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Abstract 

The advent of highly effective treatments targeting the disease biology of chronic lymphocytic leukemia (CLL) has transformed the 
therapeutic field tremendously. However, transformation into an aggressive B-cell lymphoma, called Richter syndrome (RS), remains 
highly challenging since the treatment options for this condition are still insufficient. Exploratory drug testing and experimental 
studies are restricted by the lack of satisfactory models. We have established U-RT1, a cell line derived from a highly proliferating RS 

clonally related to the patient’s underlying CLL. The cell line shows morphological features and an immunophenotype of RS-DLBCL 

(non-GCB). Molecular analysis revealed a complex karyotype with driver aberrations characteristic for RS such as loss of TP53 and 

CDKN2A . Furthermore, U-RT1 displays a chromosomal gain of the NOTCH1 gene locus and strong immunoreactivity for BCL-2. 
These features suggest that U-RT1 is the first eligible model system for investigations on the pathogenesis of RS and novel treatment 
options. 
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Introduction 

The development of an aggressive B-cell lymphoma in patients with a
previous or concomitant diagnosis of chronic lymphatic leukemia (CLL)
is defined as Richter syndrome (RS) or Richter transformation (RT), first
described by Maurice Richter in 1928 [1] . Around 10% of patients with CLL
undergo RT [2] and suffer from increasing lymphadenopathy, deteriorating
Abbreviations: aCGH, Array-based comparative genomic hybridization; CHOP, 
Cyclophosphamide, doxorubicin, vincristine and prednisone; CLL, Chronic lymphocytic 
leukemia; DLBCL, Diffuse large B-cell lymphoma; EBV, Epstein Barr virus; FCS, Fetal calf 
serum; FISH, Fluorescence in situ hybridization; FR, Framework region; GCB, Germinal 
center B-cell like; RS, Richter syndrome. 
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eneral condition, fever, weight loss, and night sweats [3] . Despite intensive 
herapy, the prognosis of RS is poor and most patients die within the first year
f diagnosis [4] . 

In most cases, patients show the diffuse large B-cell lymphoma (DLBCL) 
ariant of RS (RS-DLBCL), but in 10% of cases the CLL evolves into
odgkin lymphoma, termed Hodgkin variant of RS (HvRS) [5] . The 

iagnosis of RS is generally made on histology. The RS-DLBCL cells are 
orphologically distinct from small monomorphic CLL cells, appearing 

s large blast-like neoplastic B cells with small nucleoli. RS-DLBCL 

hows a diffuse growth pattern and a highly proliferative potential [6] . 
mmunohistologically, most cases of RS-DLBCL no longer express CD5 
nd CD23, giving a different immunophenotype from the underlying CLL 

7] . Using the Hans algorithm, 90% to 95% of RS-DLBCLs are the more
ggressive activated non-germinal centre B-cell subtype (non-GCB DLBCL), 
acking immunoreactivity for CD10 but showing a variable expression of 
CL6 and positivity for MUM1 [8] . 

In about 80% of cases, CLL progresses along a linear model of evolution
eading to a clonally related aggressive B-cell lymphoma, the other 20% of 
ases are clonally unrelated to the underlying CLL [4 , 7 , 9] . Clonally unrelated
ymphomas are thought to be CLL-independent neoplasms resulting from 

he patients’ treatment, with a compromised immune system and possibly 
pstein Barr virus (EBV) infection. The survival of patients with this type of
econdary lymphoma is comparable to that of patients with de novo DLBCL, 
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while clonally related RS shows an inferior response to current treatment
options [4] . 

Clinical risk factors for developing RS include an advanced stage of CLL,
a large tumor mass (bulky disease), diffuse bone marrow involvement, and
quantity and type of previous therapy (especially treatment with purine
nucleoside analogues such as fludarabine in combination with alkylating
agents such as chlorambucil) [10–12] . Biological risk factors for RS in CLL
have been found to be NOTCH1 mutation (especially in exon 34) [8] ,
stereotyped B-cell receptor (“subset 8”) [9] expression of CD38 or ZAP70,
and the absence of del13q14 and unmutated immunoglobulin heavy chain
variable gene [13–15] . CLL cells harboring inactivated TP53 or disruption
of 17p13 have also been shown to be at higher risk of CLL progression and
RT [11 , 15–17 ]. 

While the proliferation of large B-cell lymphoma often depends on
deregulation of specific B-cell signalling pathways, the detailed pathogenesis
of RS remains unclear. Nevertheless, 90% of cases of clonally related RS show
aberrations in TP53, NOTCH1, MYC or CDKN2A, thus affecting regulators
of apoptosis and proliferation [8 , 18 , 19] . This biology partly explains the poor
response of patients to the chemotherapy regimen currently used in diffuse
large B-cell lymphoma (R-CHOP). In particular, RS harbouring mutations
of TP53 or del17p13 is often refractory and carries a significantly higher
mortality than RS with TP53 wildtype [4] . Interestingly, RS lacks many of
the frequently described genetic defects found in de nov o DLBCL such as
mutation or gene rearrangement of BCL-2 or BCL6 [4 , 20] , EZH2 or GNA13
mutations (GCB DLBCL), or perturbation of the NF κB pathway due to
mutations in CD79a/b, MYD88 or TNFAIP (non-GCB DLBCL) [4 , 18] . 

Despite the multitude of tested combinations of chemotherapy and
novel immunotherapies, the results are still unsatisfactory and the overall
survival of patients with clonally related RS-DLBCL remains poor [6 , 21] .
Traditionally, therapeutic regimens for RS resemble those of de novo DLBCL
[10] with cyclophosphamide, doxorubicin, vincristine, and prednisone
(CHOP), usually in combination with rituximab (R-CHOP) [22] , and
autologous or allogeneic stem cell transplantation as postremission or salvage
therapy for patients without limiting comorbidities [23] . 

New approaches in the management of relapsed and refractory CLL
include traditional chemotherapy regimens in combination with novel agents
like the BTK inhibitor Ibrutinib, which has shown remarkable efficacy
[6 , 24 , 25] and was tested in a small case series of RS [25 , 26] . Recent studies
also surprisingly revealed high expression of PD-1 on neoplastic B cells of
clonally related RS, while most cases of CLL and de novo DLBCL lacked
immunoreactivity for PD-1 [27] . The first trials in patients with RS have
shown an overall response of 44% to the PD-1 small molecule inhibitor
pembrolizumab, with an overall survival of 11 mo [28] . 

Further therapeutic options are still urgently needed for RS. Cell culture
model systems for clonally related RS are therefore needed to explore novel
targeted agents and immunotherapies as potential treatment options. We
describe the first stable RS cell line, U-RT1, established from a cervical
lymph node of a patient with CLL who developed multiple aggressive B-
cell lymphomas. The diffuse large B-cell lymphoma from which the U-RT1
cell line was established turned out to be clonally related to the previously
diagnosed CLL. 

Material and methods 

Patient data and patient’s tissue 

This study was triggered by encountering a 60 year-old male Caucasian
patient with CLL and B symptoms. Initially, the patient was treated
with fludarabine and cyclophosphamide in combination with the CD20
monoclonal antibody rituximab. Partial remission was achieved even though
the rituximab had to be discontinued due to intolerance. Relapse occurred
about 4.5 y after diagnosis, when the patient was initially treated with
endamustine and alemtuzumab (CD52 monoclonal antibody) and later 
n with COP (cycloposphamide, vincristine sulfate, and prednisone). The 
isease remained stable for 11 mo, followed by progression. At this time,
enetic analyses revealed that the CLL harboured a 13q14.3 deletion and
 loss of one copy of TP53 (del17p13.1). The remaining TP53 copy had
utated (c.342-343del2bpins1bp). IGH rearrangement was identified to be 
H3 family specific (V3-30-3 homology 100%). The patient was treated
ith the BCL-2 inhibitor venetoclax for about 5 wk. During this time,
e developed an EBV-positive aggressive B-cell lymphoma in the stomach,
iagnosed on gastric biopsy. A cervical lymph node was excised and showed an
ggressive DLBCL. No TP53 loss could be detected here, but a small subset
f cells showed a 13q14.3 deletion. The patient gave his written informed
onsent for the scientific use of his tissues. Directly after surgery, about 1 cm ³
f the lymph node was transferred into Iscove’s Modified Dulbecco’s Medium
 IMDM ) containing 10% fetal calf serum (FCS) and antibiotics and used to
stablish the cell line. The patient died from progressive disease 2 wk after the
xcision of the lymph node. 

rimary cell culture 

The lymph node tissue was minced and vortexed. Further tissue
isintegration was performed with collagenase IV treatment under standard 
onditions. Sequential centrifuging and resuspending resulted in 4 primary 
ell cultures. The primary cultures were kept in IMDM containing 10%
CS and antibiotics, together with insulin, transferrin, and selenium (ITS
edium) for the first 6 wk of culture. Two of the 4 primary cultures showed

 time-dependent increase of large B-cell-like cells. A single cell separation
f the growing cells was performed using a fluorescence-activated cell sorter
BD FACSAria Ilu, BD bioscience, San Jose, CA, USA). A total of 576 single
ells were seeded into wells of 96-well plates (Nunc), each containing 100 μL
f ITS medium. The cells were incubated at 37 °C and 5% CO 2 . Cell growth
as monitored in five wells. At a stage of 100 to 500 cells, the subclones
ere transferred to 24-well plates (Nunc) and subsequently into 25 cm ² cell

ulture flasks (Nunc). Karyograms and immunocytochemistry panels of the 
ubclones were compared and revealed no striking differences. One of the
lones was therefore further expanded and the resulting cell line was named
-RT1 (Ulm-Richter Transformation 1). 

mmunohistochemistry and immunocytochemistry 

Cell blocks were made for protein analysis in U-RT1 cells. A volume
f 10 mL of the cell suspension was centrifuged at 130 g for 5 min. The
ell pellet was then resuspended in 5 mL of 100% ethanol and spun down
gain. The pellet was resuspended in 1 mL of 100% ethanol and one drop
f hematoxylin and transferred into a 1.5 mL reaction tube (Eppendorff,
amburg, Germany). The tube was placed upside down on a filter paper to

emove residual ethanol. The pellet so obtained was fixed in buffered formalin
or 4 h, then embedded in paraffin. 

Immunohistochemistr y and immunocytochemistr y was performed on 
 μm tissue sections. Depending on the antibody used, different antigen
etrieval procedures were required. Supplementary Table 1 gives a summary
f the antibodies used, the antigen retrieval techniques, dilutions, and
ncubation times. The RED kit (DAKO, Glostrup, Denmark) was used
o detect antigen-bound antibodies. Counterstaining of the cell nuclei was
chieved by staining with hematoxylin for 5 min and incubating in H 2 O for
0 min at 20 °C. 

BV detection 

EBV DNA was detected using a nested touchdown PCR approach.
nnealing temperatures were subsequently reduced, starting at 68 °C and
oing down to 58 °C (final annealing temperature was used for 30 cycles).
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Primer sequences are given in Supplementary Table 2. Additionally, an
EBV-encoded RNA chromogenic in situ hybridization ( EBER CISH ) was
performed on sections of the pelleted cells to detect EBV-specific mRNA.
The sections were rinsed in Xylol, ethanol (100%), ethanol (70%), and H 2 O.
A digestion step using pepsin (20 min, 37 °C) was subsequently performed.
After incubation in distilled water and ethanol (100%), the sections were air
dried. The sections were then hybridized with EBER-specific probes (2 h,
56 °C). They were then washed in CISH washing buffer and EBERs were
detected using the ZytoFast Plus CISH Implementation Kit (ZytoVision,
Bremerhaven, Germany) as described in the manufacturer’s handbook. 

Clonality testing (heavy chain rearrangement) 

The rearrangement of the immunoglobulin heavy chain gene was
determined by multiplex PCR using framework region 1, 2, and 3 (FR1,
FR2, and FR3) specific primers, as described by van Dongen et al.
[29] . In short, the FR1, FR2, and FR3 segments were amplified using a
mixture of family-specific primers (primer sequences and PCR programs are
given in Supplementary Table 2A and B). The amplicons were separated
in a capillary sequencer (GenomeLabGeXP, Beckman Coulter, USA) to
determine the exact length (GeneMarker V2.70; SoftGenetics, State College,
PA, USA), resulting in a defined amplicon triplet representing a specific IGH
rearrangement. 

Sequencing (FR1 IGH ) 

To determine the sequence of the FR1 segment of the rearranged IGH
gene, the FR1 segment was amplified using a multiplex PCR with a primer
mix of all family primers (VH1-VH6 FR1; Supplementary Table 2A). The
amplicons were separated on a 3% agarose gel, cut out and purified using
the PeqGold Microspin Gel extraction kit (Peqlab Biotechnologie GmbH;
Erlangen, Germany). The purified amplicon was used as a template in a
second PCR round using single family-specific primer pairs. The resulting
amplicons were gel separated, purified, and Sanger sequenced (Eurofins
Genomics). Sequence comparison and phylogenetic trees were performed
using the Clustal Omega Multi Sequence Alignment online software ( http:
//www.ebi.ac.uk/Tools/msa/clustalo/ ; 25.11.2019). 

Fluorescence in situ hybridization 

One- μm thick sections of formalin-fixed paraffin-embedded tissue were
deparaffinized, hydrated, and incubated in 10 mM citrate buffer (pH 6.0)
in a preheated steamer (98 °C) for 15 min. Protein breakdown was achieved
by incubating the slides with 0.025% pepsin solution (dissolved in 1%
hydrochloric acid) at 37 °C, gently shaking. After 20 min, the same amount
of pepsin was added to the solution for another 10 min of incubation. 

Afterwards, the slides were incubated twice for 5 min in saline-sodium
citrate buffer before rinsing in distilled water, dehydrating in 70%, 80%, and
96% ethanol, and air drying. 

For denaturation and hybridization, the DNA-Fluorescence in situ
hybridization (FISH) probe was mixed with appropriate amounts of
hybridization buffer, applied to the target area on the tissue slide (0.2 μL
probe per slide), and covered with a coverslip (18 × 18 mm). The edges of
the coverslip were sealed thoroughly with Fixogum glue and the denaturation
was achieved through 5 mi at 75 °C on a temperature-controlled hot plate.
For hybridization, the slides were incubated overnight in a dark, humidified
incubator at 37 °C. 

After the removal of glue and coverslip, the slides were washed 3 times for
5 min in a formamide-containing solution at 42 °C and 3 times for 5 min
in washing solution in a 60 °C water bath. Counterstaining was performed
with DAPI (60 μg/mL) in an antifade solution for 30 s. Signals from 100
nuclei were analysed. For translocation probes, the sample was considered
ositive for rearrangement if more than 15% of the signals were separated (at
east 4 signals’ distance). The detection limit for amplifications and deletions 
as determined by testing tonsil tissue. Means and standard deviations (SD) 
ere calculated. The cut-off for deletion/amplification detection was set to 3 
SD. 

ulticolor fluorescence in situ hybridization 

Metaphase spreads were prepared with standard colcemid treatment for 
 h, hypotonic lysis of the cells and methanol-acetic acid fixation. For 
aryogram analyses, the slides were incubated in 0.025% trypsin solution (in 
anks balanced salt solution/phosphate buffered saline 1:1) and then stained 
ith Giemsa solution for 2 to 3 min. After rinsing in water, the target area of

he wet slides was covered with a coverslip (24 × 50 mm) and analysed using
karus software (MetaSystems, Altlussheim, Germany). Multicolor FISH was 
imilar to the FISH method described above but with some differences. The 
repared metaphase slides were incubated in acidic pepsin solution for only 
0 s. Five-μL 24XCyte-probe was applied to the target area and 10 metaphases
er slide were documented and analyzed using ISIS software (MetaSystems). 

rray comparative genomic hybridization 

DNA from U-RT1 was isolated using the DNeasy Kit from Qiagen. 
 total of 500 ng DNA was used for the SurePrint G3 Human CGH
rray 8 × 60K (Agilent Technologies, Inc., Santa Clara, USA). Labelling and 
ybridization was done following the manufacturer’s protocol. The Sure Scan 
icroarray Scanner (Agilent) was used for measurement. Data analysis was 

erformed with Genomic Workbench software from Agilent. 

CL-2 inhibitor testing and apoptosis/necrosis detection 

U-RT1 cells were seeded 10,000 to a well in 96-well plates (Nunc) 
nd incubated in IMDM containing 10% FCS and varying concentrations 
f the BCL-2 inhibitors venetoclax (ABT-199), ABT-737, HA14-1, or the 
DK4/6 inhibitor palbociclib (Selleckchem, Munich, Germany). After 48 
’ incubation at 37 °C and 5% CO 2 , cell viability was detected using a 3-
4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. 
etection was performed using standard protocols for MTT viability assays. 

n short, inhibitor-treated and untreated U-RT1 cells were incubated with 
TT by adding 10 μL MTT stock solution (12 mM) to 100 μL cell

uspension. After a 3-h incubation period (37 °C, 5% CO 2 ), 100 μL of a
ell lysis solution (10% sodium dodecyl sulfate in 0.01 M HCL – phosphate 
uffered saline) were added. During the following 3 h, the suspension was 
ixed by pipetting up and down 3 to 5 times to ensure a uniform solution.
he absorption of the lysates was then measured at 570 and 690 nm using
 multiplate reader (Biotek, Bad Friedrichshall, Germany). After background 
ubtraction, the mean absorptions were normalized to the absorption of the 
ysates of untreated cells. Dose-response curves and IC50 concentrations were 
alculated using GraphPad Prism6 software. 

esults 

haracterization of the RS model cell line U-RT1 

orphology and immunohistochemistry 
U-RT1 consists of large polymorphic B cells with scant cytoplasm and 

val to round nuclei containing fine chromatin and a few membrane-bound 
ucleoli. This morphology resembles the centroblastic variant of diffuse large 
 cell lymphoma. In addition, 5% to 10% of U-RT1 cells appear to be
ultinucleated cells. Figure 1 shows haematoxylin and eosin ( H&E ) staining 

f the patient’s bone marrow biopsy displaying small, monomorphic CLL 

http://www.ebi.ac.uk/Tools/msa/clustalo/
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Figure 1. H&E staining of CLL, the lymph node, and the cell line U-RT1 from the same patient. (A) The bone marrow biopsy shows small neoplastic 
lymphatic cells of the CLL. (B) Gastric diffuse large B-cell lymphoma and (C) diffuse large B-cell lymphoma in the lymph node of the same patient. (D) 
May-Grunwald-Giemsa (MGG) staining of cytospins of the U-RT1 cell line shows polymorphic B cells with scant cytoplasm and oval to round nuclei and 
scattered multinucleated cells. The black line indicates 50 μm. CLL, chronic lymphocytic leukemia. 
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cells, the aggressive lymphoma which the patient developed in the stomach,
an aggressive lymphoma of the lymph node, and the U-RT1 cell line. 

We also performed immunohistochemistry to detect the expression
of DLBCL and RS-related antigens in the patient’s lymphoma tissues.
Comparing the expression profiles of the CLL with the expression profiles
seen in the lymphoma tissues, we found clear differences in the expression of
CD5, CD10, CD23, BCL-2 and PAX-5. Immunocytochemistry staining of
U-RT1 cells revealed expression of CD20, CD23, BCL-2, and PAX-5. The
cells have in part lost CD5, are negative for CD10, CD38, BCL6, and Cyclin
D1, and show a high proliferation rate of approximately 80% as determined
by KI-67 antigen detection. The full immunohistochemistry panel is shown
in Table 1 . Using the Hans algorithm, U-RT1 and the corresponding
lymphoma can be assigned as non-GCB DLBCL. The population doubling
time is about 36 h. 

Short tandem repeat analysis 
To confirm the origin of the cell line, we compared the short tandem

repeat signature of the cell line and patient lymph node tissue. In all of the
12 markers tested, the cell line’s short tandem repeat profile fitted with the
original lymph node tissue (Supplementary Table 3). 

To prove the clonal relation of the cell line and the underlying CLL, B
cell-specific IGH gene rearrangement analyses were performed, resulting in
a single triplet signal for FR1-, FR2-, and FR3-specific amplicons. In the
patient’s bone marrow sample, we detected a specific clonal event representing
the CLL ( Figure 2 ). The subclones of U-RT1 exhibited the FR1, FR2, and
FR3 amplicon lengths, confirming that the cell line represents an aggressive
DLBCL transformed from an underlying CLL. IGH rearrangement was
shown to be the same as initially detected in the CLL (V3-30-3 homology
100%). Furthermore, the TP53 mutation found in the CLL (c.342-
343del2bpins1bp) was also found in U-RT1. Surprisingly, standard clonal
nalyses did not detect this clone in either the gastric lymphoma or the lymph
ode. At least 2 clonally independent lymphomas were detected at these sites.
urther analysis was performed by reamplifying and Sanger sequencing the
R1-specific amplicons using family-specific primers. A cluster analysis of the
esulting sequences showed that the clonally dependent RS was detectable
n addition to the predominant clonally independent DLBCL clones in the
ymphomas of the stomach and lymph node. To summarise, we were able to
dentify at least two clonally independent and one clonally related RS in the
atient. The U-RT1 cell line represents the latter. 

enetic features of U-RT1 
U-RT1 cells have a complex karyotype with > 50 chromosomes. In

 classical karyogram, aberrations in chromosomes 1, 2, 10, 19, and 20
ere observed ( Figure 3 ). The aberration in chromosome 1 was identified
s isochromosome 1q. Multicolour FISH analyses revealed the following 
ranslocations t(1;11), t(2;19), t(8;17), t(9;22), t(10;15), and t(11;20). 

Array-based comparative genomic hybridization (aCGH) of U-RT1 also 
hows a complex pattern of aberrations, with chromosomes 1p, 5, 8, 9, 15q,
0, 21, X and Y being the most affected. These findings confirm the results
f the karyogram and mFISH analysis. Interestingly, aberrations that are
escribed as hallmarks of de novo DLBCL development such as BCL-2 and
-Myc rearrangement (Supplementary Figure 1A and B) or driver mutations
n the NFkB pathway regulating genes MYD88 or CD79 [4 , 18 , 20] are not
een in U-RT1. Instead, aberrations were found in TP53, CDKN2A and
OTCH1 , which are 3 of the 4 most frequently affected genes associated
ith the development of RS [8 , 18 , 19] . Figure 3 B gives an overview of the

hromosomal aberrations found in U-RT1 using aCGH. 
FISH analyses using TP53- specific FISH probes showed a loss of one copy

f TP53 , which was previously seen in the underlying CLL. In addition,
-RT1 lacks both CDKN2A copies. PCRs with CDKN2A- specific primers
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Table 1 

Protein detection in patient tissue and U-RT1 cell block sections by immunohistochemistry and 

immunocytochemistry. 

Antigen CLL Bone Marrow Lymphoma Stomach Lymphoma Lymph Node U-RT1 

BCL-2 +++ +++ +++ +++ 

BCL6 + − − −
CD5 +++ − ++ + 

CD10 − − + −
CD20 +++ +++ +++ ++ 

CD23 +++ + − +++ 

CD30 n.a. − − −/ + 

CD38 ++ +++ +++ −
CDK4 n.a. − − ++ 

CDK6 n.a. − − −
MYC + ++ + + 

Cyclin D1 − − − −
IgD +++ − − −
IgM +++ − − + 

Ki-67 ++ +++ +++ +++ 

MUM1 n.a. − ++ ++ 

P16 n.a. − − −
P53 n.a. n.a. n.a. −
PAX-5 +++ +++ +++ +++ 

PD-L1 n.a. - + + 

Rb n.a. n.a. n.a. +++ 

ZAP-70 n.a. − +++ −
Immunohistochemistry panels for U-RT1, gastric lymphoma, lymphoma found in the lymph node, and 

the underlying chronic lymphatic leukemia all from the same patient. Standard CLL mark er s were used. 

The stains for P53 and Rb missing in the lymphomas are due to the amount of tumor tissue available. 

Results were evaluated as follows: no reaction ( −), 30% cells positive ( + ), 30% to 70% cells positive 

( ++ ), more than 70% cells positive ( +++ ). 

CLL = chronic lymphocytic leukemia. 

Figure 2. Clonality analyses in DNA of patient tissues and the U-RT1 cell line established. (A) The cell line represents the clone detected in the bone marrow 

specimen of the CLL. The gastric lymphoma and the lymph node tissue show differing clonal events. (B) Phylogram of the sequence comparison of amplicons 
produced by family-specific FR1 primer to amplify parts of the rearranged IGH locus. Products using VH2, VH3, VH4, and VH6 FR1 family primers were 
amplifiable and compared, indicating at least three clonal events that were independent of each other. CLL, chronic lymphocytic leukemia. 
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Figure 3. (A) Karyogram of the U-RT1 cell line. The cell line displays a pseudo-triploid set of chromosomes with recurring abnormalities in chromosomes 
1, 10, 19, and 20. (B) Overview of chromosomal aberrations in U-RT1 detected by aCGH. Green marking indicates loss of genetic material in the labelled 
region, red areas harbour a gain of genetic material in the corresponding chromosomal segment. Aberrations were determined using the ADM-2 algorithm of 
the Agilent Genomic Workbench. Arrows indicate the location of TP53 (17p13.1), CDKN2A (9p21.3), and NOTCH1 (9q34.3). CLL, chronic lymphocytic 
leukemia. 
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Figure 4. BCL-2 staining of the U-RT1 cell line (B) and the lymph node with the diffuse large B-cell lymphoma from which the cell line was established (A). 
Both the cell line and the lymphoma show immunoreactivity for the BCL-2 antibody. The black line indicates 50 μm. 

Figure 5. Inhibition of proliferation, i.e. induction of cell death in U-RT1 cells by treating with various reagents. LD50 was reached using 3748 nM of ABT- 
199 (A) and 5778 nM HA14-1 (C). 862.5 nM ABT-737 led to the half-maximum inhibition of the cells (IC50; B). No specific inhibition of proliferation 
was induced with palbociclib (D). 
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resulted in an absence of any amplicon, thus verifying the loss of CDKN2A
detected in the FISH experiment (Supplementary Figure 1). 

BCL-2 inhibitors induce cell death in U-RT1 and DLBCL cell lines 
BCL-2 inhibitors are currently in focus for treating CLL [6 , 30 , 31] .

Immunohistochemistry revealed a strong positivity of BCL-2 in U-RT1 and
the lymph node from which the cell line was established ( Table 1 , Figure 4 ).
Therefore, we tested whether the BCL-2 family inhibitors venetoclax (ABT-
199), ABT-737, and HA14-1 were capable of inducing cell death in the U-
RT1 cell line ( Figure 5 A–C). 

Incubation of U-RT1 cells with increasing amounts of venetoclax led to a
dose-dependent reduction of viable cells reaching half-maximum effects with
3.75 μM of the reagent, indicating a nonspecific toxicity. 

Treating the cells with ABT-737 led to a maximum reduction in viability
to about 16% using high concentrations of 100 μM. Nonetheless, the IC50
of ABT-737 was about 860 nM, pointing to a specific growth inhibition effect
even at lower concentrations. Finally, a third BCL-2 inhibitor (HA 14-1) was
sed to inhibit cellular growth of U-RT1 in vitro. HA14-1 displayed a very
mall range of action between no effect (up to about 2 μM), half-maximum 

ffect (IC50 = LD50 = 5.8 μM), and 100% dead cells when treated with
bout 15 μM. 

We showed that U-RT1 displays a total genomic loss of the CDKN2A gene
Supplementary Figure 1D) and the corresponding lack of p16 at protein 
evels whereas CDK4 and Rb were detectable in the cell line ( Table 1 ).
his implies a CDK4/6-mediated uncontrolled proliferation and is in line 
ith a responder phenotype of the CDK4/6-inhibitor palbociclib [32] . 

nterestingly, treating U-RT1 with varying concentrations of this inhibitor 
id not lead to reduced cellular proliferation ( Figure 5 D). 

iscussion 

At the present time, RS is not completely understood. In particular, 
he prognosis of RS clonally related to the underlying CLL is extremely 
nfavorable as it shows a very poor response to standard DLBCL treatments. 
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Chigrinova et al. showed that 2 main genetic pathways lead to the
transformation of CLL into RS [ 19] . Inactivation of TP53 and CDKN2A
covers about 50% of the cases, with trisomy 12 in another 30%. We showed
that one copy of TP53 (with the remaining copy being mutated) and both
copies of CDKN2A were lost in U-RT1. Furthermore, aCGH revealed a gain
of the NOTCH1 gene locus. This RS cell line can therefore be used as a
model system for the majority of RS cases. Differences and commonalities
of CLL-related RT and de novo DLBCL play a profound role in establishing
new therapies. In our U-RT1 model, we showed that cell survival can be
affected by BCL-2 family inhibitors. The patient himself represents a case
with clinical and biological features of a high-risk CLL treated with several
different regimens. The transformation of the CLL into an aggressive RS fits
well with its characterisation as high-risk CLL displaying TP53 and CDKN2A
loss. The interesting fact that the patient developed at least two different
secondary lymphomas may be explained by the multiple chemotherapies. 

The fact that the RS clone which gave rise to the U-RT1 cell line
was initially not detectable in the lymph node tissue from which the line
was established is interesting. It points to a lower proportion of cellular
material of this clone compared with the other lymphomas. This is especially
surprising considering the high proliferation capability of U-RT1 as measured
by the KI-67 index of > 80%. The secondary lymphomas were clearly
detectable in the primary cell cultures of the lymph node tissue, but single
cell separation resulted in regrowth of the RS clone that was represented in
clearly smaller quantities. Subcloning from a single cell stage is evidence for
the aggressiveness of a lymphoma. A second subcloning of the U-RT1 cell line
revealed a clonal efficacy of about 6% (data not shown) whereas only 0.9% of
the primary culture regrew from single cells. This may also be an indication
for a reduced percentage of the RS clone in the lymph node. 

BCL-2 inhibition is currently being used as a treatment option in CLL.
But little is known about the efficacy of BCL-2 family inhibitors in RS.
Pham et al. recently tested venetoclax on 26 DLBCL and 10 MCL cell
lines [ 33] . These lines responded in a wide range of inhibitor concentrations
ranging from nM to high μM. The authors defined the responder cut-off
as 100 nM. Although a reduction of viable cells could be achieved in U-
RT1, the amounts of venetoclax (IC50 = 3.75 μM) needed define U-RT1 as a
nonresponder to this BCL-2 inhibitor. ABT-737 was developed by Oltersdorf
et al. in 2005 as a BH3 mimetic with high affinity binding to BCL-2, BCL-
x L and BCL-w [ 34] . This small molecule displayed cytotoxic effects to B-cell
tumor cell lines, cells from CLLs, and small lung cancer cell lines (reviewed
by Cory and Adams [ 35] ). Treating multiple myeloma cell lines revealed
half-maximum induced cell death in concentrations ranging from 5 to 15
μM, which were 10 times higher than the concentrations needed in U-RT1
[ 36] . HA14-1 was used to treat follicular lymphoma cell lines [ 37] . Here, the
cell line HF4.9 was the line with the lowest lethal dose of 50% of the cells
(LD50) of 4.5 μM and HF1A3 showed the highest tolerance (LD50 = 12.6
μM), positioning U-RT1 (LD50 = 5.8 μM) as a cell-line sensitive to BCL-2
inhibition with HA14-1. Wang et al. described H14-1 to be a competitive
BCL-2 inhibitor that reaches its half-maximum binding competition with
Bak-BH3 at concentrations about 9 μM and inducing apoptosis in the human
myeloid leukaemia cell line HL-60 with an LD50 of about 20 μM [ 38] .
These published data point to a vulnerability of the U-RT1 cells to BCL-
2 inhibition. In vitro, the proliferation of U-RT1 was drastically reduced by
treating the cells with all 3 BCL-2 family inhibitors. However, the cells had
to be classified as nonresponders to the inhibitor with highest specificity to
BCL-2 (venetoclax). Induced cell death in the U-RT1 cells may, therefore
be due mainly to inhibitory effects on BCL-x L and BCL-w but not to
BCL-2. 

Treating U-RT1 with the CDK4/6 inhibitor palbociclib surprisingly
did not result in a substantial reduction of proliferation although the cells
do not express CDKN2A due to complete loss of the gene. Although
the loss of the p16 protein was shown on immunohistochemistry and
immunocytochemistry, the in vitro proliferation of U-RT1 was only affected
t very high inhibitor dosages, known to be cytotoxic in several cell lines
ested. Therefore, further cell cycle regulatory mechanisms seem to be
ysregulated in U-RT1, giving rise to new studies on cell cycle checkpoint-
elated aberrations in Richter syndrome. 

Although it is obvious that further RS cell lines need to be established,
e present the possibility of testing new treatment conditions and searching

or novel molecular mechanisms in Richter syndrome using this first cellular
odel system. 
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