 
noted above that GRK2 does not block API2-MALT1–dependent 
NF-κB activation (Figure 2B). We also performed fluorescence res-
onance energy transfer (FRET) analysis, which demonstrated that 
both full-length GRK2 and the GRK2 αN/RH fragment (aa 1–173) 
inhibited BCL10/MALT1–mediated cleavage of the YFP-LVSR-
CFP fluorescent MALT1 substrate in a concentration-dependent 
fashion (Figure 3C). This parallels our finding that the GRK2 αN/
RH fragment (aa 1–173) is as effective as full-length GRK2 in block-
ing BCL10/MALT1–dependent NF-κB luciferase activation.

To complement our cell-based analyses, we also analyzed the 
cleavage of the LVSR-AMC fluorogenic MALT1 peptide substrate 
in a cell-free system. This peptide is based on the MALT1 cleavage 
site within RELB and is the most efficiently cleaved MALT1 pep-

DD could suggest that GRK2 exerts an inhibitory effect on MALT1- 
dependent signaling, which is relieved after AgR stimulation. 
Indeed, we found that GRK2 inhibited BCL10/MALT1–dependent 
NF-κB activation (Figure 2B, left). Notably, the kinase-deficient 
K220R GRK2 mutant (GRK2 K220R) (46) was equally as effec-
tive as wild-type (WT) GRK2 at inhibiting BCL10/MALT1–depen-
dent NF-κB activation, indicating that GRK2 kinase activity is not 
required for this effect. Importantly, GRK2 did not inhibit NF-κB 
signaling triggered by the API2-MALT1 fusion oncoprotein (Fig-
ure 2B, middle) or by the p76 MALT1 C-terminal autoproteolytic 
cleavage fragment (Figure 2B, right), both of which are constitu-
tively active forms of MALT1 that lack the DD. These results are 
consistent with the notion that GRK2-dependent inhibition of 
MALT1 signaling requires the presence of the MALT1 DD.

Given the strong indications that interaction with GRK2 
negatively impacts MALT1 activity, we sought to more precisely 
characterize how GRK2 interfaces with MALT1. As a first step, 
we identified the specific region within GRK2 that is respon-
sible for MALT1 binding. Our analysis revealed that the site of 
MALT1 interaction is located within the N-terminal amino acids 
(aa 1–173) of GRK2 (Figure 2C). This GRK2 region is composed of 
the extreme N-terminal helix (referred to as αN) (aa 1–20) and the 
regulator of G protein signaling homology (RH) protein-protein 
interaction domain (aa 30–173). Notably, this GRK2 fragment (aa 
1–173) alone inhibited BCL10/MALT1–dependent NF-κB activa-
tion in a concentration-dependent manner (Figure 2D) and was as 
effective as full-length GRK2 at blocking BCL10/MALT1 signaling 
(Supplemental Figure 2C). Similarly to full-length GRK2, expres-

Figure 1. GRK2 binds to MALT1 and dissoci-
ates from MALT1 after AgR stimulation. (A) 
Endogenous MALT1 and GRK2 interact in BJAB 
B and Jurkat T cells. Coimmunoprecipitation 
(co-IP) of MALT1 with GRK2 was demonstrated 
by Western blot. (B) Co-IP analysis reveals that 
purified recombinant GRK2 interacts directly 
with MALT1 (left) but not BCL10 (right). (C) AgR 
stimulation leads to GRK2/MALT1 dissociation 
in the same general time course as CARMA1 
association with BCL10/MALT1. Jurkat T cells 
were serum-starved and exposed to PMA (50 
ng/mL)/ionomycin (1 μM) (PMA/Iono) for the 
indicated times. Cell lysates were subjected 
to immunoprecipitation (IP) with anti-MALT1, 
followed by immunoblotting with either 
anti-GRK2, anti-CARMA1, or anti-BCL10. (D) 
Reverse immunoprecipitation with anti-GRK2 
also confirmed that AgR stimulation leads 
to GRK2/MALT1 dissociation in Jurkat T cells. 
Cells were treated as in C, and cell lysates 
were subjected to immunoprecipitation with 
anti-GRK2, followed by immunoblotting with 
anti-MALT1. All blots shown are representative 
of 3 separate experiments.
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the impact of GRK2 depletion on AgR-induced CBM complex 
formation. While we did not observe a significant change in the 
interaction between MALT1 and BCL10, PMA/Iono–induced 
co-IP of CARMA1 with MALT1 was significantly enhanced after 
stable GRK2 knockdown, suggesting that GRK2 may inhibit over-
all CBM complex assembly (Figure 4B and Supplemental Figure 
3A). Second, we also examined AgR-induced IκB phosphoryla-
tion, a signaling event that is dependent on MALT1 scaffolding 
activity but does not require MALT1 proteolytic activity (15, 17, 
20). Strikingly, although our shRNA-mediated GRK2 knockdown 
was incomplete, cells responded to PMA/Iono or anti-CD3/CD28 
with substantially more robust IκB phosphorylation when GRK2 
levels were reduced (Figure 4B and Supplemental Figure 3, A and 
B). Consistent with our observation that enforced expression of 
GRK2 has no effect on TNF-α–dependent NF-κB transcriptional 
activation, we found that TNF-α–induced IκB phosphorylation 
remained unaffected after GRK2 knockdown. Third, we evaluat-
ed the effect of GRK2 knockdown on MALT1 proteolytic activity 
by comparing the ratios of cleaved CYLD and RELB fragment 
levels to full-length protein levels in control and GRK2-depleted 
T cells. We found that the relative levels of cleaved CYLD (Figure 
4C) and cleaved RELB (Figure 4D and Supplemental Figure 3C) in 
response to PMA/Iono or CD3/CD28 stimulation in T cells were 

tide substrate currently available (15). Using purified recombinant 
human proteins, we found that addition of GRK2 into the reaction 
reduced the cleavage of LVSR-AMC by MALT1 (Figure 3D). This 
analysis with recombinant purified MALT1 demonstrates that 
BCL10 does not need to be present for GRK2 to exert an inhibi-
tory effect on MALT1 protease activity. Together, our data in both 
cell-based and cell-free systems provide convincing evidence that 
GRK2 inhibits MALT1 proteolytic activity.

GRK2 attenuates MALT1 scaffolding and proteolytic activi-
ties, NF-κB induction, and IL-2 production in stimulated T cells. To 
begin evaluating the impact of GRK2 on MALT1 activity in lym-
phocytes, we transiently transfected Jurkat T cells with either WT 
or kinase-deficient (K220R) GRK2 and then stimulated the cells 
with PMA/Iono. We found that increased expression of either WT 
GRK2 or K220R kinase-dead GRK2 mutant abrogated PMA/Iono–
induced NF-κB activation (Figure 4A, top). In contrast, GRK2 had 
no effect on NF-κB induction by TNF, which is known to occur via 
a signaling pathway that is independent of MALT1 (Figure 4A, bot-
tom, and ref. 47). To complement this analysis, we performed the 
converse experiment and stably knocked down GRK2 in Jurkat T 
cells using lentiviral shRNA. In order to rule out off-target effects of 
the shRNA, we used 3 distinct shRNAs targeting different regions 
of GRK2 (designated as shRNAs 1, 2, and 3). First, we examined 

Figure 2. GRK2 N-terminus binds to MALT1 death domain and 
inhibits MALT1-dependent NF-κB activation. (A) GRK2 binds 
to the MALT1 death domain (DD). Co-IP of HA-tagged MALT1 
constructs with endogenous GRK2 in HEK293T cells is shown 
(left). Blot is representative of 3 independent experiments. 
Schematic of domain structures of full-length (FL) MALT1 
and deletion mutants is shown at right. (B) Both WT and 
kinase-deficient (K220R) GRK2 inhibit BCL10/MALT1–induced 
NF-κB luciferase reporter activity (left). Lanes were run on the 
same gel and were noncontiguous in the leftmost blot; the 
vertical dividing line shows where images are spliced together. 
GRK2 does not affect API2-MALT1–induced (middle) or p76 
MALT1–induced (right) NF-κB luciferase reporter activity (n 
= 3). (C) GRK2 αN/RH (aa 1–173) interacts with endogenous 
MALT1. Proteins were expressed in HEK293T cells, and co-IP 
was assessed by Western blot (left). Blot is representative of 
3 independent experiments. Domain structures of full-length 
GRK2 and deletion mutants are shown at right. (D) The GRK2 
αN/RH fragment (aa 1–173) inhibits BCL10/MALT1–induced 
NF-κB luciferase reporter activity in a dose-dependent manner 
(n = 3). All values are represented as mean ± SEM. **P < 0.01, 
***P < 0.001, by 1-way ANOVA, followed by Tukey’s multiple- 
comparisons test.
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in activated T cells after AgR stimulation that plays a pivotal role 
in the T cell immune response (48). We found that GRK2 shRNA 
knockdown resulted in significantly increased IL-2 secretion (Fig-
ure 4E and Supplemental Figure 3F).

Moreover, we also analyzed the impact of GRK2 deficiency 
using primary B cells isolated from the spleens of B cell–specific  
GRK2-knockout mice (Mb1-cre+GRK2fl/fl) (49). We found that 
PMA/Iono–induced IκB phosphorylation was also enhanced in 
GRK2-deficient primary B cells when compared with control pri-
mary B cells (Mb1-cre–GRK2fl/+) (Supplemental Figure 3G).

To even further confirm the influence of GRK2 on MALT1 
activity, we performed targeted deletion of GRK2 in Jurkat T 

significantly higher after GRK2 shRNA knockdown. In addition, 
we observed enhanced p65 nuclear translocation (Supplemen-
tal Figure 3D) and DNA binding (Supplemental Figure 3E) when 
GRK2 was stably knocked down. Together, our results indicate 
that GRK2 depletion in T lymphocytes results in enhanced MALT1 
scaffolding and proteolytic activities, leading to enhanced activa-
tion of canonical NF-κB signaling.

Next, to determine the downstream impact of GRK2-mediat-
ed MALT1 inhibition on T cell activation, we used ELISA to com-
pare the level of secreted IL-2 after PMA/Iono or CD3/CD28 stim-
ulation in control and GRK2-deficient Jurkat T cells. We chose to 
focus on IL-2 because it is an NF-κB–inducible cytokine produced 

Figure 3. GRK2 inhibits MALT1 proteolytic activity. (A and B) GRK2 inhibits MALT1-mediated cleavage of CYLD and RELB. Recombinant proteins were 
expressed in HEK293T cells, and cleavage of CYLD (A) or RELB (B) was assessed by Western blot. Quantification of the cleavage is shown to the right of the 
blots. Densitometric analysis was performed using AlphaView software (ProteinSimple) (n = 3). (C) Both GRK2 and GRK2 αN/RH (aa 1–173) inhibit MALT1 
protease activity in a dose-dependent manner. Indicated proteins were expressed in HEK293T cells together with the eYFP-Leu-Val-Arg-eCFP reporter 
construct. Cells were evaluated using flow cytometry 24 hours after transfection. Filled and open arrowheads indicate full-length and cleaved reporter, 
respectively, detected by GFP antibody (n = 2). (D) GRK2 inhibits in vitro MALT1 cleavage of the LVSR-AMC substrate in a cell-free system. Recombinant 
purified proteins were incubated with 50 μM Ac-LVSR-AMC. Cleavage activity of MALT1 was determined by the increase of AMC fluorescence measured 
with a Synergy microplate reader (n = 3). All values are represented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, by 1-way ANOVA, 
followed by Tukey’s multiple-comparisons test.
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cells using CRISPR/Cas9. Guide RNA (gRNA) with the highest 
cleavage efficiency was selected for use in the generation of the 
knockout cell lines (Supplemental Figure 4A). After selecting and 
expanding individual clones (designated as Jurkat T3, T14, and 
T26), we confirmed the targeted disruption of GRK2 using Sanger 
sequencing. TIDE (Tracking Indels by DEcompositon) analysis 
(50) was used to identify insertion or deletion (INDEL) on individ-
ual alleles (Supplemental Figure 4B). We also performed Western 
blot and confirmed that no detectable GRK2 was seen in the Jurkat 
GRK2-knockout clones (Figure 5A and Supplemental Figure 4, C 
and D). As expected based on our shRNA knockdown analysis, the 
GRK2-CRISPR-knockout Jurkat clones demonstrated enhanced 
IκB phosphorylation, RELB cleavage, and IL-2 production in 
response to PMA/Iono or CD3/CD28 stimulation (Figure 5, A–C, 

and Supplemental Figure 4, C–E). Next, we rescued the homozy-
gous GRK2-CRISPR-knockout Jurkat clone (T3) using lentivirus 
expressing WT GRK2. Western blot showed that the level of res-
cued GRK2 expression was comparable to the endogenous level of 
GRK2 in control Jurkat cells (Supplemental Figure 4F). We found 
that GRK2 rescue reversed the enhanced IκB phosphorylation, 
RELB cleavage, and IL-2 production caused by GRK2 knockout 
(Figure 5, D–F). Taken together, our results convincingly demon-
strate that GRK2 inhibits both MALT1 scaffolding and proteolytic 
activity, thereby abrogating AgR-induced CBM-dependent NF-κB 
activation in Jurkat T cells.

Lower GRK2 expression level is associated with reduced survival in 
ABC-DLBCL. Since our data indicate that GRK2 binds and inhibits 
MALT1, we wondered whether GRK2 might play an important role 

Figure 4. GRK2 attenuates AgR stimulation–induced NF-κB activation, CBM complex formation, MALT1 activity, and IL-2 production in Jurkat T cells. 
(A) Expression of WT GRK2 or kinase-deficient (K220R) GRK2 mutant in Jurkat T cells inhibits PMA/ionomycin–induced (P/I-induced) (top) but not TNF- 
induced (bottom) NF-κB luciferase reporter activity (n = 3). (B) Knockdown of GRK2 in Jurkat T cells leads to enhanced P/I-induced CBM complex formation. 
Jurkat T cells were subjected to knockdown with either control or GRK2 shRNA lentivirus (GRK2 shRNA1) and then treated with or without P/I. Binding 
of BCL10 and CARMA1 to immunoprecipitated MALT1 and phosphorylation of IκB were examined. Blot is representative of 2 independent experiments. 
(C) GRK2 knockdown in Jurkat T cells leads to increased cleavage of CYLD in response to P/I stimulation. Quantification of the cleavage is shown below. 
Densitometric analysis was performed using AlphaView software (n = 3). (D) GRK2 knockdown in Jurkat T cells leads to increased cleavage of RELB in 
response to P/I (left) or anti-CD3/CD28 (right) stimulation. Blots are representative of 3 independent experiments. (E) GRK2 knockdown leads to enhanced 
IL-2 production in Jurkat T cells. Cells were treated with or without P/I (left) or anti-CD3/CD28 (right) for 24 hours, and IL-2 in supernatant was measured by 
ELISA (n = 3). All values are represented as mean ± SEM. *P < 0.05, ***P < 0.001, ****P < 0.0001. Data from A, C, and E were analyzed by 2-way ANOVA, 
followed by Tukey’s multiple-comparisons test.
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in modulating the growth and survival of MALT1-dependent lym-
phomas. As a first step in evaluating such a role for GRK2 in these 
tumors, we used a published data set to compare mRNA levels of 
GRK2 (also known as ADRBK1) in 44 DLBCL patient tumor sam-
ples versus 20 healthy B cell control samples (51). We found that 
GRK2 mRNA levels are markedly lower in a subset of DLBCL cases 
compared with normal B cell controls (Figure 6A). We considered 

the possibility that the observed decrease in GRK2 could reflect 
gene expression changes during B cell differentiation rather than 
a lymphoma/cancer-associated effect, but our analyses of publicly 
available data sets suggest that GRK2 mRNA levels remain relative-
ly constant and high throughout B cell development (Figure 6B). 
Kaplan-Meier analysis of the publicly available Visco data set (GEO 
GSE31312) (52) showed that progression-free survival and overall 

Figure 5. GRK2 CRISPR/Cas9 knockout leads to enhanced MALT1-dependent activities in Jurkat T cells, and rescue of GRK2 reverses this phenotype. (A) 
GRK2 knockout (KO) leads to increased IκB phosphorylation after P/I (left) or anti-CD3/CD28 (middle) but not after TNF (right) stimulation in Jurkat T cells. 
GRK2-KO Jurkat T cells were made using Cas9/gRNA. GRK2 knockout was confirmed by Western blot. Blots are representative of at least 3 experiments. 
(B) GRK2 KO in Jurkat T cells leads to increased cleavage of RELB after P/I (top) or anti-CD3/CD28 (bottom) stimulation. Blots shown are representative of 
n = 4. Clv, cleaved; FL, full-length. Quantification of cleavage is shown to the right of the blots. *P < 0.05, **P < 0.01, ****P < 0.0001. (C) GRK2 KO leads 
to increased IL-2 production in Jurkat T cells after P/I (left) or anti-CD3/CD28 (right) stimulation. IL-2 secretion was determined by ELISA (n = 3). ****P < 
0.0001. (D) GRK2 rescue in GRK2-KO Jurkat T cells reverses the enhanced IκB phosphorylation after P/I (left) or anti-CD3/CD28 (middle) but has no effect 
on the TNF response (right). GRK2-KO Jurkat T cells were rescued using lentivirus expressing WT GRK2, and stable cell lines were made by selection using 
puromycin. GRK2 rescue was confirmed by Western blot. Blots are representative of at least 3 experiments. (E) Rescue of GRK2 in GRK2-KO Jurkat T cells 
reverses the enhanced cleavage of RELB caused by GRK2 KO. Blots shown are representative of n = 4. Quantification of cleavage is shown to the right of 
the blots. *P < 0.05, ***P < 0.001. (F) GRK2 rescue leads to reduced IL-2 production in GRK2-KO Jurkat T cells. IL-2 secretion was determined by ELISA  
(n = 3–4). All values are represented as mean ± SEM. ****P < 0.0001. Statistical significance for B, C, E, and F was evaluated by 2-way ANOVA, followed by 
Tukey’s multiple-comparisons test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/130/2


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 0 4 3jci.org   Volume 130   Number 2   February 2020

lines demonstrated lower GRK2 mRNA expression as compared 
with non–MALT1-dependent GCB-DLBCL cell lines (Figure 7A and 
Supplemental Figure 6A). We next assessed GRK2 protein levels in 
several ABC-DLBCL cell lines, as well as in several GCB-DLBCL 
cell lines. Specifically, we evaluated HBL1, TMD8, and OCI-Ly10 
cells, which harbor activating mutations in a BCR CD79 subunit, 
as well as OCI-Ly3 cells, which harbor an activating mutation in 
CARMA1 (ref. 21 and Figure 7B). Although a small cohort, we were 
intrigued to find that GRK2 protein level is quite low in a subset of 
ABC-DLBCL lines when compared with GCB-DLBCL lines, which 
is consistent with what we had observed above in cell line mRNA 
expression data sets. We evaluated the interaction of GRK2 and 
MALT1 in ABC-DLBCL cells and found that despite the relatively 
low GRK2 protein level and despite the presence of upstream acti-
vating mutations that drive constitutive CBM assembly and MALT1 
activity, some degree of baseline interaction between GRK2 and 
MALT1 can still be detected by co-IP in both OCI-Ly3 and HBL1 
cells (Supplemental Figure 6B). Intriguingly, the relative amount 
of GRK2 coimmunoprecipitated with MALT1 is notably higher in 
GCB cells (OCI-Ly1 and OCI-Ly7 cells: density ratios of GRK2/
MALT1 with MALT1 co-IP are 1.36 and 1.90, respectively) than 
in ABC-DLBCL cells (OCI-Ly3 and HBL1: GRK2/MALT1 density 
ratios are 0.41 and 0.23, respectively) (Supplemental Figure 6C). 
We speculate that this relative difference in GRK2-MALT1 interac-
tion could be the result of some degree of GRK2 dissociation from 
MALT1 induced by the upstream gain-of-function mutations that 
mimic AgR stimulation in the ABC-DLBCL cells.

We attempted to overexpress GRK2 in HBL1 cells, our ABC- 
DLBCL line with the lowest GRK2 mRNA and protein levels, using 

survival rates for ABC-DLBCL are significantly worse in patients 
with low GRK2 levels (bottom 25%) as compared with high GRK2 
(top 25%) (Figure 6, C and D). We also performed multivariate 
Kaplan-Meier analysis for progression-free survival and overall 
survival, controlling for age, sex, stage, prognostic index, and che-
motherapy response, and results indicated that lower GRK2 level 
remains an independent predictor in ABC-DLBCL patients (rep-
resentative graphs with correction for age and sex are shown in 
Supplemental Figure 5, A and B). The association of lower GRK2 
expression level with inferior survival in ABC-DLBCL was also 
further confirmed by analysis of a second independent data set 
(GSE4732) (ref. 53 and Supplemental Figure 5, C and D). In con-
trast to ABC-DLBCL, GRK2-low groups do not show reduced sur-
vival relative to GRK2-high groups for patients with GCB-DLBCL, 
a DLBCL subtype that is not dependent on MALT1 for growth and 
survival (ref. 7 and Supplemental Figure 5, E and F).

We also compared GRK2 mRNA expression levels in 
ABC-DLBCL tumor specimens obtained from patients with 
localized disease with those from patients with advanced-stage 
disease. We found that lower GRK2 expression level is associat-
ed with an increased degree of extranodal spread of lymphoma 
(GSE10846) (Supplemental Figure 5G and ref. 54). Together, our 
analyses indicate that lower GRK2 level is associated with inferi-
or survival in ABC-DLBCL.

GRK2 restrains MALT1-dependent signaling and cellular prolif-
eration in ABC-DLBCL. Multiple studies have demonstrated that 
ABC-DLBCL cells are dependent on MALT1 proteolytic activity for 
growth and survival (27, 29). We queried publicly available cell line 
mRNA expression data sets and noted that most ABC-DLBCL cell 

Figure 6. Lower GRK2 expression level is 
associated with reduced survival in ABC-DL-
BCL. (A) GRK2 mRNA levels are markedly 
lower in a subset of DLBCL tumor specimens 
(n = 44) compared with normal control B cells 
(n = 20). Data were accessed using www.
oncomine.com (GSE12195). GRK2 expression 
values were median centered and expressed 
on log2 scale. (B) GRK2 mRNA expression 
levels are relatively consistent throughout B 
cell development and significantly higher in 
normal B cells than what is seen in ABC-DL-
BCL cells. Data were obtained from public 
repositories (GSE2350, GSE10846, GSE22886, 
and GSE45460) and analyzed using R 
(version 3.0.2) and GraphPad Prism (version 
7.0.1). P value was calculated by 1-way ANO-
VA, followed by Bonferroni post-test. ****P 
< 0.0001. (C and D) Rates of progression-free 
survival (PFS) (C) and overall survival (OS) (D) 
of ABC-DLBCL patients are lower in patients 
with low GRK2 (bottom 25%) compared with 
high GRK2 (top 25%). Expression of GRK2 
was stratified into high, mid, and low cate-
gories using data set–wide quartile cutoffs 
(low 25%, mid 50%, high 25%). Statistical 
significance was evaluated using log-rank 
test. Data for C and D were accessed from a 
public repository (GSE31312).
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an ABC-DLBCL line with higher GRK2 level compared with 
HBL1 and others (Figure 7, A and B, and Supplemental Figure 
6A). Using lentiviral shRNA, we generated multiple OCI-Ly3 
clones with significantly reduced GRK2 levels, and these GRK2- 
deficient OCI-Ly3 clones all displayed significantly enhanced 
basal IκB phosphorylation as compared with control OCI-Ly3 
clones (Figure 8A, left). We also performed targeted deletion 
of GRK2 in OCI-Ly3 cells using CRISPR/Cas9. After select-
ing and expanding individual clones (designated as T5, T39, 
and T47), we confirmed the targeted disruption of GRK2 using 
Sanger sequencing (TIDE analysis and chromatogram sequence 
alignment are shown in Supplemental Figure 7). Similar to our 
analysis of GRK2-shRNA-knockdown OCI-Ly3 clones, the 
GRK2-CRISPR-knockout OCI-Ly3 clones demonstrated higher 
levels of basal IκB phosphorylation (Figure 8A, middle, and Sup-
plemental Figure 8A). We next attempted to rescue the homozy-
gous GRK2-CRISPR-knockout clone T5 using lentivirus express-
ing WT GRK2. While we were successful in expressing GRK2 in 

a lentiviral approach. Although we were able to isolate GFP-tagged 
GRK2-positive HBL1 cells by flow cytometry sorting (Figure 7C), 
these GRK2-overexpressing cells failed to proliferate, while con-
trol GFP-only–positive HBL1 cells proliferated efficiently (Figure 
7, D and E). Similar to the situation with HBL1 cells, we were able 
to isolate GFP-tagged GRK2 positive OCI-Ly3 cells (Supplemental 
Figure 6D), and like the HBL1 cells expressing GFP-GRK2, these 
OCI-Ly3 cells expressing GFP-GRK2 did not survive. In contrast 
to these ABC-DLBCL cell lines, we were able to successfully gen-
erate GCB-DLBCL lines (OCI-Ly1 and OCI-Ly7) as well as Jurkat T 
cell lines that overexpress GFP-tagged GRK2 (Supplemental Figure 
6E) using the same lentiviral system. These results are consistent 
with the notion that GRK2 can function as a tumor modulator/sup-
pressor, and its downregulation in a subset of ABC-DLBCL cases is 
required for pathologic growth and survival. Restoration of GRK2 
expression in this setting therefore inhibits cell growth and survival.

In light of these results, we took the converse approach, 
and analyzed the impact of GRK2 knockdown in OCI-Ly3 cells, 

Figure 7. Overexpression of GRK2 inhibits ABC-DLBCL proliferation. (A) HBL1 cells demonstrate relatively low GRK2 mRNA expression. cDNA microarray 
data were retrieved from a public repository (ArrayExpress, E-GEOD-42203) and analyzed. DLBCL cell lines were grouped based on GCB or ABC subtype. 
(B) HBL-1 cells express the lowest level of GRK2 protein among all cell lines tested. GRK2 protein levels in a panel of GCB-DLBCL (OCI-Ly1, OCI-Ly7) and 
ABC-DLBCL (OCI-Ly3, OCI-Ly10, HBL1, and TMD8) cells were assessed by Western blot. Cell lysates were subjected to immunoblotting with antibodies as 
indicated. Blots are representative of 2 independent experiments. (C) GRK2-GFP is effectively expressed in HBL1 cells infected with lentivirus, as detected 
by flow cytometry. Data are representative of at least 5 independent experiments. (D) GRK2-GFP–positive cells fail to proliferate, while control GFP-only 
HBL1 cells proliferate efficiently. Proliferation of HBL1 cells was monitored using a cell clustering immune cell proliferation assay. Representative images 
of 3 independent experiments are shown. Phase-contrast images are overlaid with Incucyte Zoom (Essen Biosciences) confluence segmentation mask 
(magenta). Scale bars: 300 μm. (E) Cluster count quantification is shown with time as a continuous variable. HBL1 cell proliferation was measured at 
5-hour intervals using Incucyte Zoom (n = 3). Two-way ANOVA and Šidák’s multiple-comparisons test were performed to show growth difference between 
the GRK2-GFP and control GFP groups. **P < 0.01, ****P < 0.0001.
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Consistent with our previous analysis indicating that GRK2 
inhibits MALT1 proteolytic activity (Figure 3), we found that the 
GRK2-shRNA-knockdown and GRK2-CRISPR-knockout OCI-
Ly3 clones demonstrated enhanced MALT1-mediated cleavage of 
RELB and CYLD compared with controls (Figure 8B and Supple-
mental Figure 8, C and D). Notably, GRK2 knockdown/knockout 

our GRK2-CRISPR-knockout cells, the level of GRK2 expres-
sion achieved in the rescued OCI-Ly3 cells was significantly 
lower than the endogenous GRK2 level in CRISPR control cells 
(Supplemental Figure 8B). Even with this relatively lower level 
of GRK2 expression, we found that GRK2 rescue reversed the 
enhanced IκB phosphorylation (Figure 8A, right).

Figure 8. shRNA knockdown or 
CRISPR/Cas9 knockout of GRK2 in 
ABC-DLBCL (OCI-Ly3) cells leads to 
enhanced MALT1-mediated IκB phos-
phorylation, RELB and CYLD cleavage, 
cytokine secretion, and cell prolifera-
tion, and GRK2 rescue reverses these 
effects. (A) GRK2 knockdown (KD) 
(left) or knockout (KO) (middle) leads 
to increased basal IκB phosphorylation 
in ABC-DLBCL line OCI-Ly3. Stable 
OCI-Ly3 cells with GRK2 KD were 
made using specific shRNA lentivirus. 
GRK2 KOs were made using Cas9/
gRNA. GRK2 KD or KO was confirmed 
by Western blot. Rescue of GRK2 in 
GRK2-KO cells reverses this phenotype 
(right). Blots are representative of at 
least 3 experiments. (B) GRK2 KD (left) 
or KO (middle) in OCI-Ly3 cells leads 
to increased cleavage of RELB and 
CYLD. Rescue of GRK2 in GRK2-KO 
cells reverses this phenotype (right). 
Blots shown are representative of 3 
experiments. Clv, cleaved; FL, full-
length. (C and D) GRK2 KD (left) leads 
to increased IL-6 and IL-10 production in 
OCI-Ly3 cells. Control clones (1, 2, and 
3) and GRK2-KD clones (1E, 2C, and 2D) 
were analyzed separately (total of n = 
6 for both control and GRK2 KD). GRK2 
KO (middle) leads to increased IL-6 and 
IL-10 production in OCI-Ly3 cells (n = 
3). Rescue of GRK2 in GRK2-KO cells 
(right) reverses this phenotype (n = 3). 
IL-6 and IL-10 secretion was determined 
by ELISA. All values are represented 
as mean ± SEM. **P < 0.01, ***P < 
0.001, ****P < 0.0001, by unpaired, 
2-tailed Student’s t test. (E) GRK2 KD 
(left) or KO (middle) leads to increased 
proliferation of OCI-Ly3 cells. Rescue 
of GRK2 in GRK2-KO cells reverses this 
phenotype (right) (n = 3). Two-way 
ANOVA and Šidák’s multiple-compar-
isons test were performed to show 
proliferation differences between the 
GRK2-KD or -KO and control groups 
(only significance for the end time 
points is shown). ***P < 0.001.
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In light of our in vitro observations, we next examined the 
influence of GRK2 on lymphoma growth in vivo. To this end, we 
used our OCI-Ly3 ABC-DLBCL cell lines harboring either control 
shRNA or GRK2-targeting shRNA, and subcutaneously injected 
these lines into opposite flanks of 5-week-old NOD.Cg-Prkdcscid 
Il2rgtm1Wjl/SzJ (NSG) mice. Xenograft growth was monitored over 
the ensuing ~2 months, revealing a dramatic increase in the growth 
of tumors with GRK2 knockdown (Figure 9, A–C). Thus, both our 
in vitro and in vivo studies provided evidence that GRK2 abrogates 
ABC-DLBCL tumor growth.

Discussion
Our present study reveals a new mechanism by which MALT1, a 
proto-oncoprotein that plays a critical role in the pathogenesis of 
several subtypes of NHL, is regulated. The MALT1 gene was origi-
nally identified in 1999 as a target for chromosomal translocation 
in the B cell malignancy MALT lymphoma (57–60). Since that 
time, accumulating evidence has revealed that the CBM complex 
plays an essential role in the normal adaptive immune response by 
bridging TCR or BCR upstream signaling to the canonical NF-κB 
pathway, thus promoting lymphocyte activation and proliferation 
in response to antigen (47, 61, 62). Deregulation of this CBM com-
plex, with resultant constitutive MALT1 activity and unrestricted 
NF-κB signaling, has recently emerged as a common feature of 
multiple lymphoid malignancies (7). Here, we demonstrate that 
GRK2 binds to and inhibits MALT1, negatively impacting both 
MALT1 scaffolding and proteolytic activities and blocking down-
stream MALT1-mediated NF-κB activation.

Several groups have demonstrated that ABC-DLBCL, 
which can harbor gain-of-function mutations in CARMA1 or the 
upstream CD79A or CD79B subunit of BCR, relies on constitutive 
MALT1 activity for growth and survival (21, 23, 26, 28). We pro-
vide multiple lines of evidence indicating that GRK2 inhibits the 
growth of these MALT1-dependent tumors. More recently, Rahal 
et al. demonstrated that a subset of mantle cell lymphomas simi-
larly depend on constitutive MALT1 signaling for growth and sur-
vival (34). In addition, a role for deregulated MALT1 signaling has 

in ABC-DLBCL was associated with an increase in total RELB 
levels in these cells. It is possible that this occurs as a result of 
enhanced MALT1-dependent activation of the transcription of the 
RELB gene, a known NF-κB transcriptional target (15). Important-
ly, GRK2 rescue reversed the enhanced RELB and CYLD cleavage 
in GRK2-knockout OCI-Ly3 cells (Figure 8B, right).

IL-6 and IL-10 are cytokines present in the lymphoma tumor 
microenvironment that promote the proliferation and survival of the 
malignant B cells (55). In DLBCL, autocrine IL-6 production pro-
vides proliferative and antiapoptotic signals, and elevated IL-6 levels 
in patient serum correlate with adverse outcome (56). Previous stud-
ies have demonstrated that ABC-DLBCL cells, including OCI-Ly3, 
spontaneously secrete IL-6 and IL-10 (55), and that transcription and 
expression of these 2 cytokines depend on MALT protease activity 
(26). Again, consistent with a tumor-suppressing role for GRK2, we 
found that GRK2 shRNA knockdown or CRISPR knockout enhanced 
the secretion of these tumor-promoting cytokines (Figure 8, C and 
D, and Supplemental Figure 8, E and F), and GRK2 rescue reversed 
this enhanced cytokine secretion (Figure 8, C and D).

The GRK2-deficient OCI-Ly3 clones all displayed significant-
ly enhanced proliferation in vitro as compared with control OCI-
Ly3 clones (Figure 8E, left and middle, and Supplemental Figure 
8G), and GRK2 rescue reversed this enhanced proliferation (Fig-
ure 8E, right). Notably, stable knockdown of GRK2 in another 
ABC-DLBCL cell line, HBL1, had similar effects, enhancing basal 
IκB phosphorylation, MALT1 cleavage activity, IL-10 secretion, 
and in vitro proliferation (Supplemental Figure 9, A–E). Intriguing-
ly, we observed that GRK2 knockdown in ABC-DLBCL cells also 
resulted in increased cell aggregation and attachment (Supple-
mental Figure 8H). It has been reported that MALT1-dependent 
cleavage of BCL10 enhances β1 integrin–dependent T cell adhe-
sion (17). Our results in ABC-DLBCL cells could therefore be con-
sistent with a model in which a decrease in GRK2 level results in 
an increase in MALT1-dependent cleavage of BCL10, leading to 
enhanced cell adhesion. Further studies are needed to more ful-
ly elucidate the molecular mechanisms mediating this observed 
increase in adhesion in the GRK2-deficient cells.

Figure 9. Knockdown of GRK2 leads to enhanced 
tumor growth of ABC-DLBCL cells in vivo. (A–C) 
GRK2 knockdown leads to increased tumor volume 
and weight in a xenograft model of DLBCL. NOD.
Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice were inoculated 
with OCI-Ly3 cells (2.5 × 106) stably expressing con-
trol shRNA or GRK2 shRNA. Tumors were measured 
3 times weekly with calipers, and tumor weight was 
determined at week 7. A representative mouse and 
resected tumor pairs (n = 10) are shown in A. Two-
way ANOVA and Šidák’s multiple-comparisons test 
were performed to show growth differences between 
the GRK2 shRNA and control groups. Paired t test 
was performed for tumor weights. *P < 0.05,  
***P < 0.001, ****P < 0.0001.
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sured by IκB phosphorylation) and MALT1 proteolytic activity 
(measured by substrate cleavage), as well as MALT1-dependent 
upregulation of IL-2, are all significantly increased in cells with 
GRK2 knockdown. Thus, based on our analysis thus far, it seems 
likely that the ability of GRK2 to inhibit BCL10/MALT1–dependent 
NF-κB signaling is not solely a result of direct competition between 
BCL10 and GRK2 for MALT1 binding. In fact, we find that GRK2 
inhibits the proteolytic activity of purified MALT1 in vitro, which 
indicates that GRK2 can exert an inhibitory effect on MALT1 activ-
ity in the absence of either CARMA1 or BCL10. Detailed structural 
studies will be needed in the future in order to elucidate the precise 
molecular mechanism(s) by which GRK2 interaction with MALT1 
results in the inhibition of MALT1 signaling activities. Importantly, 
while this current article was in preparation, a detailed cryo–elec-
tron microscopy structural analysis of the BCL10-MALT1 interac-
tion was published by the Krappmann and Lammens laboratories 
(44). This new work, which revealed the interaction of BCL10 with 
the MALT1 DD, will be highly relevant to future structural analyses 
of the interaction of GRK2 with the MALT1 DD.

Inhibition of MALT1 proteolytic activity is selectively toxic to 
ABC-DLBCL human lymphoma cell lines in vitro and to ABC-DL-
BCL xenograft tumors in vivo (26, 27, 29). These findings have led 
to considerable interest in the development of inhibitors of MALT1 
protease activity as therapeutic agents. Multiple distinct categories 
of small-molecule MALT1 protease inhibitors have been reported, 
including (a) phenothiazine derivatives (e.g., mepazine), which 
bind to an allosteric site located between the MALT1 Ig3 domain 
and catalytic domain, and reversibly inhibit MALT1 by prevent-
ing the rearrangement of the enzyme into an active conformation 
(29); (b) MI-2 and its derivatives, which are irreversible inhibitors 
thought to covalently modify the MALT1 active site cysteine (27, 
71); (c) β-lapachone analogs, which are also irreversible inhibitors 
that form a covalent bond with the MALT1 catalytic cysteine (72); 
and (d) MLT-748 and MLT-747, which are closely related allosteric 
inhibitors that bind to the interface between the catalytic and 
Ig3 domains (73). Our current study suggests that GRK2 inhibits 
MALT1 proteolytic activity via a mechanism distinct from that of 
these MALT1 protease inhibitors, by interacting with the MALT1 
DD. We have determined that the N-terminal region of GRK2, 
composed of a short helix (αN) (aa 1–20) followed by a regulator 
of G protein signaling homology (RH) protein-protein interac-
tion domain (aa 30–173), mediates this interaction with MALT1. 
This region of GRK2 (aa 1–173), which excludes the kinase and PH 
domains, is both necessary and sufficient to inhibit MALT1-depen-
dent signaling, indicating that GRK2 kinase activity is not required 
to inhibit MALT1. It will be of great interest to precisely define the 
structural features within GRK2 that are required for interaction 
with the MALT1 DD and inhibition of MALT1 activities. We antici-
pate that elucidation of these required features of GRK2 could pro-
vide a roadmap for developing a new category of MALT1 inhibitor 
that would abrogate both scaffolding and proteolytic activities via 
interaction with the MALT1 DD.

GRK2 is emerging as an important “oncomodulator,” a pro-
tein that influences multiple cellular functions related to the 
hallmarks of cancer, such as cell proliferation, cell survival, cell 
motility, cell metabolism, and angiogenesis, via its impact on can-
cer-relevant signaling networks (38). Many recent studies show 

recently been extended beyond B cell lymphoma to include T cell 
malignancy. Activating mutations in CARMA1, and its upstream 
regulators PKCβ and PLCγ1, have been identified in both adult T 
cell leukemia/lymphoma and Sézary syndrome, a form of cutane-
ous T cell lymphoma, suggesting that these malignant T cells are 
also dependent on MALT1 for survival (63–65). This ever-expand-
ing role for MALT1 in a spectrum of lymphoid malignancy sug-
gests that inhibition of MALT1 by GRK2 likely impacts the patho-
genesis of multiple subtypes of lymphoma beyond ABC-DLBCL. 
This concept underscores the potentially broad scope of influence 
of the GRK2-MALT1 interaction in lymphoid malignancy and war-
rants further study.

The discovery that in addition to scaffolding activity, MALT1 
also possesses proteolytic activity, represented a major step in 
advancing our understanding of lymphocyte biology and the 
molecular pathogenesis of CBM-driven lymphomas (17, 18, 
66). Thus far, 10 specific proteolytic substrates of MALT1 have 
been identified (20, 67), and we demonstrate that GRK2 inhib-
its MALT1-mediated cleavage of 2 of these known substrates, 
RELB and CYLD. MALT1 protease activity is thought to sustain 
NF-κB activation and promote lymphomagenesis in part by cleav-
ing RELB, an NF-κB subunit that forms transcriptionally inac-
tive complexes with and thereby inhibits RELA and c-REL (15). 
While modulation of NF-κB activity is the most well-studied role 
of MALT1 protease activity, MALT1 cleaves several additional 
substrates that impact other aspects of lymphocyte biology. For 
example, MALT1-dependent cleavage of the deubiqitinase CYLD 
is essential for AgR-induced activation of JNK (19), and similar-
ly to constitutive NF-κB activation, constitutive JNK activation is 
also a hallmark of ABC-DLBCL (68). In addition, recent studies 
demonstrate that MALT1 cleaves multiple substrates involved in 
regulating RNA stability in lymphocytes (69, 70). MALT1 is also 
able to cleave its binding partner BCL10, and this cleavage may 
promote lymphocyte adhesion (17). We expect that, in addition to 
inhibiting cleavage of CYLD and RELB, as shown here, GRK2 like-
ly influences the processing of other diverse MALT1 proteolytic 
substrates. Precisely how GRK2 influences the overall balance of 
MALT1-driven NF-κB activity, JNK signaling, RNA stability, cellu-
lar adhesion, and/or other cellular functions impacted by MALT1 
protease activity probably varies depending on cellular context, 
and the broad impact of GRK2 on these processes warrants fur-
ther investigation. Our current study indicates that in MALT1- 
dependent ABC-DLBCL cells, a net effect of GRK2 is to inhibit cell 
aggregation and proliferation.

Our data show that AgR stimulation induces the dissociation 
of GRK2 and MALT1, and this occurs within the same general time 
course as AgR-induced CARMA1 association with BCL10/MALT1 
and phosphorylation of IκB. We also find that GRK2 knockdown 
results in significantly enhanced AgR-induced CARMA1 asso-
ciation with BCL10/MALT1 and IκB phosphorylation. Together 
these results suggest that GRK2 inhibits overall CBM complex 
assembly. While we find that overexpression of either GRK2 or the 
GRK2 N-terminal fragment (αN/RH, aa 1–173) inhibits the coim-
munoprecipitation of MALT1 and BCL10 as well as downstream 
BCL10/MALT1–dependent NF-κB activation, we do not observe 
an increase in BCL10-MALT1 interaction when GRK2 is knocked 
down in T cells. We do find that MALT1 scaffolding activity (mea-
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scape of lymphoid neoplasia and for developing targeted therapies 
for the spectrum of MALT1-dependent malignancies.

Methods
Cell lines and reagents. The DLBCL cell lines OCI-Ly1, OCI-Ly3, OCI-Ly7, 
and OCI-Ly10 were provided by Mark D. Minden (University Health 
Network, Toronto, Ontario, Canada). HBL1 and TMD8 were provided 
by Louis Staudt (National Cancer Institute, NIH). OCI-Ly1 and OCI-
Ly7 cells were cultured in IMDM supplemented with 10% FBS and 100 
U/mL penicillin/streptomycin. OCI-Ly3 cells were cultured in IMDM 
supplemented with 20% FBS and 100 U/mL penicillin/streptomycin. 
OCI-Ly10 cells were cultured in IMDM with 20% human serum (Val-
ley Biomedical), penicillin/streptomycin, and 50 μM β-mercaptoetha-
nol. HBL1, TMD8, Jurkat, and BJAB cells were cultured in RPMI 1640 
medium with 10% FBS and 100 U/mL penicillin/streptomycin. Stimu-
lation of Jurkat and BJAB cells was accomplished by addition of phorbol 
12-myristate 13-acetate (PMA) (5 ng/mL; Sigma) and ionomycin (1 μM; 
Calbiochem). GST-GRK2, GST-MALT1, and GST-BCL10 recombinant 
proteins were purchased from Novus Biologicals. TRC lentiviral human 
GRK2/ADRBK1 shRNA (TRCN0000000557, TRCN0000000558, 
TRCN0000000559, TRCN0000000560, TRCN0000000561) 
(NC0765786) were purchased from Dharmacon. Lentiviral ORF cDNA 
clones for GRK2/ADRBK1 (EX-A0311-Lv103 with N-eGFP) and empty 
vector control plasmid (EX-NEG-Lv103) were from GeneCopoeia. The 
proteasome inhibitor MG132 was purchased from Calbiochem. Pierce 
protein A/G-Agarose and Aminolink coupling resin were from Ther-
mo Fisher Scientific. Plasmids expressing MALT1 and BCL10 have 
been described previously (43). pcDNAGRK2, pcDNAGRK2-K220R, 
pHA-GRK2, pHA-GRK2RH, and Flag-RelB plasmids were previously 
described (15, 82–84). FLAG-tagged CYLD expression plasmids were 
generated by cloning of CYLD cDNA, or fragments thereof, into the 
pEAK10 plasmid as previously described (85).

Recombinant protease cleavage assay. Recombinant GST-MALT1 
was purified from E. coli. For measurement of protease activi-
ty in vitro, proteins were incubated for 3 hours at 30°C with 50 μM 
Ac-LVSR-AMC (MCA-3952-PI; Peptides International), and the 
protease activity of MALT1 was determined by measurement of the 
increase of AMC fluorescence with a Synergy microplate reader 
(BioTek) as previously reported (86).

FRET-based assay of protease and flow cytometry. HEK293T cells were 
transfected with the appropriate constructs together with the eYFP-Leu-
Val-Ser-Arg-eCFP reporter construct. Twenty-four hours after transfec-
tion, cells were resuspended in flow cytometry buffer and analyzed with 
a BD LSR II flow cytometer (BD Biosciences) as previously reported (87).

Xenograft model of DLBCL. Tumors were engrafted into 5-week-
old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice from The Jack-
son Laboratory (stock 005557) by subcutaneous injection of 2.5 × 106 
OCI-Ly3 control or GRK2 shRNA cells resuspended in Matrigel (Cul-
trex Basement Membrane Extract, Type 3, PathClear; Trevigen). Con-
trol and GRK2-knockdown tumors were engrafted on opposite flanks 
of individual mice, with 10 mice in each group. Tumor sizes were mea-
sured 3 times weekly after visual appearance using a caliper and cal-
culated using the formula: (smallest diameter2 × largest diameter)/2. 
Mice were sacrificed when tumors reached 2500 mm3.

Study approval. All experiments were performed in compliance 
with guidelines of the University of Pittsburgh and UCSF and accord-
ing to the protocol approved by the IACUCs of these institutions.

that in addition to its canonical role of regulating G protein–cou-
pled receptors via phosphorylation-dependent desensitization 
and internalization, GRK2 can also exert effects in a phosphory-
lation-independent manner by engaging in a diverse repertoire 
of protein-protein interactions (36, 74). GRK2 has been report-
ed to influence tumor progression in several different cancers, 
and the specific mechanism by which GRK2 exerts its influence 
depends on the tumor cell type. For example, it has been report-
ed that GRK2 promotes the growth of certain breast cancers via 
phosphorylation and activation of histone deacetylase 6 (HDAC6) 
(38, 75). As another example, 2 recent reports suggest that GRK2 
is overexpressed in pancreatic cancer and may serve as an indi-
cator of unfavorable prognosis (76, 77). In contrast to breast and 
pancreatic cancer, GRK2 appears to inhibit tumor growth in other 
cancers. For example, several studies suggest that GRK2 inhibits 
the proliferation of hepatocellular carcinoma (HCC) cells, and this 
is thought to occur via GRK2-mediated inhibition of insulin-like 
growth factor 1 (IGF-1) signaling (78, 79). In HCC, GRK2 kinase 
activity is required for GRK2 to suppress cell proliferation. Unlike 
this kinase-dependent mechanism by which GRK2 inhibits IGF-1 
signaling and cell proliferation in HCC, our studies suggest that 
GRK2 inhibits MALT1-dependent tumor progression via a mecha-
nism that is kinase-independent.

Our studies suggest that GRK2 functions as an oncomodula-
tor/tumor suppressor in ABC-DLBCL. We demonstrate that lower 
GRK2 mRNA expression in ABC-DLBCL, but not in GCB-DLBCL, 
is associated with worse overall survival and progression-free sur-
vival. Furthermore, our studies show that lowering GRK2 protein 
levels within ABC-DLBCL cells results in enhanced tumor growth 
in vitro and in vivo. These data lead us to propose that measuring 
GRK2 mRNA and/or protein levels in ABC-DLBCL tumor speci-
mens might become useful in guiding prognosis and treatment. 
Additionally, it will be of great interest to elucidate the molecular 
mechanisms responsible for regulating levels of GRK2 mRNA and/
or protein and the degree of GRK2-mediated MALT1 inhibition in 
these tumors. Thus far, we have not identified specific mutations 
in the GRK2 gene that could account for the lower GRK2 mRNA 
expression in a subset of ABC-DLBCL tumor specimens or the 
lower GRK2 protein expression in a subset of ABC-DLBCL cell 
lines. However, GRK2 protein expression and function are known 
to be regulated at multiple levels, including at the posttranscrip-
tional and posttranslational levels (37, 80, 81). Future studies 
will be aimed at elucidating the mechanisms by which GRK2 
expression and function are controlled in ABC-DLBCL and other 
MALT1-dependent tumors.

Taken together, our data identify GRK2 as a binding partner 
and negative modulator of MALT1. We found that GRK2 bound to 
the MALT1 DD, and, to our knowledge, GRK2 is the first protein 
demonstrated to inhibit MALT1 scaffolding and protease activities. 
Our molecular biological analyses of ABC-DLBCL cells and bioin-
formatic analyses of human patient tumor specimens are consis-
tent with a tumor suppressor role for GRK2 in ABC-DLBCL, a can-
cer that requires active MALT1 for growth and survival. Since the 
MALT1 proto-oncoprotein is now emerging as a critical mediator 
of tumor growth and survival for an even wider variety of lymphoid 
neoplasms, elucidating the molecular mechanisms by which GRK2 
inhibits MALT1 will be critical for understanding the overall land-
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spectrometry analysis that led to discovery of the GRK2-MALT1 
interaction. MT developed methods for demonstrating GRK2-me-
diated inhibition of MALT1 protease activity, supervised those 
studies, and provided expert guidance for overall project devel-
opment. PCL and LMML are the principal investigators of the 
laboratory where they supervised the development of this project 
in its entirety, procured funding to support the work, and led the 
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