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I N TRODUC TION

Angiogenesis is a poor prognostic feature of diffuse large 
B- cell lymphoma (DLBCL).1– 3 Attempts to address this as-
sociation by adding bevacizumab to R- CHOP (rituximab- 
cyclophosphamide, doxorubicin, vincristine [Oncovin] and 
prednisone) resulted in cardiotoxicity and did not improve 

survival of patients with DLBCL.4 Also, despite extensive 
examination of the mutational landscape of DLBCL,5 a ro-
bust link between the genetic makeup of the lymphoma cells 
and a pro- angiogenic lymphoma microenvironment is not 
apparent.

Deregulation of MYC is common to many cancers, and 
a hallmark of B- cell lymphoma.5 The contribution of MYC 
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Summary
Angiogenesis and MYC expression associate with poor outcome in diffuse large  
B- cell lymphoma (DLBCL). MYC promotes neo- vasculature development but whether 
its deregulation in DLBCL contributes to angiogenesis is unclear. Examination of 
this relationship may uncover novel pathogenic regulatory circuitry as well as anti- 
angiogenic strategies in DLBCL. Here, we show that MYC expression positively cor-
relates with vascular endothelial growth factor (VEGF) expression and angiogenesis 
in primary DLBCL biopsies, independently of dual expressor status or cell- of- origin 
classification. We found that MYC promotes VEGFA expression, a correlation that 
was validated in large datasets of mature B- cell tumours. Using DLBCL cell lines and 
patient- derived xenograft models, we identified the second messenger cyclic- AMP 
(cAMP) as a potent suppressor of MYC expression, VEGFA secretion and angio-
genesis in DLBCL in normoxia. In hypoxia, cAMP switched targets and suppressed 
hypoxia- inducible factor 1α, a master regulator of VEGFA/angiogenesis in low oxy-
gen environments. Lastly, we used the phosphodiesterase 4b (Pde4b) knockout mouse 
to demonstrate that the cAMP/PDE4 axis exercises additional anti- angiogenesis by 
directly targeting the lymphoma microenvironment. In conclusion, MYC could play 
a direct role in DLBCL angiogenesis, and modulation of cAMP levels, which can be 
achieved with clinical grade PDE4 inhibitors, has cell and non- cell autonomous anti- 
angiogenic activity in DLBCL.
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to lymphomagenesis is multiple; it drives a gene expression 
profile that promotes cell growth, proliferation and rewires 
metabolism.6 In various model systems, MYC is a central 
regulator of angiogenesis, in part by promoting vascular en-
dothelial growth factor (VEGF) secretion in the tumour mi-
croenvironment (TME).7 However, the relationship between 
MYC expression and the degree of angiogenesis in DLBCL 
remains underexplored.

Recently, we reported that the second messenger, 
cyclic- AMP (cAMP), inhibits lymphoma angiogenesis in a 
phosphodiesterase 4 (PDE4)- regulated manner.8 This obser-
vation agreed with the role of PDE4 as the principal regu-
lator of cAMP hydrolysis in lymphocytes.9 In an unrelated 
work, it was shown that cAMP suppresses MYC transcrip-
tion in DLBCL.10 These data attracted our attention because 
of the putative role of MYC in DLBCL angiogenesis, and the 
possibility that cAMP may suppress MYC’s pro- angiogenic 
signals.

The pathways and outputs influenced by cAMP are wide- 
ranging.9 In fact, considering exclusively angiogenesis, in 
addition to the interactions reported earlier between cAMP 
and phosphatidylinositol- 3 kinase (PI3K)/protein kinase 
B (AKT)/VEGFA,8 cAMP has also been reported to in-
hibit hypoxia- inducible factor- 1α (HIF1α) and HIF2α tran-
scription, an essential regulatory node for the secretion of 
pro- angiogenic factors that forms the basis for the adaptive 
behaviour of tumour cells under hypoxia.11,12 Lastly, in non- 
tumoral models, cAMP is known to directly inhibit endo-
thelial cells.13– 16

Here, to address the potential relationship between MYC 
expression and angiogenesis in DLBCL, and the intersection 
between cAMP and angiogenic signals derived from MYC 
and HIF, we examined DLBCL biopsies, B- cell models of 
inducible MYC, DLBCL cell lines, patient- derived xeno-
grafts (PDXs) and genetically engineered mouse models of 
lymphoma.

M ATER I A L A N D M ETHODS (SE E 
A L SO SU PPL E M E N TA RY M ATER I A L 
A N D M ETHODS)

Cell lines and primary tumour samples

The DLBCL cell lines (SU- DHL2, SU- DHL4, SU- DHL6, SU- 
DHL8, SU- DHL10, OCI- Ly1, OCI- Ly3, OCI- Ly10, RIVA), 
and MYC- regulatable P493- 6 cells were cultured as previ-
ously described.17 The PDXs were obtained from the public 
repository of xenografts (https://www.proxe.org/) and ex-
panded in a local colony of NSG (non- obese diabetic [NOD]- 
severe combined immunodeficiency [SCID] gamma) mice, as 
reported.18 Cell lines and PDXs were examined in normoxia 
or hypoxia (5% O2), as described.19 Clustered regularly inter-
spaced short palindromic repeats (CRISPR) knockouts (KOs) 
were generated as we previously described.20 Formalin- fixed 
paraffin- embedded blocks were available from 56 biopsies 

of untreated patients with DLBCL, obtained de- identified 
from our Department of Pathology and University Hospital 
System. Their use was approved by the Institutional Review 
Board of University of Texas Health Science Center at San 
Antonio (UTHSCSA).

Mice –  adoptive transfer assays

The Pde4b−/−; Eμ- Myc-  mice were previously described.8 
Upon lymphoma development, mice were humanely killed 
and enlarged lymph nodes harvested, as we previously de-
scribed.21 Cohorts of 6– 8- week- old Pde4b wild- type (WT) 
or Pde4b−/− mice were transplanted with lymphoma cells 
(1 × 106 cells, tail vein) from tumours that developed in 
Pde4b+/+ or Pde4b−/− Eμ- Myc mice. Experimental proce-
dures were approved by the Institutional Animal Care and 
Use Committee of the UTHSCSA.

Immunoblotting analysis

Whole- cell lysates were immunoblotted for c- MYC (clone 
9E10), HIF1α (clone 54), HIF2α (clone D9E3) and anti- β- 
Actin (Clone AC- 74), as described.22

Histopathology

Slides stained for CD34 were digitally scanned and exam-
ined in a blinded fashion by three pathologists (K.N.H., 
P.D., A.S.) for microvessel density (MVD) quantification 
using Aperio ImageScope software (Leica Biosystems). For 
each case, three ‘hot spots’ (area of maximal MVD) were 
examined and all microvessels manually counted and 
highlighted using the ImageScope software, which calcu-
lated the area of each vessel, defined as the sum of all mi-
crovessel areas divided by the total area analysed (three hot 
spots = 3.42 mm2) as we described.8 Human DLBCL were 
also stained for MYC, VEGF, BCL2, CD10, BCL6, multiple 
myeloma oncogene 1 (MUM1, IRF4), MYC and BCL2 were 
scored semi- quantitatively with cut- off values of 40% and 
50% respectively23; VEGF intensity was scored on 0– 3 scale. 
The DLBCLs were classified as germinal centre B- cell like 
(GCB) or non- GCB using cut- off values of 30% for CD10, 
BCL6 and MUM1.24

Statistical analysis

The p values were calculated using the Student’s t- test (two- 
tailed, equal variance) or the unpaired non- parametric 
Mann– Whitney test (two- tailed), the Spearman test was 
used to estimate correlation; all tests were performed with 
GraphPad Prism 8 software. A p ≤ 0.05 was considered 
significant.

https://www.proxe.org/
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R E SU LTS

MYC expression positively corelates with MVD 
in DLBCL biopsies

MYC expression, especially in the context of BCL2 
 co- expression, is associated with poor DLBCL outcome.25– 27 
A high degree of angiogenesis in the DLBCL microenviron-
ment also negatively influences DLBCL survival.1,2,28,29 To 
examine the potential correlation between these biological 
markers, we performed immunohistochemistry (IHC) for 
MYC, BCL2 and CD34 in 56 DLBCL biopsies (Table  S1). 
Although not exclusively expressed in endothelial cells, 
CD34 is a robust, commonly used, marker for vessel quan-
tification in B- cell lymphomas29– 34 (see Methods S1, and 
our earlier report,8 for detailed validation of this staining 
strategy). MVD quantification was performed as we pre-
viously reported8 (see Methods S1 for details); the cut- off 
for MYC and BCL2 positive biopsies, was ≥40% and ≥50% 
respectively. MVD and MYC were quantified in all 56 tu-
mours and BCL2 in 51. Using the Han’s classifier,24 51 tu-
mours were defined as either GCB (n  =  30) or non- GCB 
(n  =  21). About one- third of the DLBCLs were MYC posi-
tive (19 of 56), over half were BCL2 positive (27 of 51) and 
11 of 51 were double expressers (DE, MYC and BCL2 posi-
tive). MYC- positive DLBCLs had significantly higher MVD, 
while MVD was not different in BCL2- positive or - negative 
tumours (Figure 1A, Figure S1A). In addition, in this series, 
the degree of angiogenesis in the TME was not significantly 

different between GCB or non- GCB, nor between DE or 
non- DE DLBCLs (irrespective of the MYC status of the 
non- DE tumours) (Figure  S1B– D). Notably, even after re-
moving the DE DLBCLs from the MYC- positive cohort, 
the influence of MYC expression on MVD was still present 
(Figure 1B). Examining the expression of MYC as continu-
ous variable, instead of the dichotomised positive and nega-
tive biopsies, confirmed the correlation (r = 0.42, Spearman 
correlation, p < 0.01) between MYC expression and angio-
genesis (Figure 1C). We concluded that MYC, independently 
of BCL2 co- expression, or the cell- of- origin classification, is 
a correlative marker of angiogenesis in DLBCL.

Regulation of VEGFA may contribute to MYC 
pro- angiogenic role in B- cell malignancies

An interplay between MYC and VEGF has been reported.7 
To confirm the relevance of these interactions, we used 
the human B- cell line P493- 6, which has MYC expression 
under the control of a tetracycline- responsive element. 
Abolishing MYC expression in P493- 6 cells significantly 
suppressed VEGFA secretion as well as its transcription 
(Figure 2A). We expanded this observation to in vivo mod-
els and investigated the expression and secretion of VEGFA 
in mature B cells from 8 to 12 weeks old, lymphoma- free, 
Eμ- MYC and WT mice. We found increased VEGFA tran-
scription and secretion in B lymphocytes from Eμ- MYC 
mice (Figure  2B). Next, we used an in silico approach to 

F I G U R E  1  MYC expression and microvessel density (MVD) in diffuse large B- cell lymphoma (DLBCL). (A) Vessel area in MYC- positive and 
- negative DLBCLs; right panel shows representative immunohistochemistry of MYC- positive/high MVD (CD34 staining) and MYC- negative/low MVD 
DLBCLs. The size bar indicates 100 μm. (B) Vessel area in MYC- negative and MYC- positive DLBCLs excluding double MYC/BCL2 expressors (DE). 
(C) Linear regression analysis between MVD and MYC expression in 56 primary human DLBCLs (Spearman’s correlation coefficient r = 0.42, p = 0.001). 
The p values in (A) and (B) are from non- parametric Mann– Whitney tests
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examine the CHIP- seq Clusters function of ENCODE 
(encod eproj ect.org) and confirmed that MYC binds to the 
canonical CACGTG motif in multiple areas of the regu-
latory region of VEGFA (Figure  S2A). These results led 
us to explore the relationship between MYC and VEGFA 
in cancer datasets (cbiop ortal.org).35 Analysis of B- cell 
lymphomas (n  =  203), and of the related mature B- cell 
malignancy chronic lymphoid leukaemia (n  =  156), con-
firmed a significant, although modest, correlation between 
MYC and VEGFA expression (r  =  0.23, r  =  0.36, respec-
tively, Spearman test, p < 0.0001) (Figure  2C). Finally, we 
went back to the primary DLBCL biopsies and quantified 
VEGF expression using IHC. We found that MYC- positive 
DLBCLs expressed VEGF at significantly higher levels 
than MYC- negative tumours, and that a significant posi-
tive correlation between MYC and VEGF levels was pre-
sent when MYC expression was considered as a continuous 
variable, instead of dichotomised into positive and nega-
tive (R  =  0.64, Spearman test, p < 0.0001, Figure  2D). We 
concluded that heightened angiogenesis in mature B- cell 
malignancies may include the co- ordinated contribution 
of MYC and VEGF.

Cyclic- AMP suppresses MYC, VEGFA and 
angiogenesis in DLBCL

We showed earlier that the cAMP- PDE4B axis inf luences 
angiogenesis in DLBCL.8 Recently, a regulatory circuitry 
involving cAMP and MYC expression was reported in 
B- cell lymphoma.10 Thus, we hypothesised that cAMP 
may be an upstream signal that modulates MYC effects 
towards VEGFA and angiogenesis. To explore this pos-
sibility, we used a combination of forskolin (an adenylyl 
cyclase activator) and rof lumilast (a United States Food 
and Drug Administration [FDA]- approved PDE4 inhibi-
tor) to modulate intracellular cAMP levels in DLBCL cell 
lines and PDX models, and quantified MYC expression 
and VEGFA secretion. It should be noted, as we and oth-
ers reported earlier,10,36– 39 that at baseline DLBCL mod-
els display nearly undetectable levels of cAMP, due to the 
low basal activity of adenylyl cyclase. Therefore, to un-
cover the role of PDE4, which functions exclusively to hy-
drolyse cAMP,9 it is essential that the intracellular levels 
of this second messenger be first elevated with forskolin; 
only then inhibiting PDE4, with rof lumilast, would be of 

F I G U R E  2  MYC and vascular endothelial growth factor A (VEGFA) expression in malignant mature B cells. (A) Left to right –  VEGFA secretion 
(enzyme- linked immunosorbent assay [ELISA] –  conditioned media) and mRNA expression in P493- 6 cells with or without MYC expression. Data are 
mean and SD from three biological replicates –  Western blot (WB) for MYC expression is shown to the right. (B) Left to right –  VEGFA secretion (ELISA 
–  conditioned media) and mRNA expression in mature B cells from Eμ- Myc and wild- type (WT) mice. Data are mean and SD from four (ELISA) and 
eight (quantitative reverse transcription polymerase chain reaction) mice, all analysed in triplicate. (C) Correlation between VEGFA and MYC mRNA 
expression in 203 B- cell lymphomas and 156 chronic lymphocytic leukaemia samples (Spearman’s correlation coefficient r = 0.23, p = 9.01 e- 4 and 
r = 0.36, p = 4.66 e– 6, respectively). (D) Left panel -  VEGF expression in MYC- negative and - positive diffuse large B- cell lymphomas (DLBCLs); right 
panel -  linear regression analysis between VEGF and MYC expression in 48 human DLBCLs (Spearman’s correlation coefficient r = 0.64, p < 0.0001). 
Lower panel shows representative immunohistochemistry of VEGF low and high biopsies (same tumours as in Figure 1A). The size bar indicates 100 μm. 
The p values in (A) and (B) are from two- sided Student’s t- tests, **<0.01, ***<0.001, ****<0.0001; the p values in (D) are from non- parametric Mann– 
Whitney tests

http://encodeproject.org
http://cbioportal.org
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relevance. Here, in agreement with this well- established 
concept, the combination of forskolin and rof lumilast 
(i.e., cAMP elevation) induced MYC suppression and a 
decrease in VEGFA secretion (Figure 3A,B), while single 
agents had limited activity (Figure  S3A). The effects of 
forskolin and rof lumilast towards MYC and VEGFA in 
cell lines were validated in six independent DLBCL PDX 
models analysed ex vivo (Figure  3C,D, Figure  S3B). We 
also demonstrated that suppression of MYC and VEGFA 
that followed elevation of cAMP levels occurred at the 

RNA level (Figure S3C,D), in agreement with earlier re-
ports.7,10 Next, we performed human umbilical vein en-
dothelial cells (HUVEC) tube formation assays to test 
if the degree of suppression of VEGFA secretion by the 
lymphoma cells was functionally relevant. We detected 
significantly decreased number of branch points, loops, 
and tube length formed by these endothelial cells grown 
in conditioned media from isogenic cAMP- high versus 
cAMP- low DLBCL models, a phenotype that was res-
cued by the addition of recombinant human VEGFA 

F I G U R E  3  Cyclic- AMP modulation of MYC and vascular endothelial growth factor A (VEGFA) in B- cell lymphomas. (A) MYC protein expression 
(Western blot [WB]) in diffuse large B- cell lymphoma (DLBCL) cell lines exposed to forskolin (40 μM) and roflumilast (10 μM) (F + R) or vehicle control 
(dimethyl sulphoxide [DMSO]) for 16 h. (B) VEGFA secretion (enzyme- linked immunosorbent assay [ELISA] –  conditioned media) of DLBCL cell lines 
exposed to F + R or DMSO for 16 h. Data are mean ± SD from four biological replicates. (C) MYC protein expression (WB) in DLBCL patient- derived 
xenografts (PDXs) exposed to F + R or DMSO for 16 h. (D) VEGFA secretion (ELISA –  conditioned media) of DLBCL PDX models exposed to F + R or 
DMSO for 16 h. Data are mean ± SD of three technical replicates –  additional biological replicates are shown in Figure S3B. (E) Tube- forming capacity of 
human umbilical vein endothelial cells (HUVEC, number of branch points, loops and tube length –  Left to right) grown in conditioned media DLBCL 
cell lines exposed to DMSO, F + R, or F + R supplemented with recombinant VEGFA (50 ng/ml, F + R + V). Data shown are the mean ± SD from four to 
five replicates quantified using image J software. Representative tube formation images are shown to right of the graphs. (F) MYC expression (WB) and 
VEGFA secretion (ELISA) in P493- 6 MYC ON (left panels) or MYC OFF (right panels) exposed to F + R for 16 h. Data are mean ± SD from three biological 
replicates. All p values are from two- sided Student’s t- tests, *<0.05, **<0.01, ***<0.001****<0.0001. In (E), the differences between DMSO and F + R + V are 
not significant
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(Figure 3E). Lastly, to determine if MYC was mediating 
the suppressive effects of cAMP towards VEGFA, we re-
turned to the MYC- regulatable P493- 6 cells. We showed 
that the combination of forskolin and rof lumilast read-
ily suppressed VEGFA in MYC- ON cells, in association 
with MYC downregulation, but it did not modify VEGFA 
levels if MYC expression was turned OFF in the isogenic 
P493- 6 model (Figure  3F). We concluded that cAMP 
downregulates MYC/VEGFA axis in DLBCL and possibly 
angiogenesis in the lymphoma microenvironment. The 
mechanism by which the transcription of ectopic MYC in 
P493- 6 cells is downmodulated by cAMP remains to be 
defined, but it does not include change in mRNA stability 
(Figure S3E,F).

The cAMP- PDE4 axis suppresses HIF1α and 
hypoxia- mediated VEGFA secretion

A cross- talk between the cAMP- PDE4 axis and HIF sig-
nalling, one of the most potent regulators of VEGF tran-
scription, secretion, and ultimately angiogenesis, has been 
suggested in non- cancer models and shown to be cell- 
type specific.11,12 Here, we explored the potential role of 
cAMP in controlling HIF signals in DLBCL. To that end, 
we exposed 15 unique DLBCL models (nine cell lines, 
six PDXs) to hypoxia (5% O2) for 16 h and quantified 
HIF1α and HIF2α by Western blot. HIF1α was induced 
by hypoxia in all but one (SU- DHL8) of the models ex-
amined (Figure 4A,B). In a fraction of the cell lines (five 
of nine), but in none of the PDXs, HIF1α was already de-
tected in normoxia, albeit still readily inducible by hy-
poxia. Conversely, HIF2α was not expressed in DLBCL, 
in normoxia or hypoxia (Figure S4A,B). Notably, in nearly 
all models investigated (eight of nine cell lines and all 
PDXs), the combination of forskolin and roflumilast sup-
pressed HIF1α expression in hypoxia and/or normoxia 
(Figure  4A,B); note than in SU- DHL8 and OCI- Ly10 the 
inhibition of HIF1α is detected only in normoxia (in these 
two cell lines, as well as SU- DHL4, a modest increase in 
HIF1α is detected following exposure to F + R in hypoxia). 
More importantly, additional investigation showed that 
cAMP supressed HIF1α in DLBCL at transcriptional level 
(Figure S4C).

Hypoxia, in a HIF- dependent manner, has been previ-
ously reported to promote MYC degradation in epithelial 
cell models.40,41 We found that hypoxia also suppressed MYC 
expression in DLBCL (Figure 4A,B, compare lanes 1 and 3), 
and that exposure to forskolin and roflumilast appeared to 
further MYC downregulation in hypoxia (Figure 4A –  com-
pare lanes 3 and 4). These data suggest that cAMP may sup-
press two VEGF- inducing pro- angiogenic nodes, HIF1α and 
MYC. To confirm this assertion, we first measured VEGFA 
in the cell lines and PDX DLBCL models in normoxia or hy-
poxia (5% O2 for 16 h). In all instances, expectedly, hypoxia 
increased VEGFA levels (cell lines: mean 2.9- fold increase, 
range 1.9– 5.04 PDX: mean 3.1- fold increase, range 2.2– 4.5, 

Figure  S4D), while cAMP significantly suppressed VEGFA 
in hypoxia (Figure 4C,D, Figure S4E), which we postulated 
derived at least in part from the downregulation of HIF1α 
(and attendant effects in its direct target, VEGFA). In agree-
ment with this concept, we detected cAMP- mediated tran-
scriptional downregulation of additional HIF1α targets 
(BCL2 interacting protein 3 (BNIP3), carbonic anhydrase 9 
(CAIX), Egl- 9 family hypoxia inducible factor 1 (EGLN1)] in 
multiple DLBCL models (Figure  S4F). We also confirmed 
that hypoxia per se does not modify the intracellular levels 
of cAMP, and that forskolin and roflumilast upregulated 
the levels of this second messenger to the same extent in 
normoxia and hypoxia (Figure  S4G). Next, to further in-
vestigate the relationship between HIF1α and MYC during 
hypoxia in DLBCL, we generated CRISPR- based HIF1α KO 
in the DLBCL cell line SU- DHL10. Examination of HIF1α 
KO clones unexpectedly revealed that contrary to epithelial 
cells,40,41 in this DLBCL model MYC downregulation in hy-
poxia is HIF1α independent, as it occurred to a similar de-
gree in HIF1α WT or KO cells (Figure 4E). We also verified 
that in the HIF1α- KO cells there was no change in HIF2α 
expression, which remained undetectable, mitigating con-
cerns of a potential confounding effect from HIF2α on MYC 
suppression (Figure S4H). This DLBCL KO model was also 
used to strengthen the concept that HIF1α is mediating at 
least part of the cAMP suppressive effects on VEGFA expres-
sion. Quantification of VEGFA in these cells showed that in 
a HIF1α WT status, cAMP suppressed all VEGFA induced 
by hypoxia, which is a significantly larger amount than that 
generated by HIF1α KO cells in hypoxia. In other words, 
there is a more pronounced cAMP- mediated ‘clearance’ of 
VEGFA (in pmol/million cells) in HIF1α WT than KO cells 
(Figure 4E, Figure S4I). Importantly, this response could be 
more confidently ascribed to cAMP effects towards HIF1α 
because the confounding cAMP- mediated MYC suppression 
during hypoxia was equally present in HIF1α- WT and - KO 
cells (Figure 4E). Finally, this genetic loss- of- function model 
was cross- validated by a pharmacological approach to sta-
bilise HIF1α. In brief, DLBCL cell lines were exposed to the 
prolyl hydroxylase (PHD) inhibitor molidustat in presence 
or absence of forskolin and roflumilast (cAMP), and HIF1α, 
MYC and VEGFA expression quantified. Pharmacological 
stabilisation of HIF1α protein by molidustat blunted cAMP 
effects towards VEGFA (Figure 4F, Figure S4J). In these as-
says, we detected only ~20% suppression of VEGFA by cAMP 
versus ~80% suppression during hypoxia, wherein, differ-
ently from the molidustat- treated cells, cAMP also mark-
edly inhibited HIF1α expression (Figure  4A,C). Analysis of 
MYC in this model was also informative; first, it showed 
that HIF1α expression/stabilisation alone does not suppress 
MYC, validating the HIF1α KO data and strongly suggesting 
that in DLBCL MYC suppression during hypoxia is HIF1α 
independent. In addition, as cAMP readily suppressed MYC 
in molidustat- treated cells, the limited downmodulation of 
VEGFA in these cells further support the idea that HIF1α is 
mediating at least part of the cAMP effects towards VEGFA 
expression.
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PDE4 activity regulates both the tumour 
cell and TME to influence lymphoma 
angiogenesis

Recently, we created a compound Eμ- Myc;Pde4b−/− mouse 
and showed that B- cell lymphomas that develop in these 

mice have suppressed angiogenesis.8 In this earlier work, 
we showed that Pde4b KO increased intracellular cAMP 
in the lymphoma cells, and suppressed VEGFA secretion 
in the TME.8 However, the cAMP/PDE4 axis has also been 
suggested to directly influence endothelial cells and inhibit 
vessel development in non- cancer models.13– 16 Thus, to map 

F I G U R E  4  Cyclic- AMP modulation of MYC, hypoxia- inducible factor 1α (HIF1α) and vascular endothelial growth factor A (VEGFA) in diffuse large 
B- cell lymphoma (DLBCL). (A) Western (WB) analysis of HIF1α and MYC protein expression in DLBCL cell lines grown in normoxia (21% O2) or hypoxia 
(5% O2) for 16 h and exposed to dimethyl sulphoxide (DMSO) or forskolin and roflumilast (F + R, 40 μM + 10 μM). (B) WB analysis of HIF1α and MYC protein 
expression in DLBCL patient- derived xenograft (PDX) models grown in normoxia (21% O2) or hypoxia (5% O2) for 16 h and exposed to DMSO or F + R. (C) 
VEGFA secretion (enzyme- linked immunosorbent assay [ELISA] –  conditioned media) in DLBCL cell lines grown in hypoxia (5% O2) and exposed to F + R or 
DMSO for 16 h. Data shown are mean ± SD from three biological replicates. (D) VEGFA secretion (ELISA –  conditioned media) in DLBCL PDX models grown 
in hypoxia (5% O2) and exposed to F + R or vehicle control (DMSO). Data shown are mean ± SD of three technical replicates; additional biological replicates are 
shown in Figure S4E. (E) Left panel -  WB analysis of HIF1α and MYC protein expression in HIF1α wild- type (WT) or knockout (KO) SU- DHL10 cells grown 
in normoxia (21% O2) or hypoxia (5% O2) and exposed to DMSO or F + R; right panel -  quantification of VEGFA suppression following exposure to F + R in 
HIF1α WT or KO cells grown in hypoxia (data shown are VEGFA levels in conditioned media of DMSO minus VEGFA levels in F + R- treated cells, i.e., cAMP- 
mediated VEGFA clearance); full data in Figure S4I; data shown are mean ± SD of three biological replicates. (F) left panel -  WB analysis of HIF1α and MYC 
expression in DLBCL cell lines exposed to DMSO, molidustat (prolyl hydroxylase inhibitor [PHDi], 10 μM), or PHDi (10 μM) + F + R for 16 h in normoxia; right 
panel -  VEGFA secretion (ELISA –  conditioned media) in DLBCL cell lines exposed to molidustat (PHDi, 10 μM), or PHDi (10 μM) + F + R for 16 h in normoxia. 
Data shown are mean ± SD of three biological replicates. The p values in C– F are from two- sided Student’s t- tests, *<0.05, **<0.01, ***<0.001, ****<0.0001
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all cAMP anti- angiogenic effects during lymphomagenesis, 
and to differentiate its non- cell and cell autonomous effects, 
we developed an adoptive transfer model with lymphomas 
derived from Eμ- Myc mice. In this model, Pde4b was alter-
natively deleted (KO) in the B- cell lymphoma and/or in the 
recipient mice. Four cohorts were created: (i) Pde4b WT Eμ- 
Myc B- cell lymphoma transplanted in WT recipient mice 
(WT- WT pairing); (ii) Pde4b WT Eμ- Myc B- cell lymphoma 
transplanted in Pde4b KO recipient mice (WT- KO pairing); 
(iii) Pde4b KO Eμ- Myc B- cell lymphoma transplanted in 
WT recipient mice (KO- WT pairing); (iv) Pde4b KO Eμ- 
Myc B- cell lymphoma transplanted in Pde4b KO recipient 
mice (KO- KO pairing). Once enlarged lymph nodes were 
clinically detected, the mice were humanely killed, cervical 
lymph nodes collected and processed for histopathological 
and immunohistochemical analyses. Lymphoma diagnosis 
was confirmed in all cases, and MVD quantification per-
formed as described.8 Pde4b WT lymphomas that developed 
in Pde4b WT mice (WT- WT) displayed significantly higher 
MVD than lymphomas arising from any of the other combi-
nations (Figure 5A). Deletion of Pde4b exclusively in the re-
cipient mouse (WT- KO) or in the lymphoma cell (KO- WT) 
had similar impact in angiogenesis suppression, whereas 

double deletion of Pde4b, in the lymphoma and endothe-
lial cell (KO- KO), led to the most marked suppression in 
angiogenesis (Figure 5A). Of importance, because Eμ- Myc 
lymphomas display genetic heterogeneity, we used multiple 
donor lymphomas in each cohort thus controlling for intrin-
sic tumour aggressiveness as a potential confounding vari-
able. This approach was validated by transplanting the same 
donor in genetically distinct recipient mice. In these in-
stances, we found that Pde4b WT Eμ- Myc B- cell lymphoma 
that developed in Pde4 KO mice displayed significantly 
fewer vessels than isogenic tumours that were transplanted 
in Pde4b WT mice (Figure 5B). Likewise, Pde4b KO Eμ- Myc 
B- cell lymphoma that developed in Pde4b KO mice dis-
played less prominent angiogenesis than isogenic tumours 
transplanted in Pde4b WT mice (Figure 5B). We concluded 
that cAMP- PDE4 axis inhibits lymphoma angiogenesis by 
targeting the lymphoma cell and the TME.

DISCUSSION

In this report, we showed that MYC expression correlates 
with, and may contribute to, the degree of angiogenesis in 

F I G U R E  5  Differential phosphodiesterase 4b (Pde4b) expression in lymphoma or endothelial cells and angiogenesis in vivo. (A) Microvessel 
density (MVD) in Pde4b wild- type (WT) or Pde4b knockout (KO) B- cell lymphomas developing Pde4b WT or KO mice. Data shown are mean vessel 
number from three hot spots/tumour; each dot in the graph represents a unique tumour (n = 59). The p values are from two- sided unpaired Student’s 
t- tests, *<0.05, **<0.01, ****<0.0001. Right panel shows representative CD34 immunohistochemistry of the four pairings shown in the graph; the size bar 
indicates 100 μm. (B) MVD in lymphomas developing in Pde4b WT or Pde4b KO mice transplanted with the same donor lymphoma, either Pde4b WT 
(#148) or KO (#173) mice. Data shown are mean vessel number from three hot spots; each dot in the graph represents a unique tumour (n = 18).  
The p values are from two- sided unpaired Student’s t- tests, *<0.05, **<0.01
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DLBCL. We also demonstrated that this pro- angiogenetic 
MYC activity can be blunted by modulation of the cAMP/
PDE4 axis, in vitro and in vivo. This actionable node dis-
plays broad influence on lymphoma angiogenesis for it also 
inhibits HIF1α expression during hypoxia. Although we 
had reported before on an interplay between cAMP/PDE4 
signals and angiogenesis,8 here we established the broad 
mechanistic basis for these effects –  MYC inhibition, HIF1α 
suppression, and targeting of endothelial cells (summarised 
in Figure 6).

Despite the well- established role of MYC in angiogene-
sis,7 and in DLBCL pathogenesis,3 examination of this rela-
tionship has been limited to reports of a positive correlation 
between MYC expression and serum levels of VEGF,42,43 
without direct vessel quantification in the lymphoma bi-
opsy. We showed that MYC- positive DLBCL biopsies dis-
played significantly higher MVD and VEGF levels than 
MYC- negative lymphomas. This finding was not limited 
to DLBCLs dichotomised as MYC positive and negative 
(> or <40% positive cells by IHC) but rather had features 
of a continuous variable driving a positive correlation. The 
data from B cells from the Eμ- Myc mouse model, DLBCL 
cell lines and PDX models analysed in vitro linked MYC 
expression and angiogenesis to VEGFA transcription and 
secretion. Of note, the importance of MYC as a mediator of 
cAMP inhibitory effects towards VEGFA was validated in 
MYC- null models, in which cAMP did not suppress VEGFA. 
These data suggest that an anti- angiogenic axis composed 
by cAMP- MYC- VEGFA is operational in B- cell lymphomas. 

Analysis of large datasets of mature B- cell malignancies in-
vestigated by unbiased genome- wide gene expression meth-
ods, confirmed the relationship between MYC and VEGFA 
expression. These results suggest that the interplay between 
MYC, VEGF and angiogenesis, and possibly poor outcome, 
may be a common feature of B- cell tumours. Future exam-
ination of larger DLBCL series with parallel quantification 
of MYC expression and MVD will be important to validate 
these findings. Notably, although we have shown before 
that PDE4 inhibitors suppresses the growth and viability of 
DLBCL (reviewed in Cooney and Aguiar9) a concept that we 
have already tested in the clinic,44 here we purposely used 
assays that avoided the confounding variables derived from 
the cAMP- PDE4- mediated cell growth suppression, and 
all output data were normalised by the number of cells at 
time of data collection. Thus, we are confident that the anti- 
angiogenic profile that we detected in our models are not a 
surrogate for cAMP- PDE4- driven growth inhibition.

The TME is a dynamic cellular milieu that often displays 
reduced oxygen availability, resulting in increased activity 
of HIFs, which in turn upregulate the expression of genes 
that promote angiogenesis, culminating in tumour survival 
and progression. Interruption of this cancer permissive cycle 
with anti- VEGF agents has been implemented with modest 
success in epithelial cancers but failed to provide benefit in 
DLBCL.4,45 Here, we provided data linking cAMP to HIF1α 
and VEGFA in DLBCL. We found that cAMP transcrip-
tionally represses HIF1α during hypoxia, with attendant 
downregulation of multiple HIF1α direct targets, includ-
ing VEGFA. As hypoxia can independently repress MYC 
it became important to test the relevance of the putative 
cAMP- HIF1α- VEGFA interplay. Examination of HIF1α KO 
DLBCL model, as well as lymphomas with HIF1α pharma-
cologically stabilised (i.e., exposed to PHD inhibitors), sup-
ported the concept that HIF1α is, at least in part, mediating 
cAMP effects on VEGFA expression. Unexpectedly, we also 
found that contrary to earlier reports in epithelial cell mod-
els,40,41 in DLBCL the hypoxia- induced suppression of MYC 
is HIF1α independent. Future studies are necessary to de-
fine which hypoxia- associated signals repress MYC in this 
tumour type.

In summary, we showed that MYC expression, at least in 
part via VEGFA expression/secretion, positively correlates 
with angiogenesis in DLBCL. In seeking to perturb this 
lymphogenic/pro- angiogenic signal with therapeutic intent, 
we found that modulation of cAMP levels could suppress 
lymphoma angiogenesis at least in part by repressing MYC, 
HIF1α and the vascular endothelium.
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