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Non-Hodgkin lymphomas (NHLs) make up the majority of lym-
phoma diagnoses and represent a very diverse set of malignancies.
We sought to identify kinases uniquely up-regulated in different
NHL subtypes. Using multiplexed inhibitor bead-mass spectrometry
(MIB/MS), we found Tyro3 was uniquely up-regulated and important
for cell survival in primary effusion lymphoma (PEL), which is a viral
lymphoma infected with Kaposi’s sarcoma-associated herpesvirus
(KSHV). Tyro3 was also highly expressed in PEL cell lines as well as
in primary PEL exudates. Based on this discovery, we developed an
inhibitor against Tyro3 named UNC3810A, which hindered cell growth
in PEL, but not in other NHL subtypes where Tyro3 was not highly
expressed. UNC3810A also significantly inhibited tumor progression
in a PEL xenograft mouse model that was not seen in a non-PEL NHL
model. Taken together, our data suggest Tyro3 is a therapeutic target
for PEL.
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Non-Hodgkin lymphoma (NHL) consists of many subtypes
covering a wide range of characteristics that include differ-

ences in cell of origin, aggressiveness, and viral association. One
of these NHL subtypes is primary effusion lymphoma (PEL),
which is associated with Kaposi’s sarcoma-associated herpesvirus
(KSHV). Patients with PEL have a median survival time of 6 mo
after diagnosis, as standard chemotherapy is generally ineffective
in treating PEL (1, 2). Several clinical studies have taken dif-
ferent approaches to treat PEL, and while some have shown
promise, there is still no effective treatment for PEL (3). For
example, treatment of PEL with bortezomib, a proteasome in-
hibitor that inhibits NF-κB activity, has shown variable results in
clinical trials (4–6). Therefore, there is a need to identify new
targeted therapies to treat PEL.
Signaling pathways are often dysregulated in cancer, and

kinases that control the propagation of these signaling cas-
cades frequently have aberrant activity. The use of kinase in-
hibitors to treat cancers has shown clinical efficacy as a single
agent or in the adjuvant setting. For example, imatinib, an
inhibitor of the BCR-ABL kinase, is efficacious in treating
chronic myelogenous leukemia (7). We were interested in
identifying kinases that were uniquely activated in PEL in
comparison with other NHL subtypes. A kinase with unique or
significantly higher activity in PEL compared with other NHL
subtypes may indicate that PEL is dependent on the signaling
activity of that particular kinase compared with other NHL
subtypes.
We decided to compare PEL to 4 other B cell NHL subtypes:

follicular lymphoma (FL), diffuse large B cell lymphoma (DLBCL),
mantle cell lymphoma (MCL), and Burkitt’s lymphoma (BL). These

subtypes are derived from different stages of B cell development
that include the mantle zone, germinal center, and postgerminal
center (8–13). As different B cell NHL subtypes may arise during
different stages of normal B cell development, there are likely to
be differences in the expressed kinome (14). Two of the subtypes
(BL and PEL) are commonly associated with viral infection. BL
is associated with Epstein-Barr virus (EBV) infection, while PEL
is distinguished by Kaposi’s sarcoma-associated herpesvirus
(KSHV) infection (15–17). Coinfection with EBV is also com-
mon in PEL (18–20). By examining an array of NHL subtypes
that are derived from different stages of B cell development, and
being virally associated or not, we intended to capture a wide
enough spread in cellular phenotypes to identify distinct kinases
which are activated or repressed in PEL in comparison with
other B cell NHL subtypes.

Significance

B cell-derived non-Hodgkin lymphomas (NHLs) consist of a very
diverse set of malignancies. One NHL subtype, primary effusion
lymphoma (PEL), has a poor prognosis with patients having a
median survival time of about 6 mo postdiagnosis. By profiling
the kinome of multiple B cell NHL lines, we identified several
kinases uniquely upregulated in PEL compared with other
subtypes, the most significant of which was Tyro3. We de-
veloped an inhibitor against Tyro3 kinase activity; this small
molecule inhibitor reduced PEL survival and growth in vitro,
and tumor burden in a PEL xenograft model in vivo. Our
study suggests that a Tyro3 inhibitor may be beneficial in
treating PEL.
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Results
The Functional Cellular Kinome Is More Similar within a NHL Subtype
than across Subtypes. To identify potential vulnerabilities within
subtypes of lymphoma, we performed multiplexed inhibitor
bead-mass spectrometry (MIB/MS) kinome profiling on 24 indi-
vidual cell lines in biological triplicate as well as in primary B
cells from healthy donors (21). The cellular lysate was run
through a column containing beads attached with different ki-
nase inhibitors, which bind and capture functionally expressed
kinases. The bound kinases are eluted off and then identified and
quantified using mass spectrometry. Replicate MIB/MS runs
were consistent and were averaged and compared with freshly
harvested primary B cells from 5 donors (SI Appendix, Fig. S1
and Dataset S1) (22). From all MIB/MS experiments combined,
385 kinases were identified in at least 1 cell line, and 151 kinases
were commonly captured from all cell lines. Kinase names are
derived from the Uniprot naming nomenclature (with their of-
ficial corresponding gene name provided in Dataset S2). Eu-
clidian hierarchical clustering of all MS data demonstrated that
kinome profiles of lymphoma cell lines generally clustered them

according to subtype, with the PEL subtype being the most dis-
tinct (Fig. 1A). Though FL is generally indolent, it can progress,
and in some cases transform into DLBCL (23, 24). Notably,
there were several cell lines (SuDHL4, Karpas422, and WSU-
NHL), which have been characterized as either FL or DLBCL
(25–30). Since WSU-NHL clustered with the other DLBCLs,
and SuDHL4 and Karpas422 with the other FL, we categorized
them as such, respectively (Fig. 1A). Three kinases were cap-
tured in all cancer cell lines but were absent from primary B
cells: STK6 (Aurora kinase A), NEK2, and MK06 (ERK3) (Fig.
1B). Other kinases with greater MIB binding in NHL compared
with primary B cells were associated with cell cycle regulation
(CDK1, CHK1, PLK1, PMYT1, and AURKB) (Fig. 1B). Com-
paring subtypes to one another, some kinases displayed a bias
toward having greater or less MIB binding in a particular subtype
versus others. For example, KS6B1 (p70 S6K) showed the
greatest MIB binding in PEL (Fig. 1C). Conversely, ATR dis-
played less MIB binding in MCL and DLBCL versus the other
subtypes (Fig. 1D). LIMK2 also displayed the greatest MIB
binding in DLBCL (Fig. 1E), while PKN1 was captured the least

Fig. 1. The cellular kinome is more similar within subtypes than across subtypes. (A) Euclidian hierarchical clustering of 24 lymphoma cell lines from
5 subtypes and primary B cells that were subject to MIB/MS. Data presented are the average of 2 biological replicate MIB/MS runs for each cell line and the
average of 5 replicate MIB/MS runs for primary B cells. Gray color indicates a kinase that was not captured in that cell line. (B) A select set of kinases having
greater MIB binding in all cell lines relative to primary B cells is graphed. Points within each lymphoma subtype represent a single cell line. Points for primary B
cells are from individual mass spectrometry runs. Data presented are the mean ± SEM with significance (ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, degrees
of freedom = 24) tested between primary B cells and each NHL subtype. Reported significance is the highest P value of all comparisons between each NHL
subtype to the primary B cells. (C–F) A select set of kinases: (C) KS6B1, (D) ATR, (E) LIMK2, and (F) PKN1 displaying MIB-binding bias across subtypes. Each point
represents a single cell line. Data presented are the mean ± SEM (ANOVA, *P < 0.05, **P < 0.01, ***P < 0.001, degrees of freedom = 19). Refer to Dataset S2
for official gene names of the kinases. LFQ indicates label-free quantification.
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in the follicular subtype (Fig. 1F). Euclidean hierarchical clus-
tering analysis of kinases commonly activated in different NHL
subtypes compared with primary B cells demonstrate PEL in
general cluster together, while having lower functional MIB
binding of RIOK2 and CHKA, but higher MIB binding of
CDK16 compared with other NHL subtypes (Fig. 2).

Tyro3 Is Uniquely Up-Regulated in PEL. Large clusters of kinases in
the PEL subtype displayed significantly greater or less MIB
binding compared with all other NHL subtypes and primary B
cells (Fig. 3A). Kinases significantly down-regulated in PEL in-
clude BTK, GSK3B, and TGFR1. This corresponds well to a
previous report that PEL is insensitive to BTK inhibition, unlike
DLBCL (31). Kinases up-regulated in PEL include KS6A1 (p90
S6K), KS6B1, and AKT2. KS6B1 and AKT2 are part of the
phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT)/
mammalian target of rapamycin (mTOR) pathway, which has
been shown to be important for PEL survival (32–34). In-
terestingly, Tyro3 was consistently captured by MIBs from all 6
PEL cell lines but absent from all other cell lines and primary B
cells (Fig. 3B). Tyro3 is a member of the Tyro3/Axl/MerTK
(TAM) receptor tyrosine kinase (RTK) family, whose over-
expression promotes proliferation, survival, and chemoresistance

in solid cancers such as in melanoma, hepatocellular carcinoma,
and colon cancer (35–38). MerTK, but not Axl or Tyro3, has also
been shown to promote proliferation in multiple myeloma, which
is a malignancy of plasmacytic origin (39). Transcriptional pro-
filing by RNA-sequencing (seq) demonstrated TYRO3 was
uniquely transcriptionally up-regulated in PEL compared with all
other subtypes (Fig. 3C) (40). In contrast, its related family
members AXL and MERTK displayed a similar low level of ex-
pression across subtypes (Fig. 3 D and E). To confirm our ex-
pression data, we also examined expression levels of the TAM
receptors and their ligands in a recent literature report by Journo
et al. (41) that performed RNA-seq on BJAB, BCBL1, and
BC3 cell lines. Trends in expression levels of these genes be-
tween cell lines were similar in both studies (SI Appendix, Fig.
S2). PEL lines also exhibited high levels of Tyro3 protein ex-
pression in comparison with some other non-PEL NHL, which
showed little to none (Fig. 3F). BC3, which had the lowest
protein and mRNA levels of Tyro3 within the PEL subtype,
nevertheless had greater MIB binding/activity in comparison
with the cell lines from other subtypes. TAM receptors achieve
maximal signaling when bound by the ligands Pros1 and/or Gas6
(42). Therefore, we examined if PEL also exhibit up-regulated
expression of Pros1 or Gas6. PEL in general exhibited higher
transcription levels of PROS1, but not GAS6 compared with pri-
mary B cells (Fig. 3 G and H). To verify that the transcriptome
obtained from PEL cell lines reflected the primary tumor, we
harvested RNA from primary PEL patient samples to confirm if
up-regulation of TYRO3 transcripts held true in primary human
samples. We observed significantly increased levels of TYRO3,
PROS1, and GAS6 mRNA transcripts in the PEL effusion (n = 6)
in comparison with healthy primary B cells (n = 7) (Fig. 3I).
Overall, our data demonstrate that Tyro3 and its activating ligand
Pros1 are up-regulated in PEL cells.

Inhibition of Tyro3 Attenuates PI3K Signaling. During activation of
an RTK, phosphorylation of tyrosine residues within the kinase
domain results in propagation of a signaling cascade. We ex-
amined if Tyro3 was phosphorylated on its tyrosine residues,
which would indicate the activation of Tyro3. Phospho-RTK
arrays, which contain antibodies against a panel of RTKs in-
cluding Tyro3, confirmed that Tyro3 was phosphorylated on ty-
rosine residues in PEL cells (BC1 and BCP1) in comparison with
a DLBCL (BJAB), which exhibited none (Fig. 4A). In contrast,
1 kinase, ROR2, was commonly phosphorylated across all 3 cell
lines. To confirm whether or not Tyro3 expression affects the
activity of a downstream substrate in PEL cells, we examined if
phosphorylation of the p85 regulatory subunit of PI3K, a known
substrate of Tyro3, was affected upon knockdown of Tyro3 (43).
We tested several short-hairpin (sh)RNA constructs against Tyro3
in PEL (BCBL1 and BC1) and DLBCL BJAB cells (SI Appendix,
Fig. S3). Since shRNA clone 1527 negatively affected cell viability
in PEL BCBL1 cells (SI Appendix, Fig. S3B), but had similar cell
viability compared with the nontemplate control in DLBCL BJAB
cells (SI Appendix, Fig. S3D), we proceeded with shRNA clone
1527 for further studies. Knockdown of Tyro3 in PEL, but not in
BL, resulted in a decrease in tyrosine phosphorylation of p85 PI3K,
consistent with a decrease in PI3K activity (Fig. 4B).

UNC3810A Is a Selective Kinase Inhibitor against Tyro3. The inclusion
of TAM inhibitors to conventional therapies to allow chemo-
therapy to have a durable response may be helpful in treating
cancers that often develop resistance to treatment. Currently there
are several small molecule inhibitors that target the TAM recep-
tors, but many of the compounds are pan-inhibitors of the Tyro3/
Axl/MerTK family and frequently have a broad spectrum that in-
cludes MET and other RTKs (44, 45). We created a small molecule
inhibitor with specificity toward Tyro3. Structure-activity studies of
our MerTK inhibitors versus the TAM family led to UNC3810A

Fig. 2. A common set of kinases that are activated within NHL compared
with primary B cells. Euclidian hierarchical clustering of kinases having sta-
tistically higher or lower MIB binding in NHL compared with primary B cells.
Data presented are the average of 2 biological replicate MIB/MS runs for
each cell line, while the data for primary B cells are MIB/MS runs pooled from
different donors. Refer to Dataset S2 for official gene names of the kinases.
Min indicates minimum; and max, maximum.
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Fig. 3. Tyro3 is uniquely up-regulated in PEL. (A) Euclidian hierarchical clustering of kinases having statistically higher or lower MIB binding in PEL compared
with all other samples combined. Data presented are the average of 2 biological replicate MIB/MS runs for each cell line and an average of 5 replicate MIB/MS
runs for primary B cells. Orange asterisk (*) indicates the row containing Tyro3. Refer to Dataset S2 for official gene names of the kinases. (B) Tyro3 MIB-binding
levels in each individual subtype. Each point represents 1 cell line. Data presented are the mean ± SEM. (C–E) mRNA expression of (C) TYRO3, (D) AXL, or (E)
MERTK from RNA-seq in each individual subtype. Each point represents 1 cell line. Data presented are the mean ± SEM. (F) Western blot analysis of Tyro3 protein
levels from different NHL subtypes. Representative of n = 3 independent experiments. (G and H) qRT-PCR analysis of (G) PROS1 or (H) GAS6 mRNA from PEL cell
lines or primary B cells isolated from 3 different donors. Graph is representative of n = 3 independent experiments with different primary B cell donors used for
each experiment. Bar graph represents the mean ± SD (n = 3). (I) qRT-PCR analysis of TYRO3, PROS1, or GAS6 from primary B cells isolated from healthy donors
(n = 7) or effusion from patients with PEL (n = 6). Replicates are shown as the same color for each primary B cell donor or PEL effusion sample. Data points are
presented as the delta CT value between the gene of interest and actin for each individual replicate. Box plot represents the median with the 25th and 75th
percentiles, respectively (ANOVA, P value listed below each graph). Lymph indicates lymphoma and LFQ indicates label-free quantification.
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(1), a pyrrolopyrimidine-based specific small molecule inhibitor
against Tyro3 (Fig. 4C and SI Appendix, Fig. S4) (46). To determine
the specificity of UNC3810A for Tyro3, we performed in vitro
kinome selectivity profiling of UNC3810A against a wide array of
kinases at 1 μM (SI Appendix, Fig. S5A and Dataset S3) and de-
termined the IC50 of UNC3810A versus the TAM kinases, FLT3,
and several additional targets that were inhibited by >80% at 1 μM
(SI Appendix, Table S1). UNC3810A was most potent against Tyro3
(1.2 nM) and showed at least 10-fold selectivity versus all other
kinases beyond MerTK, the most closely related TAM member,
and TRKA. When examining the sensitivity of PEL cells to
UNC3810A, most PEL lines exhibit an IC50 between 0.9 and
2.8 μM (SI Appendix, Fig. S5 B and C). Furthermore, PEL cell lines
(BCBL1 and BC1) exhibited more sensitivity to UNC3810A in
comparison with non-PEL cell lines (BJAB, Ramos, and BL41),
which do not highly express Tyro3 (SI Appendix, Fig. S5C). Com-
parison of UNC3810A to a structurally related analog, which does
not target Tyro3, UNC2369A, revealed that BCBL1 cells are more
sensitive to UNC3810A compared with UNC2369A (SI Appendix,
Fig. S5D) (46). UNC2369A is another pyrrolopyrimidine-based
compound that is structurally similar to UNC3810A with an IC50
of 11 μM against Tyro3, 3.9 μM against Axl, and 400 nM against
MerTK (see compound 20 from Zhang et al.) (46). To ensure these
effects are not cell-type specific, we also examined the sensitivity of
a colon cancer cell line, HT-29, and a melanoma cell line, B16-
F10 to UNC3810A. Both colon cancer and melanoma have pre-
viously been shown to up-regulate Tyro3 to promote cell pro-
liferation and chemoresistance (35, 37, 47, 48) and we confirmed
HT-29 and B16-F10 express Tyro3 (SI Appendix, Fig. S5E). The
sensitivity of both HT-29 and B16-F10 to UNC3810A was more
similar to BCBL1 cells compared with BJAB cells (SI Appendix,
Fig. S5F). To examine if UNC3810A also attenuated Tyro3-
mediated PI3K signaling, we treated BCBL1 PEL cells with in-
creasing amounts of UNC3810A. This resulted in a dose-dependent

decrease of Tyro3 phosphorylation (Fig. 4D) and attenuated signal-
ing through the PI3K/AKT/mTOR pathway as evidenced by de-
creased phosphorylation of p85 PI3K and AKT (Fig. 4E). Overall,
these results suggest that UNC3810A is a selective inhibitor of Tyro3.

Inhibition of Tyro3 Results in Decreased Cell Survival. Tyro3 can
activate the PI3K/AKT/mTOR pathway, whose inhibition in
PEL cells results in cell death (32–34). If Tyro3 contributed to
the activation of the PI3K/AKT/mTOR pathway, then reducing
Tyro3 should affect PEL viability. We found that the PEL lines
(BCBL1 and BC1) exhibited reduced cell viability in serum-
starved conditions upon lentivirus-mediated shRNA knockdown
of Tyro3 compared with cells transduced with a nontargeting
control (NTC) shRNA (Fig. 5A and SI Appendix, Fig. S3B). These
results suggest Tyro3 activates PI3K signaling to promote survival
of PEL cells. Indicative of the lack of functionality of Tyro3 in non-
PEL lines, knockdown of Tyro3 in 2 non-PEL cell lines, BJAB and
BL41, had little to no effect on cell viability under the same con-
ditions (Fig. 5A and SI Appendix, Fig. S3D). BCBL1 and BC1 PEL
cells targeted with NTC shRNA or Tyro3 shRNA were also sub-
jected to a colony formation assay, and the number of colonies
formed by the Tyro3-depleted cells was significantly less than
control cells (Fig. 5B). Similarly, treatment of PEL cell lines
(BCBL1 and BC1) with UNC3810A also resulted in a significant
attenuation in the formation of colonies for the PEL lines at
0.5 μM and 1 μM compared with the non-PEL NHL cell lines
(BJAB, Ramos, and BL41), which exhibited none (Fig. 5 C andD).
Since PI3K and AKT phosphorylation levels decreased upon

UNC3810A treatment, we examined if the PEL lines were more
sensitive to UNC3810A compared with the other NHL sub-
types. After treating cells for 72 h with 2 μM of UNC3810A or
DMSO control, we measured cell growth using an MTS [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium] assay. PEL lines overall showed decreased cell

Fig. 4. Inhibition of Tyro3 results in attenuation of
PI3K signaling. (A) Phospho-receptor tyrosine kinase
(RTK) assay examining tyrosine phosphorylation of
different RTKs. Reference spots are located at all
corners except for the bottom left. (B) Western blot
analysis of Burkitt’s lymphoma or PEL cell lines stably
knocked down with nontemplate control or Tyro3
shRNA. All cell lines were run on the same gel, but
the blot was split in half for clarity due to different
exposure times required to detect PI3K in Burkitt’s
compared with PEL cell lines. The red asterisk (*)
indicates the location of a nonspecific band and the
red arrow (→) indicates the p85 PI3K band. Repre-
sentative of n = 3 independent experiments. (C)
Structure of UNC3810A with IC50 values to the TAM
family receptors. (D) Representative blot (n = 2 in-
dependent experiments) of a phospho-RTK assay
with BCBL1 cells treated for 24 h with increasing
concentrations of UNC3810A. Reference spots are
located at all corners except for the bottom left.
DMSO was used as the vehicle control. (E) Western
blot analysis of the PI3K/Akt/mTOR signaling path-
way in BCBL1 cells treated with increasing concen-
trations of UNC3810A for 24 h. DMSO was used as
the vehicle control. Representative of n = 3 in-
dependent experiments.
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Fig. 5. Inhibition of Tyro3 results in a decrease of cell survival and colony formation in PEL. (A) Cell-Titer Glo analysis of non-PEL NHL or PEL cell lines stably knocked
downwith nontemplate control or Tyro3 shRNA over a time course of 72 h in serum-starved conditions. Luminescence was normalized to the reading at 0 h for each
condition. (B) PEL cells were assessed for colony formation after being knocked down with nontemplate control or Tyro3 shRNA in a lentivirus-mediated manner. (C
and D) Colony formation of (C) PEL (BCBL1 and BC1) or (D) non-PEL NHL (BJAB, Ramos, or BL41) cells was assessed over increasing concentrations of UNC3810A.
Saline was used as the vehicle control. (B–D) Representative microscope pictures are shown capturing the full diameter of the tissue culture plate (lengthwise) and
also an area enlarged at the middle. The diameter of each plate is 35 mm in length. Significance is calculated using a one-way ANOVA test (*P < 0.05, **P < 0.01,
***P < 0.001, degrees of freedom = 8). Pictures were taken with a Leica MZ6 light microscope attached with a Leica MC170 HD camera. (A–D) All quantitative data
are presented as mean ± SD (n = 3 independent samples) and all experiments are representative of n = 3 independent experiments.
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growth compared with all other NHL subtypes (Fig. 6A). We also
examined if this inhibition of cellular proliferation in PEL cells is
cytostatic or cytotoxic. After treatment of PEL cells with
UNC3810A for 72 h, we found that cell viability decreased with
increasing concentrations of UNC3810A (Fig. 6B). Apoptotic
cell death can be mediated by active caspase-3, which cleaves
many proteins upon activation, such as PARP. To determine if
cell death occurred in a caspase-3 mediated manner, PEL cells
were treated with UNC3810A for 72 h. A dose-dependent in-
crease in caspase-3 activity was observed and corresponded with
increased levels of cleaved caspase-3 (the active form of caspase-3)
and PARP (Fig. 6 C and D and SI Appendix, Fig. S5G). We also
examined if treating PEL cells with UNC3810A in combina-
tion with other inhibitors resulted in a further decrease in cell
viability. Several studies have shown that the TAM receptors
promote chemoresistance and that inhibition of the receptor(s)
results in increased sensitivity to chemotherapy (35, 37, 49, 50).

Hence, we investigated the efficacy of combined treatment of
Tyro3 with 2 PI3K inhibitors, leniolisib and duvelisib, against
PEL. We treated PEL lines with either UNC3810A, leniolisib, or
together in combination for 72 h and measured cell viability.
Treatment of PEL cells with both resulted in lower cell viability
at multiple concentrations compared with treatment with either
UNC3810A or leniolisib alone (SI Appendix, Fig. S6A). We also
examined if treatment of PEL cells with another PI3K inhibitor,
duvelisib, and UNC3810A in combination would have a similar
effect. We saw there was a larger decrease in cell viability when
treating with both inhibitors compared with either alone (SI
Appendix, Fig. S6B). We also examined if either of these PI3K
inhibitors were synergistic with UNC3810A. Using CompuSyn,
we calculated the combination index (CI) at an effect level of 0.5
(Fa = 0.5) (51). In PEL cells, both drugs were synergistic (CI < 1)
with UNC3810A though leniolisib was less synergistic with
UNC3810A in comparison with duvelisib (SI Appendix, Fig. S6C).

Fig. 6. UNC3810A treatment of PEL cells results in cell death. (A) Growth was measured using CellTiter 96 AQueous One solution from different NHL cell lines
that were treated with 2 μM UNC3810A for 72 h. Absorbance readings in each cell line were normalized to the DMSO control from their respective cell line.
Data are presented as mean ± SD (n = 3 independent wells) and are representative of n = 3 independent experiments (unpaired multiple t test by
Holm–Sidak method, *P < 0.05, **P < 0.01, ***P < 0.001, degrees of freedom = 4). (B) PEL (BCBL1 and BC1) cells were treated with increasing con-
centrations of UNC3810A and harvested after 72 h of treatment. Cells were counted for viability using trypan blue. Saline was used as the vehicle
control. Data are presented as mean ± SD (n = 3 independent samples, 4 counts from different 1-mm2 areas on the hemocytometer per sample) and
representative of n = 3 independent experiments. (C ) Western blot analysis of caspase-3 activation in BC1 cells treated for 72 h with UNC3810A. Saline
was used as the vehicle control. (D) Caspase-3 activity was measured in PEL (BCBL1 and BC1) cells treated with UNC3810A for 72 h using the ApoAlert
fluorescent assay kit. Saline was used as the vehicle control. Data are presented as mean ± SD (n = 3 independent samples) and representative of n =
3 independent experiments.
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These results suggest that addition of UNC3810A to this che-
motherapeutic regimen may be beneficial.

UNC3810A Retards PEL Tumor Growth In Vivo. To determine if
UNC3810A was efficacious in vivo, we examined if UNC3810A
can attenuate tumor growth in a PEL xenograft mouse model.
Using Trex-RTA BCBL1 cells, we introduced a constitutively
active red-shifted luciferase (luc) gene thereby allowing us to
monitor tumor growth upon addition of luciferin in the mice
(52). To examine if UNC3810A would reach sufficient sustained
plasma level concentrations, we performed a pharmacokinetic
analysis of UNC3810A administered through an i.v., i.p., or oral
route (SI Appendix, Fig. S7). Detectable plasma levels were
sustained for 12 h when UNC3810A was administered through
an i.p. route. At 25 mg/kg UNC3810A plasma concentration
levels reached a maximum concentration of 5.72 μM (SI Ap-
pendix, Fig. S7D). After 4 wk of treatment at 25 mg/kg, tumor
growth in mice treated with UNC3810A was significantly sup-
pressed in comparison with the saline vehicle control group (Fig.
7 A and B). Control mice also had a significant amount of ascites
(pleural effusion) collected from the peritoneal cavity compared
with those treated with UNC3810A (Fig. 7C). Conversely in a
BJAB xenograft mouse model on the same dosing regimen, there
was no attenuation in tumor volume between mice treated with
25 mg/kg UNC3810A and the saline vehicle control (SI Appen-
dix, Fig. S8). This correlated with the data from cell culture
studies. Immunoblotting of the PEL tumors showed decreased
levels of activating phosphorylation marks of S6 (Ser235/Ser236)
in some of the mice treated with UNC3810A compared with
those treated with the saline control (Fig. 7D). S6 is a ribosomal

protein activated by the mTOR complex 1 (mTORC1) and
phosphorylation of serine residues 235/236 are an indicator of
active protein translation. Confirming these results, immuno-
histochemistry analysis of these solid tumors showed decreased
levels of activated AKT (Thr308) and ribosomal S6 (Ser236/236)
in mice treated with UNC3810A compared with mice treated
with the saline control (Fig. 7E and SI Appendix, Fig. S9). The
activation of AKT can promote cell survival and the activation of
S6 can promote protein synthesis. Therefore, tumors in mice
treated with UNC3810A may exhibit delayed tumor progression
due to inhibition of Tyro3 and several survival pathways influ-
enced by AKT.

Discussion
Kinases control the activity of many cellular pathways and are
the target of the fastest growing class of FDA-approved oncology
drugs (53). Performing MIB-based kinome profiling allows us to
interrogate the kinome using a proteomic-based approach to
identify expressed and activated kinases in the cell (21). Over-
expression of a kinase does not necessarily correlate to its activity
(54, 55), therefore characterizing the activity of kinases can
identify candidate kinases, which may not be considered a hit
from more traditional genomic and transcriptomic approaches.
In the case of PEL (and other virally associated cancers), expression
of viral proteins or microRNAs can mediate the activation or re-
pression of host kinases in signaling pathways (56, 57).
To identify possible targets of interest, we kinome profiled key

NHL subtypes and identified kinases whose activity was specifi-
cally up-regulated in one or a few subtypes. The most significant
hit in the kinome profiling screen for PEL was Tyro3, whose

Fig. 7. UNC3810A retards PEL tumor growth in vivo. NOD-SCID mice in a BCBL1-PEL xenograft model were i.p. injected with 0.9% saline (control) or 25 mg/kg
UNC3810A 3 times a week—Monday, Wednesday, and Friday (MWF) over a course of 4 wk (n = 8 mice per group). Luciferase expression in saline or
UNC3810A-treated mice was measured weekly by i.p. injecting mice with luciferin. (A) Luminescence images representing tumor burden taken at a 1-min
exposure at 15 d after start of treatment. Luminescence images depict photon emission from tissue and are expressed as radiance (photons/second/centimeter
squared/steradian). (B) Luminescence images were quantified using Living Image v4.4 to measure photon emission from tissue and are expressed as radiance
(photons/second/centimeter squared/steradian). Data are presented as a box and whiskers plot with the whiskers marking the minimum and maximum values.
The lowest, middle, and top lines of the box, respectively, represent the 25th percentile, median, and 75th percentile. (C) Effusions collected from mice
treated with saline or UNC3810A were measured at the end of the study. Data represent mean ± SD (n = 8 mice per group). (D) Western blot analysis of solid
tumors frommice treated with saline or UNC3810A (n = 7 per group). (E) Representative pictures of immunohistochemistry (IHC) stains against p-AKT (Thr308)
and p-S6 (Ser235/Ser236) of mice treated with saline or UNC3810A. Sections were developed with DAB (3,3′-diaminobenzidine) and counterstained with
hematoxylin. (Scale bars, 50 μm.) Slides were imaged using a Leica microscope (DMLS) and camera (DMC2900), and acquired using the Leica Application Suite
v4.8 software. For B and C a 2-tailed unpaired Mann–Whitney U test was used to determine significance (*P < 0.05, **P < 0.01, ***P < 0.001).
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up-regulation in other cancers promotes survival and resistance to
chemotherapy (35–38). Tyro3 can activate several pathways, in-
cluding the PI3K/AKT/mTOR pathway, whose activity is important
for PEL survival (32–34, 58). Interestingly in Kaposi’s sarcoma
(KS), another KSHV-mediated malignancy, Axl was up-regulated
and shown to drive PI3K signaling (59). Knockdown of Axl resulted
in an attenuation of cell growth and invasion in KS cell lines. In
normal B cells, expression of TAM receptors is very low or absent
(49, 50, 60). Of the subtypes screened, only PEL showed high ex-
pression and activity of Tyro3. We then developed a Tyro3-specific
inhibitor, UNC3810A. In multiple cell culture assays, signaling and
viability was inhibited by UNC3810A in PEL cell lines expressing
Tyro3 while NHL cell lines with low or absent levels of Tyro3 were
not significantly altered. Further testing in xenograft models dem-
onstrated that treatment of PEL bearing mice with UNC3810A
resulted in a lower tumor burden compared with the saline control
that was not seen in a non-PEL NHL model. These data provide
proof of principle that targeting Tyro3 may be effective in
treating PEL.
Several studies have looked at the efficacy of using inhibitors

to the PI3K/AKT/mTOR pathway in the treatment of PEL (32–
34, 61–63). Since several other NHL subtypes have been shown
to develop resistance to PI3K inhibition (64–66), inhibition of
Tyro3 may be more beneficial than just targeting PI3K as
Tyro3 can signal into multiple pathways, including the MAPK/
extracellular-signal-regulated kinase (ERK) (67–70), p38 MAPK
(71), Janus kinase (JAK)/signal transducer of activation (STAT)
(42), and phospholipase C (PLC) pathways (42, 70). Both the
MAPK/ERK and p38 MAPK pathways are activated in KSHV-
infected PEL (72–74). Furthermore, KSHV also encodes a viral
homolog of interleukin-6 (vIL-6), which can activate the JAK/
STAT pathway similar to cellular IL-6 (56). Since Tyro3 signals
through several pathways activated in KSHV-associated malig-
nancies, inhibiting Tyro3 may be more efficacious than inhibiting
PI3K alone. Furthermore, as expression of Tyro3 in other can-
cers has been shown to promote resistance to chemotherapy,
which is a major obstacle in treating PEL, addition of a
Tyro3 inhibitor may help sensitize cells to chemotherapy (35,
36). We observed that treatment of PEL cells with UNC3810A in
conjunction with the PI3K inhibitors, leniolisib and duvelisib,
inhibited cell viability to a higher degree compared with either
treatment alone. Further studies with Tyro3 inhibitors in PEL
either as single agent or in the adjuvant setting are warranted.
In this study, we only focused on the role of Tyro3 in PEL, but

our screen uncovered additional differentially activated kinases.
For example, DLBCL exhibited higher activity of LIMK2 com-
pared with other subtypes. LIMK2 has been shown to play a role
in pancreatic cancer metastasis (75). Whether LIMK2 activity is
an indicator or predictor of aggressiveness in DLBCL is of in-
terest. Our combined study of kinome profiling coupled with
Tyro3 inhibitor development revealed that the kinome profiles
between NHL subtypes contain significant differences, and that
the interrogation of the kinome may help identify specific
pathways that are important for survival or pathogenesis in tu-
mors. This approach is useful in devising personalized therapies

for different subsets of NHL, as well as many other solid and
hematological cancers.

Materials and Methods
Mice. NOD-SCID gamma (NSG) mice used in the BCBL1 and BJAB xenograft
studies were maintained in pathogen-free conditions and the studies were
approved by the Institutional Animal Care and Use Committee (IACUC) at the
University of North Carolina at Chapel Hill. The 4- to 5-wk-old NSG female
mice weighing ∼20 g used in the xenograft studies were purchased from The
Jackson Laboratory (005557). The pharmacokinetic (PK) analysis was com-
pleted by Sai Life Sciences Limited. The study was conducted in accordance
with guidelines provided by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA) as published in The Gazette
of India (1998) and approved by the Institutional Animal Ethics Committee
(IAEC). The 8- to 12-wk-old Swiss Albino male mice weighing ∼25 to 35 g
used in the PK study were purchased from Global, India.

Cell Culture. Except for OCl-Ly1 and OCl-Ly3, NHL cell lines were grown in a
similar manner as described previously (33, 76, 77). OCl-Ly1 and OCl-Ly3 were
grown in Iscove’s modified Dulbecco’s medium (IMDM), 20% human AB
serum (Sigma-Aldrich, H4522), 1% penicillin–streptomycin, and 75 μM
β-mercaptoethanol (Gibco, 21985-023). Please see SI Appendix for more
details for other cell lines.

MIB/MS Affinity Chromatography.MIB/MS profiling was performed in a similar
manner as previously described (78). Please see SI Appendix for more details.

Synthesis of UNC3810A (1). Please see SI Appendix for a detailed synthesis of
UNC3810A. For NMR and mass spectrometry (ESI) data of the intermediates
and UNC3810A please refer to SI Appendix, Fig. S4.

Statistical Analysis. Statistical tests applied in this study used either GraphPad
Prism 7.02 or R with P values <0.05 considered significant.

Data Availability. The RNA-seq data reported in this study are deposited in the
GEO database under the accession no. GSE114791. The mass spectrometry
proteomicsdata fromtheMIB/MSprofilingaredeposited in theProteomeXchange
Consortium by the PRIDE (79) partner repository with the dataset identifier
PXD012087.
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