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BCL-2 isoform 3 promotes angiogenesis by TRiC-mediated
upregulation of VEGF-A in lymphoma
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Bcl-2 (B-cell lymphoma 2), the first identified anti-apoptosis factor, encodes two transcripts, the long isoform a and the short
isoform B. The current understanding of the Bcl-2 function mainly focuses on Bcl-2a, while little is known about the function of Bcl-
2, which lacks the transmembrane domain and contains 10 unique amino acids at the C-terminus instead. Here, we analyzed the
expressions of BCL-2 two isoforms in diffused large B-cell lymphoma (DLBCL) and found a significant positive correlation between
them. Then, with the CRISPR/Cas9-based transcriptional activator (CRISPRa), we generated mouse B-cell lymphomas with Bcl-2
upregulation from the endogenous locus, in which both Bcl-2a and Bcl-2f3 levels were increased. Bcl-2(3 itself promoted
angiogenesis both in vitro and in vivo through increased vascular endothelial growth factor A (VEGF-A). Inhibiting VEGF receptors
with Axitinib reduced angiogenesis induced by Bcl-23 overexpression. Co-immunoprecipitation and mass spectrometry analysis
revealed that Bcl-2f interacted with the T-complex protein ring complex (TRiC). Disruption of TRiC significantly impaired the
angiogenesis-promoting activity of Bcl-2(3, indicated by reduced VEGF-A protein level and HUVEC tube formation. Thus, our study
suggests that Bcl-2 isoform 8 plays a role in promoting tumor angiogenesis through the Bcl-23-TRiC-VEGF-A axis.
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INTRODUCTION
Bcl-2 (B-cell lymphoma 2) is frequently deregulated in many human
cancers [1, 2]. It was firstly discovered in B-cell follicular lymphomas
with t (14,18) (g32; g21) chromosome translocation, which
juxtaposes the BCL-2 gene under the regulation of IgH transcription
enhancer resulting in the overexpression of BCL-2 [3, 4]. Later, Bcl-2,
an inner mitochondria member protein, was identified as a founding
member of the Bcl-2 family proteins that block programmed cell
death and promote cell survival [5, 6]. Deregulation of BCL-2 is often
associated with a poor prognosis in various cancers. BCL-2 high
expression together with MYC overexpression in B-cell non-Hodgkin
lymphoma (NHL), named double-hit or double-expressor lymphoma
dependent on whether chromosome translocation events are
involved or not, is associated with poor prognosis [7]. Compared
to more than 80% of human DLBCL who benefited from the current
R-CHOP regimen, less than 60% of patients with BCL-2 and MYC
overexpression can achieve 5-year survival. Due to the importance
of Bcl-2 in cancer development and drug resistance, it became a
promising therapeutic target. BH3-mimetics like venetoclax as Bcl-2
inhibitor [8, 9] have been approved for treating patients with
chronic lymphatic leukemia or newly diagnosed acute myeloid
leukemia, and several clinic studies of combinations with Bcl-2
inhibitors in treating lymphomas are ongoing.

BCL-2 has two isoforms, BCL-2a and BCL-2 [10]. In most cases,
both BCL-2a and BCL-2f expressions are increased when BCL-2 is
upregulated by translocation or amplification in various cancers.

The ratio of BCL-2B vs BCL-2a is reported higher in chronic
myelogenous leukemia [11]. Although Bcl-2a is a well-known anti-
apoptotic factor with an oncogenic effect on cancer biology, the Bcl-
2[ function is still under study. BCL-2f3 shares the exon 1 and exon 2
encoding four BH domains, but lacks exon 3 encoding the
transmembrane domain. Besides, Bcl-2( contains unique 10 amino
acids (7 amino acids in mouse Bcl-2p) at its C-terminus. Several
studies on C-terminal-truncated Bcl-2a showed that the anti-
apoptotic role of Bcl-2a relies on the transmembrane domain [12].
Also, adding Bcl-2f3 with a heterologous transmembrane domain is
capable of prolonging cell survival by inhibiting apoptosis. But, BCL-
2a truncated mutant is not equal to BCL-23 due to the lack of Bcl-23
c-terminal 10 amino acids. The role of BCL-2f remains elusive.

Here, we investigated the function of Bcl-23 in tumor biology.
We first applied a CRISPRa system to upregulate Bcl-2 gene
expression from the endogenous locus to generate murine B-cell
lymphoma, in which both Bcl-2a and Bcl-23 were overexpressed.
The further analysis illustrated that Bcl-23 promoted angiogenesis
in vitro and in vivo through increased VEGF-A. Our results revealed
that Bcl-2 isoform 8 plays a role in tumor angiogenesis.

RESULTS

BCL-2 is frequently upregulated in human B-cell lymphomas
BCL-2 is overexpressed frequently in B-cell lymphomas and is
often associated with poor prognosis. To investigate the
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expression of BCL-2 two mRNA variants, BCL-2a and BCL-28, we
analyzed the RNA-seq data from the TCGA-DLBC cohort with a
total of 48 patients (Fig. 1A, B, Supplementary Fig. 1). BCL-2
overexpression highly co-occurs with MYC overexpression in
B-cell lymphoma. Therefore, we selected the patients with both
MYC and BCL-2 high-expression (top 50%) as double expressor
(DE), and found that the BCL-2f3 expression level is even higher
in DE (Fig. 1B). The expression of BCL-28 is significantly positively
correlated with that of BCL-2a in all patients (R=0.47, p=
0.00073), and this correlation was stronger in DE patients
(R=0.7, p=0.0056) (Fig. 1Q).
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Mimicking BCL-2f3 upregulation in mouse lymphoma with
CRISPRa

Next, we applied the CRISPRa system, a catalytically dead Cas9
fused to multiple transcription activators (dCas9-VP64-p65-Rta,
dCas9-VPR) [13], to generate a mouse B-cell lymphoma model
with the endogenous mouse Bcl-2 gene upregulation to mimic
DEL patients, in which both BCL-2a and BCL-23 transcripts were
increased. We first chose 12 sgRNAs targeting the promoter region
of Bcl-2 to examine the effect of the CRISPRa system (Supple-
mentary Fig. 2). The fewest and most efficient combination of Bc/-2
sgRNAs were sgRNAs targeting —97, —217, and —993, which were
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Fig. 1 Modeling double expressor lymphoma-associated Bcl-2f upregulation with CRISPRa in mice. The mRNA levels of BCL-2a (A) and
BCL-2f (B) in non-DE and DE lymphomas from the TCGA-DLBC cohort, n = 14 for DE and n = 34 for Non-DE (DE, defined by high expression
both of MYC and BCL-2 through median RNA expression level; Non-DE, other DLBCL patients except DE). C The correlation of BCL-2a and BCL-
23 expression in DLBCL patients, R = 0.47, p = 0.00073 (all black and red points), and in DE patients, R = 0.7, p = 0.0056 (red points in Dotted
box). D Top: schematic of mouse Myc-driven B-cell lymphoma generated by transplantation. Eu-Myc E13.5 HSPCs were transduced with
CRISPR/dCas9-VPR and transplanted into sub-lethally irradiated recipient mice. Bottom: Kaplan-Meier tumor-free survival curve of recipient
mice, n =11 for the sgScr group and n = 12 for the sgBcl-2 group. ****p < 0.0001 (log-rank test). E Left: Representative anatomic photograph
of sgBcl-2; dCas9-VPR recipient mice. Scale bar,1 cm. Middle and right Representative H&E stating picture showing enlarged lymph nodes,
liver, spleen, and bone in Eu-Myc; sgBcl-2; dCas9-VPR recipient mice. scale bar, 50 pm. F Representative flow plots showing the expression of
GFP, B220, and IgM of harvested sgBcl-2; dCas9-VPR lymphoma cells. G Relative mRNA levels of Bcl-2a and Bcl-2f in sgBcl-2; dCas9-VPR
lymphoma cells, measured by RT-PCR, n =2 for control group and n = 3 for dsgBcl-2 group. Error bar represents Mean with SEM. **p < 0.01
(unpaired two-tailed t-test). H Gene Set Enrichment Analysis (GSEA) showing the enrichments of gene signatures (top 200 differential
expression genes of upregulation or downregulation) of DE with dsgBc/-2 lymphomas compared to normal lymph nodes (UP: NES = 2.50;
FDR g = 0.00; DOWN: NES = —1.30; FDR g = 0.09). | Representative flow cytometry results of Annexin V staining results of dsgBc/-2 lymphoma
cells harvested from 2™ transplanted mouse bone marrow after ABT-199 or vehicle treatment. J The histogram shows the percentage of
Annexin V' DAPI" lymphoma cells quantitated from | n = 3 recipient mice for each group. Error bar represents Mean with SEM, p = 0.0544

(unpaired two-tailed t-test).

then cloned into one retrovirus-based vector (Supplementary Figs.
2 and 3). Hematopoietic stem and progenitor cells (HSPCs) from
Eu-Myc mice [14] were transduced with dCas9-VPR and sgRNAs for
Bcl-2(sgBcl-2) or scramble (sgScr) and then injected into sub-
lethally irradiated wild-type C57BL/6 recipient mice. Lymphoma
development was monitored by palpation twice per week.
Recipient mice transplanted with Eu-Myc; sgBcl-2; dCas9-VPR
HSPCs developed lymphoma very fast (median onset 41 days,
p <0.01), while control mice with sgScr were healthy with no
lymphoma detected in observed time (>80 days after transplanta-
tion) (Fig. 1D).

The resulting Eu-Myc; sgBcl-2; dCas9-VPR (named dsgBcl-2)
lymphomas were enriched in enlarged lymph nodes (Fig. 1E).
These lymphoma cells were very aggressive and infiltrated into
multiple organs including the liver, spleen, and bone as shown by
hematoxylin and eosin (H&E) staining, consistent with other Eu-
Myc lymphomas reported before [14] (Fig. 1E). Flow cytometry
analysis results showed that resulting dsgBcl-2 lymphoma cells are
GFP* and B220"IgM", indicating that they originated from donor B
progenitor cells with sgBcl-2; dCas9-VPR (Fig. 1F). Then, we
analyzed the Bcl-2 expression status by RT-PCR, and found that
both Bcl-2a and Bcl-2f3 transcripts were dramatically increased in
the dsgBcl-2 lymphoma cells, compared to control Eu-Myc
lymphoma cells (Fig. 1G).

To investigate whether our dsgBcl-2 lymphoma model recapi-
tulated the molecular signature of human DLBCL with MYC and
BCL-2 double high-expression (DLBCL_DE), we performed RNA-seq
analysis of dsgBcl-2 lymphoma cells. The gene set enrichment
analysis (GSEA) showed that the upregulated genes in dsgBcl-2
model were significantly positively enriched in DLBCL_DE, so did
downregulate genes in normal lymph nodes (Fig. TH). We also
examined the drug response of the dsgBc/-2 lymphoma cells to
Bcl-2 inhibitor venetoclax (ABT-199) in vivo (Fig. 11). Compared to
the vehicle group, GFP™ dsgBcl-2 lymphoma cells had a higher
rate of apoptotic cells (Annexin VYDAPI™) (Fig. 1J), consistent with
the previous report [15]. These results indicated that the dsgBcl-2
lymphoma mouse model we constructed well mimicked the
patients with double expressor lymphoma.

Bcl-23 promotes angiogenesis

Bcl-2a is a well-known oncogene to drive B-cell lymphoma. To
investigate whether Bcl-28 also plays a role in lymphoma biology,
we cloned the Bcl-23 cDNA and introduced it into Eu-Myc HSPCs to
examine its role in driving lymphomagenesis. However, the Bcl-23
overexpressed group did not show a significant advantage in
lymphomagenesis (Supplementary Fig. 4). It has been reported
that Bcl-23 overexpression could transform NIH3T3 cells into
tumors in vivo [16]. Therefore, Bcl-28 cDNA was transduced into
NIH3T3 cells and subcutaneously injected into recipient nude
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mice, and monitored the tumor growth. Compared to the control
group, NIH3T3 cells with Bcl-23 overexpression grew significantly
faster and 8/8 (100%) transformed into the tumor with malignant
growth (Fig. 2A and Supplementary Fig. 5A, B). Bcl-23 over-
expression in harvested tumors was confirmed by red fluores-
cence detected in tumors (Supplementary Fig. 5C), dramatical
upregulation of Bcl-2 expression, and increased Bcl-2p protein
level (Fig. 2B. C).

Interestingly, we noticed that Bcl-23-overexpressed tumors
were darker than controls (Supplementary Fig. 5A), suggesting
that more vessels were generated in Bcl-2B-overexpressed
tumors. The H&E staining results confirmed that more red blood
cells infiltrated into Bcl-2B-overexpressed tumors than that in
controls (Fig. 2D). Consistently, more microvessels were
observed in Bcl-2f3-overexpressed tumors as shown by the
endothelial marker CD31 staining (Fig. 2D). To investigate the
role of Bcl-2f3 in vessel formation, we applied the endothelial cell
tube formation assay using human umbilical vein endothelial
cells (HUVECQ). Media collected from NIH3T3 cells carrying Bcl-23
cDNA or empty vector were added into HUVEC. After 7h
incubation, we found that more tubes were formed within the
media from Bcl-28 overexpressed NIH3T3 cells than that from
control cells (Fig. 2E), in which tube number, junction number,
total length, and total branching length were dramatically and
significantly increased (Fig. 2F).

As Bcl-2a was reported to play a role in promoting angiogenesis
[17], we generated Bcl-2 knockout NIH3T3 cell lines with CRISPR/
Cas9 technology to exclude the influence of endogenous Bcl-2a
(Supplementary Fig, 6A-C). In these Bcl-2 knockout 3T3 cells, no
Bcl-2 protein was detected as shown in the Western blotting result
(Fig. 3A). Then, we transduced Bcl-2~/~ 3T3 cells with Bcl-28 cDNA
or empty vector, followed by performing the tube formation assay.
Results showed that without endogenous Bcl-2, exogenous Bcl-2f3
expression accelerated the HUVEC tube formation with signifi-
cantly more tubes and branchings, more nodes, and junctions
(Fig. 3B, C). We also examined venetoclax role in the Bcl-2f3-
induced HUVEC tube formation, and found little effect with
venetoclax treatment (Supplementary Fig. 7). Taken together,
these results supported that dysregulated Bcl-2f3 contributes to
tumor angiogenesis, which can not be repressed by venetoclax.

Vascular endothelial growth factor A (VEGF-A) is a prominent
factor in promoting new blood vessel formation. To test whether
VEGF-A is involved in Bcl-2B-induced angiogenesis, we examined
VEGF-A expression in the Bcl-2~'~ NIH3T3 cells with Bc/-28 cDNA
or empty vector. The mRNA levels of VEGFA have slight changes in
cells with or without Bcl-28 cDNA (data not shown). However, both
cellular and secreted VEGF-A protein are increased in Bcl-23-
overexpressed cells (Fig. 3D). With VEGF-A receptors inhibitor
Axitinib treatment, Bcl-2B-driven tube formation was repressed

SPRINGER NATURE



X. Hang et al.

A 15007 B 400 *%* C
& —= A
cg - goln;rol 2 300 " Control Bcl-2
Cl- o = 5 1 5
E gugl B = Q200 - 1 2 1 2 kDa
g *% S 99 . -—e — £
2 Q E :
S 500 e N 13 Bcl-2 .
— >
g g 4 o p— — 43
g % T 5 Actin —_—
= 5 30 35 40 45 ol
Time (days) Control  Bcl-2
D
)
e
»e
0
SEAINERE SR v Z
F
300 80 * (<E~4 - 4
* o - * is)
8 I §eo +] g + 53 i
§200 B = g
] c S c =
= 3,40 z2 £E2
(] Y =
5100 5 © | * s =
Z L 20 o1 & 5<1
= = 5 5 |$|
o o S S o
Control Bcl-28 Control Bcl-28 F

Control Bcl-28 Control Bcl-23

Fig. 2 Bcl-2 promotes tumorigenesis and angiogenesis. A Tumor growth curve of NIH3T3 cells transduced with empty vector (Control) or
Bcl-23 cDNA (Bcl-2f) in nude mice subcutaneously, n =8 for each group. B Relative mRNA levels of Bcl-28 in tumors harvested from A.
C Representative Western blots showing Bcl-2f in tumor cells from A. The asterisk indicates the protein band of Bcl-2p. D Representative
images of H&E staining and immunohistochemical staining of CD31 for Control or Bcl-23 tumors. Scale bar, 50 um. E Representative images of
HUVEC tube formation under the medium from NIH3T3 cells transduced with empty vector (Control) or Bcl-23 cDNA (Bcl-2p). Scale bar: 500pm.
F The number of nodes, junctions, total length, and total branching length of HUVEC tubes in E was quantitated by ImageJ, n =2 for each
group. Error bar: mean with SEM. *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed t-test).

(Fig. 3E, F). These results suggested that Bcl-23 promotes new
blood vessel formation through VEGF-A.

Co-IP mass spectrometry reveals the interaction of Bcl-2p and
TRiC

Unlike Bcl-2a located on the outer mitochondria membrane, Bcl-23
was mainly in the cytosol, as shown by immunofluorescence
staining with mitochondria marker MitoTracker (Supplementary Fig.
8A). Thus, it was not a surprise when we found that overexpressed
Bcl-2f3 had little impact on cell apoptosis (Supplementary Fig. 8B). To
explore the molecular mechanisms of Bcl-2f3 regulating VEGF-A, we
performed co-immunoprecipitation (co-IP) and mass spectrometry
(MS) with anti-FLAG antibody to pull down FLAG-tagged Bcl-2(.

SPRINGER NATURE

Multiple components in the T-complex protein Ring Complex (TRiC)
(CCT2, CCT8, CCT5, TCP1, CCT4, and CCT7) were successfully co-
immunoprecipitated with Bcl-2f (Fig. 4A, B). co-IP and Western
blotting results confirmed the interaction between Bcl-2f3 and CCT2,
CCT5 or CCT8 (Fig. 4C).

TRiC is required for Bcl-2B-induced angiogenesis

Further, we analyzed the impact of TRiC on Bcl-2B-driven
angiogenesis. We constructed sgRNAs to target components in
TRiC including Tcp1, Cct2, Cct4, Cct5, Cct7, or Cct8, and measured
the efficiency of these sgRNAs by T7E1 assay (Supplementary Fig.
9). With these sgRNAs, VEGF-A protein levels in Bcl-23-over-
expressed NIH3T3 cells were dramatically reduced, compared to

Oncogene
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Fig. 3 Bcl-28 promotes angiogenesis through increased VEGF-A secretion. A Western blotting results of Bcl-2 in Bcl-2 wild-type (WT) or
knockout (KO) NIH3T3 cells. B Representative images of HUVEC tube formation with the medium harvested from Bcl-2~/~ NIH3T3 cells
transduced with empty vector (Control) or Bcl-23 cDNA (Bcl-2f3). Scale bar: 500 pm. C. The number of nodes, junctions, total length, and total
branching length of HUVEC tubes in B was quantitated by ImageJ. D Western blotting results of VEGF-A (both in lysates and medium) when
Bcl-28 overexpressed or not in Bcl-27 NIH3T3 cells. E Representative images of HUVEC tube formation with the medium harvested from Bcl-2
overexpressed (control: empty vector) in Bcl-2”~ NIH3T3 cells treated with vehicle or Axitinib. Scale bar: 500 um. F The number of nodes,
junctions, total length, and total branching length of HUVEC tubes in E was quantitated by Imagel, n =3 for each group. The error bar
represents mean with SEM. ns not significant, *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed t-test).

scramble sgRNA (Fig. 4D). Consistently, media collected from
these cells has much less effect on promoting HUVEC tube
formation (Fig. 4E, F). Together, these results suggested that Bcl-
23 overexpression induced new blood vessel formation probably
through the TRiC/VEGF-A axis.

To study the clinic relevance of our finding, we analyzed the
TCGA-DLBCL RNA-seq data and found that VEGF-A related path-
ways such as “ABE_VEGFA_TARGETS”, “"HALLMARK_ANGIOGENESIS”
were enriched in BCL-2f high group, determined by median RNA
level of BCL-28 (Fig. 5A). VEGFA gene expression was significantly
upregulated in BCL-2B high group but not in BCL-2a high group
(Fig. 5B). Furthermore, the expression of genes encoding TRiC
component Cct2, Cct5, or Cct8 were positively correlated with VEGFA
and VEGFA_target mRNA levels (Fig. 5C). We also analyzed the
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clinical samples from Non-DEL or DEL patients collected from
West China Hospital. The immunohistochemical staining results
with anti-CD31 antibody showed more blood vessels formed in DEL
samples (Fig. 5D). Altogether, these results supported that BCL-23
contributed to lymphoma angiogenesis.

Overall, our findings suggested that Bcl-2f3, one of the Bcl-2
isoforms, could upregulate VEGF-A protein levels and promote
angiogenesis through the T-complex protein Ring Complex (Fig. 6).

DISCUSSION

BCL-2 upregulation is common in various human cancers,
especially in double-expressor lymphoma. The role of BCL-2 in
tumor biology has long been considered as that of its long isoform

SPRINGER NATURE
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Fig. 4 Bcl-2f interacts with the TRiC, which is essential for angiogenesis. A Summary of co-IP and MS results that the TRiC components
pulled down by FLAG-Bcl-2f. Protein ID (UniprotKB protein description), Unique peptides (The number of peptide sequences unique to a
protein group), MW (molecular weight), Score (The sum of the scores of the individual peptides). B Schematic diagram represents A. Colors
indicated the Mascot scores of each component measured in A. C co-IP and Western blotting results show the interaction between Bcl-2p and
CCT2, CCT5, or CCT8. D The intracellular (lysate) and extracellular (medium level of VEGF-A protein in Bcl-23 overexpressed cells carrying
various sgRNAs. E. Representative images of HUVEC tube formation with the medium from Bcl-23 overexpressed cells with sgRNA targeting
scramble or TRiC subunits. Scale bar: 500pm. F. The number of junctions, the number of meshes, the total branching length, and the total
segments length of HUVEC tubes in E were quantitated by ImageJ, n =3 for each group. Error bar represents mean with SEM, *p < 0.05,
**p < 0.01, ***p <0.001 (unpaired two-tailed t-test).

BCL-2a. In contrast, there is little study on BCL-2 short isoform, BCL-
2B. Here, we find that overexpression of BCL-28 could induce
tumor angiogenesis. Further, we show that Bcl-2p interacted with
chaperonin T-complex protein Ring Complex, which is required for
vascular endothelial growth factor VEGF-A protein secretion and
vessel tube formation. These results suggest that BCL-2 upregula-
tion, which frequently happens in cancers and is associated with

SPRINGER NATURE

poor prognosis, might have an impact on cancer biology through
both a and B isoforms.

Although Bcl-2a is a well-studied anti-apoptotic factor, the role
of Bcl-2B in cellular apoptosis is unclear. Our apoptosis assay
suggests that Bcl-28 may not contribute to cellular apoptosis.
Compared to Bcl-2a, Bcl-2@ contains the same N-terminus and
four Bcl-2 homologies (BH) domains as Bcl-2a but does not have
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Fig. 6 Schematic illustration of Bcl-2B-TRiC-VEGF-A working
model. Bcl-28 overexpression promotes tumor angiogenesis
through interacting with TRiC, which is required for VEGF-A increase
and secretion.

Oncogene

the transmembrane (TM) domain and contains unique 10 amino
acids at C-terminus instead. The transmembrane domain is
required for Bcl-2a located on the outer mitochondria membrane.
Some studies of TM-truncated Bcl-2a mutants indicate that TM is
important for Bcl-2a function including locating organelles [18]
and regulating apoptosis [19]. However, other studies suggest that
TM is not required for the Bcl-2a anti-apoptosis effect [20, 21]. Of
note, TM-truncated Bcl-2a mutant is not the same as Bcl-2f3 which
has a C-terminal 10-amino acid stretch. Whether and how the
C-terminus of Bcl-2f3 would contribute to its function in lymphoma
need further studies.

The relationship between BCL-2 and VEGFA has been studied in
various cancer cells. It has been reported that BCL-2a can
upregulate VEGFA gene expression through HIF-1 in human
melanoma cells and breast carcinoma cells [17, 22]. Exogenous
VEGFA treatment-induced BCL-2 expression in human dermal
microvascular endothelial cells [23] and leukemia [24]. Our finding
extends the understanding of the crosstalk between BCL-2 and
VEGFA that BCL-2f can induce angiogenesis through the TRiC-
VEGF-A axis. Chaperones like Hsp90, Glypican-1, and aB-crystallin
have been reported to contribute to VEGF-A folding or misfolded
VEGF-A returning to ER and re-folding [25-28]. TRiC, as an
essential eukaryotic cellular chaperonin, may help VEGF-A in a
similar way as other chaperones. Given the general upregulation
of Bcl-2 in human cancers, it would be interesting to explore
whether Bcl-2f has common functions in various types of
malignancies other than lymphoma.

METHODS

Cell culture

HEK293T (RRID: CVCL_0063), NIH3T3 (ATCC Cat# CRL-1658, RRID: CVCL_0594),
and HUVEC (ATCC Cat# CRL-1730, RRID: CVCL_2959) were from ATCC, and
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cultured at 37°C in DMEM medium (Gibco #C11995500BT) supplemented
with 10% (v/v) fetal bovine serum (FBS, Gibco #10099141) and 1% (v/v)
penicillin - (100 U/ml)/streptomycin(0.1 mg/ml) (Gibco #15140122). 10 uM
venetoclax or DMSO was added into NIH3T3 culturing medium for 24 h.
1 UM VEGFR inhibitor Axitinib (Selleck Chemicals Cat#51005) was used to treat
Human Umbilical Vein Endothelial Cells (HUVEC) cells in tube formation assay.

Mice

All mice experiments were approved by the Institutional Animal Care and
Use Committees of Sichuan University. Eu-Myc transgenic mice (RRID:
IMSR_JAX:002728) were from Jackson Laboratories. Hematopoietic stem
cells and progenitor cells (HSPCs) of Eu-Myc were isolated from mice
embryos at 14.5 days. To generate murine B-cell lymphoma, Eu-Myc HSPCs
were transduced with retroviruses and intravenously injected (i.v.) into
sub-lethally irradiated (4.5Gray) C57BL/6 recipient mice (6-7weeks old,
female). All recipient mice were divided into each group randomly before
transplantation and monitored twice per week by palpation. The
immunophenotypes of mouse lymphoma cells were analyzed by flow
cytometry with antibodies purchased from Biolegend. Statistical analysis of
mice tumor-free survival curve was accomplished with the log-rank test
from Prism 9. Mouse lymphoma model treated with Bcl-2 inhibitor
venetoclax (ABT-199, Selleck Chemicals #58048) were used to treat mice as
previously described [15]. Briefly, venetoclax, dissolved in 10% ethanol,
40% PEG 400, and 50% oil, was delivered to lymphoma-bearing mice
(16 days after transplanted with 10° lymphoma cells) once a day for 3
consecutive days by gavage at the dosage of 50 mg/kg. One day after the
last drug treatment, lymphoma cells were harvested from recipient mice
with enlarged lymph nodes and analyzed by Annexin V staining.

Annexin V staining

The cells required for apoptosis analysis were collected by centrifugation at
1500 rpm for 3 min. After washing with PBS buffer, FITC-labeled AnnexinV
(Biolegend Cat#640914) antibody and nucleic acid dye DAP were used for
staining. The proportion of apoptotic cells was analyzed by flow cytometry
(BD Biosciences LSRFortessa).

CRISPR-activation system

The CRISPRa system used here was CRISPR-dCas9-VPR [29], which has a
retrovirus-based backbone as pMSCV-dCas9-VP64-p65-Rta. Another element
of the system, sgRNA, uses modified (Cas9 was replaced with the mCherry
fluorescent protein) lentiCRISPR V2 (RRID:Addgene_52961) plasmid as the
backbone. sgRNAs (listed in supplementary table) were designed for
targeting the various promoter region (2 kb upstream of the transcription
start site) of Bcl-2 (from DNA2.0 Gene Design & Synthesis — ATUM website,
Supplementary Fig. 1A). The efficiency of these sgRNA combinations in
upregulating Bcl-2 gene expression was examined in NIH3T3 cells
(Supplementary Fig. 1B). Three Bcl-2 sgRNAs were cloned at one step into
a lentivirus-based vector (named sgBcl-2, Supplementary Fig. 2A, B). The
strategy of cloning multiple sgRNAs in one step is to use the characteristics of
the restriction endonuclease Dralll (New England BioLabs Cat#R3510S). Virus
packaging and infection were done as previously described [30, 31].

cDNA cloning

Bcl-2a, Bcl-2B3, and C-terminal-truncated Bcl-2B cDNA sequences were
obtained from the cDNA library of pre-B cells, digested by Bglll
(Cat#R0144S) and EcoRI (Cat#R0101S) endonuclease from New England
BioLabs, and followed by cloning into the retroviral plasmid MSCV-cDNA-
IRES-GFP/mCherry. 3xFLAG-tagged Bcl-2a and Bcl-28 ¢cDNA were cloned
into retroviral plasmid MSCV-IRES-GFP, HA-tagged Cct2, Cct5, Cct8 cDNA
were cloned into retroviral plasmid MSCV-IRES-mCherry.

RT-qPCR

Total RNA was extracted by Trizol (Thermo Fisher Scientific #15596026),
according to the manufacturer’s protocol, followed by reverse transcription
with HiScript-lll RT SuperMix kit (Vazyme Cat#R323-01). qPCR was
performed with Fast SYBR Green Mastermix (Vazyme Cat#Q711-02/03)
on the StepOne Real-Time PCR System (Thermo Fisher Scientific, Applied
Biosystems QuantStudio 3).

Immunohistochemistry
Paraffin-embedded tissues were sectioned into 5um (Leica RM2125
RTS Manual Microtome, RRID:SCR_018040). Hematoxylin-eosin (Sigma
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Cat#318906) staining was performed according to the manufacturer’s
protocol. Immunohistochemical staining of anti-CD31(Servicebio
Cat#GB11063-1) had been done as the protocol described. Images were
collected by microscope slide scanner (PANNORAMIC MIDI, 3DHISTECH)
and analyzed by CaseViewer (RRID: SCR_017654).

Western blotting

Whole cell lysate was extracted with cell lysis buffer (Cell Signaling
Technology, Cat#9803), according to the manufacturer’s protocol. Proteins
in lysate were resolved by 12% SDS/PAGE and then transferred onto PVDF
membranes. Bcl-2 (Abcam Cat# ab182858, RRID: AB_2715467), VEGF-A
(Abcam Cat# ab46154, RRID: AB_2212642), Actin (Invitrogen, beta-actin-
HRP RK241732) antibodies were used for western blotting.

Co-immunoprecipitation and mass spectrometry

3xFLAG-tagged Bcl-2a and Bcl-23 <DNA, HA-tagged Cct2, Cct5, Cct8 cDNA
were transduced into NIH3T3 cells. Whole-cell lysates were extracted from
107 NIH3T3 cells with RIPA lysis buffer (50 mM Tris-pH 7.4, 150 mM NaCl,
1% NP-40, 0.5% sodium deoxycholate) supplemented with protease
inhibitor cocktail (Roche #4693159001) and incubated with anti-FLAG M2
mAb-conjugated agarose beads (Sigma-Aldrich Cat# A2220, RRID:
AB_10063035) or anti-HA antibody (Cat# 3724, RRID: AB_1549585). Then
the protein samples prepared by co-immunoprecipitation were processed
and analyzed by the g-EXactive Plus instrument (Thermo Scientific
Cat#lQLAAEGAAPFALGMBDK). The horseradish peroxidase (HRP)-conju-
gated FLAG antibody was purchased from Sigma (Sigma-Aldrich Cat#
A8592, RRID: AB_439702). The anti-HA antibody was from Cell signaling
technology (Cat# 3724, RRID: AB_1549585) for Co-IP and western blotting.

Tube formation assay

Tubule formation experiment was performed as previously described [32].
About 0.4 million NIH3T3 cells transfected with empty vector or Bcl-23 cDNA
were plated in one well of the six-well plate. Cell culture medium from
untreated, vehicle (0.1%DMSO) treated or 10 uM venetoclax treated NIH3T3
cells, were collected 24 hours later to culture HUVEC. The HUVEC were plated
in Matrigel (Corning #356237)-coated 96-well plates as 10000 cells per well. In
VEGFR inhibitor trials, 0.1% DMSO (vehicle) or 1 uM of Axitinib was added into
the collected medium for treating HUVEC. The tube formation was visualized
by microscope (Olympus IX73), and images were analyzed by Image). The
number of nodes, junctions, total length, and branching length was analyzed
by the Angiogenesis Analyzer plug-in for ImagelJ.

RNA sequencing and analysis

Lymphoma cells harvested from enlarged lymph nodes of lymphoma-bearing
mice were used for RNA sequencing. Total RNA was extracted with Trizol
reagent. RNA was analyzed by the Agilent Technologies 2100 bioanalyzer.
Libraries were prepared by the BGI company, and sequencing was performed
by the BGIseq500. The RNA-seq reads were aligned to the reference genome
(mm10) by STAR [33]. DESeq2 [34] was used to normalize the transcripts and
perform the differential expression analysis. The genes with log2-fold change
>1 or<—1; p value<0.05 were selected as significantly differentially
expressed genes. Gene set enrichment analysis (GSEA) [35] was performed
to analyze the similarity between CRISPRa mouse lymphomas and human
DLBCL from TCGA-DLBC with both BCL-2 and MYC high expressions. The RNA-
seq data of mouse and human normal lymph nodes used in GSEA analyses
were from GEO datasets GSE132899 (mouse) and GSE157671 (human),
respectively. Differentially expressed genes for pathway enrichment analysis
were also performed by GSEA.

All patients with diffuse large B-cell lymphoma in this study were from the
TCGA-DLBC cohort. DE was defined according to those with both BCL-2 and
MYC expressions above the median level. The correlation of BCL-2a and BCL-
2B in DLBCL and DE patients was visualized by ggplot2. DLBCL patients with
high or low expression levels of BCL-2, BCL-2a, or TRiC were also divided into
groups according to the median expression levels. The correlation network of
VEGF-A, VEGF-A target signature (GSEA: RAFFEL_VEGFA_TARGETS_UP), and
TRIC components was constructed by Corrplot [36].

Human samples

Paraffin-embedded lymphoma sections of patients with diffuse large B cell
lymphoma or double expressor lymphoma for immunohistochemical
staining were obtained from West China Hospital, Sichuan University, China.
The diagnosis followed the 2016 WHO tumor classification. The study was
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approved by Biomedical Ethics Committee, West China Hospital, Sichuan
University (2019-114), and all sections were collected with informed consent.

Statistical analysis

Statistical analysis was performed by GraphPad Prism9 (RRID: SCR_002798).
Kaplan-Meier tumor-free survival were analyzed by log-rank test. Other
statistical significance was examined by unpaired two-tailed t-test. The
relative protein gray-scale value and the parameters in tube formation
assay were analyzed by ImageJ (RRID: SCR_003070).
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