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ABSTRACT
A missense mutation in RHOA encoding p.Gly17 Val has been reported to occur frequently in angioim-
munoblastic T-cell lymphoma (AITL). Here, we describe a murine model which expresses the human
RHOA mutant gene product in a T-cell specific manner and develops AITL-like symptoms. Most trans-
genic mice feature with latency one or two enlarged lymph nodes characterized by aberrant lymph
node architecture, extensive lymphocytic infiltration, extrafollicular meshwork of follicular dendritic cells
(FDC) and arborized endothelial venules. Importantly, we provide evidence for expansion of PD-1
+ follicular helper T (Tfh) cells which are the neoplastic cells of AITL. In addition, we saw proliferation
of B-cells leading to hypergammaglobulinemia and the presence of dominant T cell clonal populations.
Transplantation of lymph node cells to immunocompromised mice partly recreated lymphadenopathy
after a long latency and with low penetrance suggesting that cells have undergone partial transforma-
tion to a premalignant state. Transcriptomic profiling revealed that the gene expression pattern within
affected lymph nodes of the mice closely resembles that of AITL patients with the identical RHOA p.
Gly17 Val mutation. The murine model should, therefore, be useful in dissecting pathogenesis of AITL at
the molecular level particularly for the cases with the RHOA p.Gly17Val mutation.
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Introduction

AITL is a rare and distinct subtype of peripheral T-cell lym-
phoma (PTCL) mostly affecting elderly people in their 6th and
7th decades.1,2 AITL is marked by a high rate of lymphadeno-
pathy, hepatosplenomegaly, and bone marrow involvement;
hypergammaglobulinemia, hemolytic anemia, and skin rash
are also observed although less frequently.1-3 The 5-year over-
all survival is only 33%, indicative of the aggressive nature of
AITL and lack of effective therapy.3 Histopathological features
of affected lymph nodes include effacement of follicular archi-
tecture, proliferation of endothelial venules and expansive
network of FDC although different stages and subtypes
show considerable variations.2,4 Our understanding of AITL
was dramatically boosted with the identification of follicular
helper T (Tfh) cells as the cells of origin.5,6 Tfh cell markers
including BCL6, CD10, CXCR5, ICOS, and PD-1 expressed in
neoplastic cells have subsequently enabled a more definitive
diagnosis of AITL.1,7 Activation of CXCL13-expressing cells
also partly explains B-cell abnormalities seen in AITL such as
dysregulated B-cell growth and hypergammaglobulinemia.6,8,9

Yet another major leap was made with the advent of
massively parallel sequencing. Recurrent somatic mutations
which potentially represent the so-called driver mutations

have been reported for various tumors including T-cell lym-
phomas. Most remarkable for AITL was the isolation of p.
Gly17Val mutation in RHOA.10-12 RHOA encodes a highly
conserved small GTPase belonging to the RAS superfamily
and regulates diverse cellular processes including cell survival,
cell cycle progression, and cytoskeleton regulation. The muta-
tion, although also found at low frequencies in other T-cell
lymphomas, is seen in over 60% of patient samples indicating
that RHOA p.Gly17Val is the most specific recurrent ‘driver’
mutation for AITL described to date.10-12 Mechanistically, the
mutation, which occurs in the GTP binding domain, leads to
inhibition of GTP binding and sequestration of the partner
guanine exchange factor. This loss-of-function mutation gen-
erates a dominant negative version abrogating wild type
RHOA activity thereby potentially compromising the inhibi-
tory signal of RHOA on cell proliferation.10-12

Although some of the analyses carried out in vitro have
provided data consistent with the proposed effects of RHOA
p.Gly17Val, an animal model carrying this mutation showing
AITL-like phenotypes would not only represent strong evi-
dence for its oncogenic role but also provide a new opportu-
nity for dissection of molecular pathogenesis and a new tool
for the development of therapeutic strategies. Two recent
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studies reported murine model systems expressing RHOA p.
Gly17Val in a CD4 + T-cell-specific manner.13,14 Upon com-
bining with homozygous null mutation in Tet2 gene, AITL-
like phenotypes were attained. Here, we describe a novel
mouse model for AITL expressing human RHOA with p.
Gly17Val mutation under the control of murine Lck distal
promoter which in the absence of further genetic manipula-
tions develops multiple AITL-like phenotypic traits.

Materials and methods

Generation of transgenic mouse

The plan for this study was approved by the Institutional Animal
Care and Use Committee (IACUC) of Ewha Womans
University. The murine Lck distal promoter region from −3037
to +41 was PCR-amplified from pw120 plasmid.15,16 This was
ligated to a DNA fragment containing RHOA p.Gly17Val coding
sequence with HA epitope at the N-terminus.12 Further details of
cloning procedures are available upon request. Pronuclear injec-
tion was performed on FVB/NJ mice eggs, and a transgenic line
was established based on genotyping results. The oligonucleotide
primers used for confirmation of transgenic line and genotyping
were 5ʹ-CTCCCTCAGTATGAGTAGAAGC-3ʹ, 5ʹ-CCGTCG
TAGTCACCACCTG-3ʹ, and 5ʹ-GCACATACACCTCTGGG
AAC-3ʹ.

Isolation of lymphocytes, RNA preparation, and RT-PCR

Lymphocytes were isolated from thymus and lymph nodes.
After staining with antibodies for CD4 (clone GK1.5, Cat.
552051, BD Biosciences, San Jose, CA, USA) and CD8
(clone 53–6.7, Cat. 553031, BD Biosciences), cells were sorted
using BD FACSAria. RNA was extracted using Trizol reagent,
and cDNA was synthesized using GoScript Reverse
Transcriptase PCR (Promega, Madison, WI, USA). The oligo-
nucleotide primers used to detect transgene expression were
5ʹ-CATACGACGTCCCAGACTACGCT-3ʹ and 5ʹ-GCACAT
ACACCTCTGGGAAC-3ʹ. For quantitative real-time RT-
PCR, SYBR select master mix (Cat. 4472908, Applied
Biosystems, Foster City, CA, USA) was used in combination
with CFX96 Touch Real-Time PCR Detection System
(BioRad, Hercules, CA, USA). The oligonucleotide primers
used are listed in Supplementary material, Figure S8.

Immunoblotting

CD4+ lymphocytes were isolated using CD4 + T Cell Isolation
Kit (Miltenyi Biotec, Bergisch, Germany). Whole lymph nodes
and CD4+ lymphocytes were lysed in RIPA buffer (50 mM
Tris HCl pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM NaF)
containing protease inhibitors (Sigma-Aldrich, St. Louis,
MO, USA). Anti-RHOA antibody (Cat. 2117, Cell Signaling
Technology, Beverly, MA, USA) and anti-Tubulin antibody
(Cat. SAB3501072, Sigma-Aldrich) were used to detect pro-
teins which were visualized using enhanced chemilumines-
cence detection kit (Amersham-Pharmacia Biotech,
Piscataway, NJ, USA).

Histology

Lymph nodes were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections were typically four μm thick
and stained with hematoxylin and eosin (H&E). For immu-
nohistochemistry, sections were boiled in citrate-based solu-
tion to retrieve antigens and subsequently quenched in 3%
hydrogen peroxide. Antibodies used included anti-CD21 (Cat.
ab75985, Abcam, Cambridge, MA, USA), MECA79 (Cat. 53-
6036-80, eBioscience, San Diego, CA, USA), anti-PD-1 (Cat.
AF1021, R&D systems, Minneapolis, MN, USA), anti-CD3
(Cat. ab5690, Abcam), anti-PAX5 (Cat. sc-1974, Santa Cruz
Biotechnology, Dallas, TX, USA), anti-CD4 (Cat. 14–0042,
eBioscience), anti-CD8 (Cat. 14–0081, eBioscience), anti-
CD138 (Cat. AF3190, R&D Systems) and anti-HA (Cat.
3724, Cell Signaling Technology). Horseradish peroxidase-
coupled secondary antibodies (Vector Laboratories,
Burlingame, CA, USA) were used in combination with DAB
for visualization. For immunofluorescence staining, sections
were stained with Alexa Fluor 488 conjugated anti-GL7 (Cat.
144611, BioLegend, San Diego, CA, USA) and anti-CD4 (Cat.
14–0042, eBioscience). Secondary antibody for anti-CD4 was
goat anti-Rat IgG (H + L) Alexa Fluor 594 (Cat. A11007,
Invitrogen, Carlsbad, CA, USA).

Flow cytometry

For flow cytometric analyses of B cell populations, single cells
were first prepared from lymph nodes by grinding with sieve.
After staining with fluorescein isothiocyanate-labeled antibodies
for CD19 (clone 1D3, Cat. 557398, BD Biosciences), cells were
counted with BD LSRFortessa (BD Biosciences) and analyzed
using BD FACSDiva software (BD Biosciences) and FlowJo soft-
ware (FlowJo, Ashland, OR, USA). For flow cytometric analyses
of Tfh cells, lymphocytes were stained with antibodies to CD4
(clone GK1.5, Cat. 552051, BD Biosciences), B220 (clone RA3-
6B2, Cat. 562290, BD Biosciences), CD11b (clone M1/70, Cat.
563015, BD Biosciences), PD-1 (clone J43, Cat. 562584, BD
Biosciences), CXCR5 (clone 2G8, Cat. 560615, BD Biosciences)
and counted with BD LSRFortessa Cytometry (BD Biosciences).

ELISA

Mouse blood was collected by cardiac puncture, and the
serum was obtained after centrifugation. IgG levels were mea-
sured with ELISA kit (Cat. ab151276, Abcam) following the
manufacturer’s protocol.

Examination of clonality of T cells and B cells

T-cell receptor (TCR) β-chain diversity was examined by
nested 5ʹ RACE PCR. Total RNA was isolated from lymph
nodes of 20-month-old mice using Trizol reagent. RNA was
processed for reverse-transcription using GeneRacer kit
(Invitrogen) according to the manufacturer’s protocol. TCR
β-chain was amplified by GeneRacer 5ʹ oligonucleotide pri-
mer (5ʹ-CGACTGGAGCACGAGGACACTGA-3ʹ) and an
oligonucleotide primer (5ʹ-GTGGAGCTGAGCTGGTGGG
TGAATGG-3ʹ) from the constant region of β-chain. Second
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amplification was performed with GeneRacer 5ʹ nested oli-
gonucleotide primer (5ʹ-GGACACTGACATGGACTGAAG
GAGTA-3ʹ) and a fluorescent nested oligonucleotide primer
(5ʹ- CTTCCCTGACCACGTGGAGCTGAGC-3ʹ) also from
the constant region of β-chain. Final PCR products were
analyzed by capillary electrophoresis using ABI PRISM
3730XL DNA analyzer and Gene Scan Version 1.2 software
(Applied Biosystems, Foster City, CA). Clonality of B cells
was examined following a protocol based on a previous pub-
lication with minor modifications.17 Briefly, IgM heavy chain
transcripts were reverse-transcribed and amplified via two
rounds of PCR with three oligonucleotide primers. In the
first round, J588-F (5ʹ-AAGGCCACACTGACTGTAGAC-3ʹ)
and IgM.3ʹ-R (5ʹ- CTGGATCCGGCACATG CAGATCTC-
3ʹ) were used, and in the second round J588-F and the
fluorescent nested primer JH2-R (5ʹ-GACTGTGAGAGT
GGTGCCTTG-3ʹ) were used. The PCR products were exam-
ined as above.

Cell transplantation

We injected 5 × 105 or 2 × 106 cells prepared either from
affected lymph nodes or spleens of RHOA p.Gly17Val mice to
NSG mice (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ; The Jackson
Laboratory, Bar Harbor, ME, USA) via tail vein. Mice were
sacrificed in 6 months, and lymph nodes were examined by
immunohistochemistry and H&E staining.

Transcriptome analysis

Total RNA was extracted from mouse tissues, and mRNA
libraries were prepared using the TruSeq Stranded mRNA
Preparation kit (Illumina, San Diego, CA, USA) according
to the manufacturer’s instructions. RNA sequencing (RNA-
Seq) was performed with Illumina HiSeq2500 sequencing
platform for 101-mer paired-end reads. Fastx_toolkit was
used for trimming adapter sequences and discarding low
quality reads. The reads were mapped against the mouse
reference genome (mm10) using STAR alignment program
(version 2.5.3a).18 RSEM (version 1.2.12) was used to quantify
the transcriptome abundance.19 Differentially expressed genes
(DEGs) were identified using DESeq2 with the P-value <0.05
threshold.20 Gene set analyses of DEGs for pathways and gene
ontology (GO) terms were performed using WebGestalt, and
Gene Set Enrichment Analysis (GSEA) was used to test for the
enrichment of Tfh gene signature.21,22 We also called variants
from RNA-seq data following the GATK best practices work-
flow for RNAseq (GATK v4.1.4.1).23 Specifically, the read
group information was added to STAR alignment output,
followed by marking duplicates and sorting. Next,
SplitNCigarReads was used to clip out overhang regions due
to intron alignment. After recalibration, SNPs and INDELs
were called with the HaplotypeCaller. Lastly, resulting muta-
tions were annotated with annovar (2018Apr16 version). The
RNAseq data have been deposited in the Gene Express
Omnibus (GEO) database [GEO: GSE115510].

Clustering and correlation analyses

Transcriptome profiling data for lymphoma patients including
AITL, PTCL-NOS (peripheral T-cell lymphoma, not otherwise
specified), and DLBCL (diffuse large B-cell lymphoma) were
collected from the GEO database. RNA-Seq data of 9 AITL
patients were downloaded from SRP029591 which also pro-
vided the status of RHOA p.Gly17Val mutation.12 Microarray
data of additional 18 AITL patients whose RHOA mutation
status is also known were downloaded from GSE51521. In
addition, microarray data were downloaded from four different
cohorts (GSE6338, GSE11318, GSE34143, and GSE36172)
which constituted a collection of 6 AITL, 68 PTCL-NOS, and
203 DLBCL patients plus 12 reactive lymph nodes and 20
normal T cell samples.24-27 Sequencing data were processed
with the same pipeline for our mouse transcriptome data
except using the human reference genome (hg19), and
Affymetrix microarray data were analyzed using RMA normal-
ization. Subsequently, we performed the between-study nor-
malization to remove batch effect using ComBat algorithm in
the Bioconductor sva package.28 To compare gene expression
between human and mouse data sets, mouse genes were con-
verted to human orthologues according to the MGI Vertebrate
Homology database.29

Results

Generation of RHOA p.Gly17Val transgenic mouse model

In order to generate a murine model that expresses human
RHOA p.Gly17Val in a T-cell specific manner, we chose the
distal promoter of mouse lymphocyte-specific protein-
tyrosine kinase (lck) gene.15,16 The span of the genomic region
we chose (−3037 to +41) encompasses the essential elements
for proper expression of transgene during T-cell
development.16 We used this promoter to express HA epi-
tope-tagged RHOA p.Gly17Val (Figure 1(a)) which has been
previously characterized for its dominant negative activity to
the wild type version.12 The murine lck distal promoter is
active primarily in mature thymocytes and peripheral T-cells
and has successfully been used to express ectopic oncogenes
for induction of T-cell lymphoma.15,30 Transgenic mice
expressed RHOA p.Gly17Val most highly in CD4+CD8−, but
expression was also seen in CD4−CD8+ and CD4+CD8+ as
well as at very low levels in CD4−CD8− cells indicating that
they are expressed more strongly as T-cell matures particu-
larly into CD4+ cells (Figure 1(b)). Immunoblotting indicates
that transgenic protein is expressed highly in CD4+ subset of
the lymph node cells and at least as abundantly as the wild
type RHOA (Figure 1(c)). Virtually all of the transgenic mice
developed one or two enlarged lymph nodes after 7–8 month
time point. Using lymphadenopathy as the major and most
highly penetrant symptom, a latency of 6 to 7 months appears
to be typical prior to overt initiation of the pathogenesis
(Figure 1(d)). We also noted modest but statistically signifi-
cant splenomegaly in transgenic mice examined by the 12-
month point (supplementary material, Figure S1). Consistent
with the long latency, most transgenic mice survived over
15 months, but the average life span was significantly shorter
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than that of wild type mice from the litter mate groups
(Figure 1(e)).

Histopathological and immunological examination of the
murine model

We next carried out histological analyses of the enlarged lymph
nodes. In contrast to wild type lymph nodes, where primary
lymphoid follicles were observed in the cortex (Figure 2(a,b)),
lymph nodes of RHOA p.Gly17Val transgenic mice were charac-
terized by mixed cortical and paracortical hyperplasia with
increased secondary lymphoid follicles undergoing germinal cen-
ter reaction and extensive plasma cell infiltration in the expanded
medulla (Figure 2(c–e)). Occasionally, infiltrating polymorpho-
nuclear leukocytes and scattered immunoblasts were also observed
(Figure 2(f,g)). Lymphoid follicles were populated by B cells as
shown by PAX5 immunostaining (Figure 2(h)), and paracortical
areas were populated by CD3+, CD4 + T cells, sometimes in
nodular aggregates (Figure 2(i–l), also see Figure 4(c)). Cancer
cells of AITL are believed to be of Tfh origin. Tfh cells are PD-1
+ andnormally present in follicles and function in regulating B cell
development.5-7 Indeed,we found a limited number of PD-1+ cells

within the follicles of wild type lymph node (supplementarymate-
rial, Figure S2, Figure S3). In contrast, large numbers of PD-1 and
CD4 double-positive cells were observed in interfollicular area as
well as within the follicles (marked by dendritic CD21+ cells in
Figure 2(o,p)) throughout the structurally disorganized lymph
nodes in transgenic mice (Figure 2(m,n,q); supplementary mate-
rial, Figure S3 and S4). Of note, CD21+ cells with dendritic pattern
were occasionally observed in extra-germinal center area accom-
panied by infiltration of PD-1+ cells (Figure 2(q,r); also see sup-
plementarymaterial, Figure S2). Another major feature of AITL is
the proliferation of high endothelial venules (HEV) in the affected
lymphnodes2,4 whichwas readily seen via stainingwithMECA-79
antibody in the transgenic mice (Figure 2(s,t); supplementary
material, Figure S2). Lymphocytic infiltration, plasma cell infiltra-
tion, and PD-1+ cell expansion were also seen in spleen (supple-
mentary material, Figure S1), but extranodal organs including
lung, liver, pancreas, kidney had no notable lymphocytic infiltra-
tion (supplementarymaterial, Figure S5).Of note, up to 20%of the
transgenic mice showed skin rashes by the 12-month point. The
location or extent of the skin rashes was not correlated with the
location or the number of affected lymph nodes. On close exam-
ination, the rashes appeared to involve erosion, dermal thickening,

Figure 1. RHOA p.Gly17Val transgenic mice develop asymmetric lymphadenopathy. (a) A schematic diagram of transgene expression vector. Blue arrowheads
indicate oligonucleotide primers for genotyping. (b) RT-PCR analysis shows that the transgene is most highly expressed in CD4+CD8− population. The graph on the
right side shows results from three independent real-time RT-PCR analyses as means ± S.D. (*) and (**) represent P-values < 0.05 and <0.01, respectively. (c)
Immunoblotting for RHOA protein. Note HA-tagged RHOA is seen only in the transgenic mice. Tubulin was used as loading control. (d) Asymmetric lymphadenopathy
is seen in virtually all transgenic mice after a prolonged latency. A lymph node from 20-month-old mouse is seen next to a lymph node from an age-matched
littermate wild type control mouse. Lymph node sizes of transgenic mice grouped into indicated age brackets. Note the significant increase in the 7–8 month group.
(*) represents P-value < 0.05 from t-test. (e) Life span is significantly shortened in RHOA p.Gly17Val transgenic mice. P-value < 0.05 from log-rank test.
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and chronic inflammation with ulceration. Microscopic examina-
tion revealed fibroblast proliferation and epidermis hyperplasia as
well as infiltration of lymphocytes andneutrophils (supplementary
material, Figure S5). These are features consistent with autoim-
mune reaction (see Discussion).

In order to confirm proliferation of Tfh cells, we examined
constitution of CD4+ cells by flow cytometry. The proportion of
Tfh cells, i.e., PD-1+ CXCR5+ cells among CD4+ B220- CD11b-
cells were significantly increased in transgenic mice compared to
that in wild type mice (Figure 3(a)). Consistently, gene expression
profiling by RNAseq indicated increased expression of multiple
markers of Tfh cells including Icos, PD-1, and Bcl6 (Figure 3(b)).
Also, gene set enrichment analysis showed a clear enrichment of
Tfh signature among CD4+ cells isolated from lymph nodes of

RHOA p.Gly17Val transgenic mice (Figure 3(c)). Of note, there
was no mutation in Tet2 or Tet3 genes among CD4+ cells from
either mutant or wild type lymph nodes although we found
a novel polymorphic sequence (Tet3:NM_183138:exon11:c.
C4521 G:p.D1507E; Tet3:NM_001347313:exon12:c.C4926 G:p.
D1642E) for the latter gene. Apparently, C57BL/6 strain has
C while FVB/NJ strain used for transgenic mouse generation
and NOD SCID mice originating from BALB/c strain have G at
this position.

Several studies have reported mono- or oligo-clonality of
T-cells within affected lymph nodes of AITL patients.1,4,8,31

Consistently, staining for CD3 in the affected lymph nodes typi-
cally revealed the presence of nodular aggregates of T-cells sugges-
tive of clonal expansion while in wild type lymph nodes only

Figure 2. Histopathology of enlarged RHOA p.Gly17Val transgenic lymph nodes. (a, b) A lymph node from wild type mouse shows lymphoid aggregates in the cortex
without germinal centers. The boxed region in A is shown in an enlarged form in B. (c, d). A lymph node from mutant mouse shows mixed cortical and paracortical
hyperplasia with lymphoid follicles with germinal centers (GC). The boxed region in C is shown in an enlarged form in D. (e) The medullary area of lymph node is
infiltrated by numerous plasma cells with readily recognizable morphology (see the higher magnification inset; also see supplementary material, Figure S2). (f, g)
Occasionally, neutrophil infiltration (F and inset) and immunoblasts (G and arrow) are noted. (h-l) Immunoarchitecture of lymph node is shown by PAX5 (h), CD3 (i, j)
and CD4 (k, l) staining. The boxed regions in I and K are shown in enlarged forms in J and L, respectively. (m–r) Sections from transgenic lymph nodes were also
stained for PD-1 (m, n, q) and CD21 (o, p, r). The boxed regions in M and O are shown in enlarged forms in N and P, respectively. The region with asterisks in M and
O are shown in enlarged forms in Q and R, respectively. Germinal center (arrow) is highlighted by nodular aggregates of CD21+ cells with dendritic pattern (o, p). PD-
1+ cells are frequently observed in interfollicular area as well as within germinal center (m, n, q). Of note, CD21+ cells are also observed in extra-germinal center area
(asterisks; O, R), where PD-1+ cells are also present (asterisks; M, Q). (s, t) Sections from transgenic lymph nodes are stained with MECA79 antibody specific for HEV.
The boxed region in S is shown in enlarged forms in T. Scale bars represent: 10 μm for G; 50 μm B, E, F, J, L, Q, R, and T; 100 μm for D, H, N, and P.; 200 μm for A, M,
O, and S; 500 μm for C, I and K.
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scattered T cells were seen in themedullary region (Figure 4(a–d)).
We examined the composition of T-cells by amplifying TCR β
chain using 5ʹRACE technique in combination with a pair of
nested oligonucleotide primers. GeneScan analysis indicated that
a highly diverse T-cell population is present in thewild type lymph
nodes consistent with the typical gene rearrangement. In contrast,
a far more limited repertoire of TCR was observed in affected
transgenic lymph nodes consistent with oligo-clonality of T-cells
(Figure 4(e)). Infiltration of B-cells in the lymph nodes and hyper-
gammaglobulinemia has also been frequently reported in
AITL.1,3,9 In addition to the secondary lymphoid follicles, we

noted the presence of PAX5+ cells throughout the affected
lymph nodes often in clusters outside the cortex where B cells
are typically seen in wild type lymph nodes (Figure 4(f–i)). In fact,
there were significantly increased proportions of B-cells in affected
lymph nodes (Figure 4(j)) and levels of serum IgG in transgenic
mice (Figure 4(k)). Clonal expansion of B-cells in AITL patients
has also been reported.32,33 We thus examined the composition of
B-cells by amplifying the variable region of IgM heavy chain gene
by two rounds of PCR. GeneScan analysis indicated that a highly
diverse B-cell population is present in the wild type lymph nodes.
In contrast, a more limited repertoire of IgM heavy chainsmarked

Figure 3. Increase in the number of Tfh cells in the enlarged transgenic lymph nodes. (a) The proportions of Tfh cells among helper T-cells were determined using
the lymph nodes from wild type and transgenic mice. CD4+ B220- CD11b-cells were analyzed for the expression of PD-1 and CXCR5 following the protocol described
in Baumjohann and Ansel, Nat. Protoc., doi.org/10.1038/protex.2013.060. Note the significant increase in PD-1+ CXCR5+ Tfh cells in the affected transgenic lymph
nodes. Graph on the right side summarizes results from multiple samples (n = 6). (*) represents P-value <0.05 from t-test. (b) Heatmap representation of Tfh-
associated markers in CD4 + T cells from WT and RHOA p.Gly17Val transgenic mice. (c) Gene set enrichment analysis indicates enrichment of Tfh signature.
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by the presence of over-represented clones was seen in the affected
transgenic lymphnodes consistentwith clonal expansionof B-cells
(supplementary material, Figure S6).

Allogenic transplantation of lymph node and spleen cells

In order to examine the transformation status of Tfh cells in
the transgenic mice, we transplanted lymph node and spleen
cells from RHOA p.Gly17Val mice into six NSG mice.
Specifically, two mice were transplanted with 5 × 105 lymph

node cells, another two with 2 × 106 lymph node cells, and the
other two with 5 × 105 spleen cells. The recipient mice stayed
healthy with no external symptoms for 6 months at which
point they were sacrificed. One of the two mice with 5 × 105

lymph node cells transplanted showed a single enlarged
lymph node. H&E staining showed clear lymphocytic infiltra-
tion (Figure 5(a,b)). Most were positive for CD3 (Figure 5(c))
while PAX5 + B-cells were absent (Figure 5(d)). Importantly,
a large proportion was positive for CD4 (Figure 5(e)), and HA
and PD-1 positive cells were readily seen consistent with the

Figure 4. T-cell clonality and B-cell expansion in RHOA p.Gly17Val mice. (a-d) Sections from wild type (a, b) and transgenic (c, d) lymph nodes are stained with anti-
CD3 antibody. The boxed regions in A and C are shown in enlarged forms in B and D, respectively. Note the scattered T-cells seen outside follicles in the wild type
lymph node and the large clusters of T-cell colonies in the enlarged transgenic lymph node. (e) Lymph nodes from 3 litter mate pairs of wild type (WT) and
transgenic (TG) mice were used for examination of TCR β chain diversity. 5ʹRACE PCR amplification of rearranged TCR β chain was carried out with oligonucleotide
primers corresponding to the constant region. Products ranging from approximately 350 to750 bps in length were expected. Gene Scan results are consistent with
oligo-clonality for affected transgenic lymph nodes. Wild type (f, g) and enlarged transgenic (h, i) lymph nodes were stained with anti-PAX5 antibody. The boxed
regions in F and H are shown in enlarged forms in G and I respectively. Note the restricted localization of B-cells within the follicle in the wild type lymph node and
scattered B cell clusters throughout the affected lymph node of the transgenic mouse. (j) Proportions of B cell are higher in the enlarged transgenic lymph nodes.
Histograms from flow cytometric analyses using anti-CD19 are shown. The graph on the right side shows results from independent mouse samples. (**) represents
P-value < 0.01 from t-test. (k) Results from ELISA show approximately two-fold increase in the serum IgG level in transgenic mice. (*) represents P-value < 0.05 from
t-test. Scale bars represent: 50 μm for B, D, G, and I; 200 μm for A, C, F, and H.
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presence of RHOA p.Gly17Val+ Tfh cells (Figure 5(f,g)).
Furthermore, the lymphocytic infiltration was accompanied
by the presence of CD21+ follicular dendritic cells (Figure 5
(h)). The data are consistent with that RHOA p.Gly17Val+
Tfh cells have transplantable phenotype albeit weakly so (see
Discussion). We examined exonic sequences of Tet2 with
genomic DNA extracted from the affected lymph node and
found no mutation (supplementary material, Figure S7).
Given that most mutations found in TET2 gene among
AITL patients are found within the protein-coding sequence,
this result strongly suggests that it is RHOA p.Gly17Val muta-
tion alone and not a subsequent Tet2 mutation that enabled
transplantation of Tfh cells albeit to a limited extent.

Transcriptomic analyses of the murine model

To obtain molecular characteristics of enlarged lymph nodes
in RHOA mutant mice, we performed transcriptome sequen-
cing for nine lymph nodes, including four affected samples
(enlarged lymph nodes from RHOA p.Gly17Val transgenic
mice), three control samples (lymph nodes from wild type
littermates) and two seemingly normal (i.e., not enlarged)
lymph nodes from transgenic mice. Our computational pipe-
line of STAR-RSEM-DESeq2 identified 701 DEGs (373 down-
regulated genes and 328 up-regulated genes; supplementary
material, File S1) in 4 affected samples compared to 3 control
samples. The RNAseq results were confirmed by RT-PCR
using four genes from each of the up- and down-regulated

Figure 5. Histopathology of NSG mouse lymph node transplanted with enlarged lymph node cells from RHOA p.Gly17Val mouse. (a, b) H&E staining of single
enlarged lymph node from transplanted NSG mouse. Note lymphocytic infiltration. (c) CD3 staining shows presence of T cells. (d) PAX5 + B cells are missing. (e) CD4
+ cells are found. (f) HA staining shows presence of transgenic cells. PD-1 staining (g) and CD21 staining (h) are consistent with partial replication of original
transgenic phenotype. Scale bars represent: 200 μm for A; 50 μm for the rest.
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gene sets (supplementary material, Figure S8). Hierarchical
clustering of nine lymph nodes using these 701 DEGs showed
distinct grouping of control and affected samples in which 2
seemingly normal lymph nodes from RHOA p.Gly17Val
transgenic mice were grouped together with the control sam-
ples (Figure 6(a)). Altered pathways were determined by gene
set analysis for 701 DEGs using Webgestalt web application
for KEGG pathways and gene ontology (GO) terms. The most
significant KEGG pathways were related to ‘protein proces-
sing in ER’ (FDR = 1.04e-11), ‘T cell receptor signaling path-
way’ (FDR = 2.79e-05) and ‘TNF signaling pathway’
(FDR = 4.28e-05) (Figure 6(b)). GO enrichment analysis was
carried out for up- and down-regulated genes separately
(Figure 6(c)). Biological processes for 373 down-regulated
genes were associated with ‘immune system process’
(FDR = 0) and ‘T cell activation’ (FDR = 8.31e-11). In con-
trast, 328 up-regulated genes were enriched in biological pro-
cesses associated with ‘response to endoplasmic ER’
(FDR = 2.79e-10) and ‘cell adhesion’ (FDR = 6.63e-06).
Overall, up-regulated genes were significantly enriched in
protein processing and down-regulated genes were signifi-
cantly enriched in immune system and T cell receptor signal-
ing pathways. Again examination of the RNA sequences
revealed that no mutation took place in Tet2 or Tet3 other
than the C > G polymorphism in Tet3.

We next sought to use gene expression pattern to identify the
type of human lymphoma which our murine model most clo-
sely simulates. Given that human data are from gross profiling
using biopsy samples, we reasoned that data from similar gross
profiling of lymph nodes would be appropriate for comparison.
Public expression data for three types of lymphoma, AITL,
PTCL-NOS, and DLBCL as well as for reactive lymph nodes
and normal T cells were obtained, and gene expression profiles
were compared using 571 genes that were successfully converted
from the 701 mouse DEGs to human orthologues (see Materials
and Methods). Specifically, we computed the Pearson correla-
tion coefficients between all possible pairs of transgenic mice
and human samples. Then, we compared the distribution curves
of correlation coefficients for all five human sample types which
were clearly separated (P-value < 0.0001) and showed the high-
est correlation with AITL patients (Figure 6(d)). The low corre-
lation between our murine model and reactive lymph nodes
indicates that the phenotypes we see in the affected lymph
nodes are not routine inflammatory responses. We proceeded
to compare distribution curves for two groups, with and with-
out RHOA p.Gly17Val mutation, which showed that the murine
gene expression is more closely correlated with AITL cases with
mutations than those without (Figure 6(e)). The separation of
distributions was weaker than that among the three different
types of lymphoma but was still statistically significant with

Figure 6. Expression correlation analyses of RHOA p.Gly17Val transgenic mice. (a) Heatmap view of RNA-seq data for mouse tissues using differentially expressed genes
(DEGs) comparing four affected transgenic samples (i.e., enlarged lymph nodes), two unaffected transgenic samples and three control samples (from litter mates). (b, c)
Gene set analysis by WebGestalt for statistical enrichment of 701 DEGs in KEGG pathways and Gene Ontology (GO) biological processes. Red vertical lines represent the
FDR threshold of 0.05. (d) Distribution of pairwise correlation coefficients of 4 RHOA p.Gly17Val transgenic mice with 33 AITL patient tumors, 68 PTCL-NOS patient
tumors, 203 DLBCL patient tumors, 12 reactive lymph nodes (RLN), and 20 normal T cell samples. Note the highest correlation between RHOA transgenic mice and AITL
patients. The P-values for AITL vs PTCL-NOS, AITL vs DLBCL, AITL vs RLN and AITL vs Normal comparisons were = 1.47e-12, < 2.2e-16, < 2.2e-16 and < 2.2e-16,
respectively, according to the Wilcoxon rank sum test. (e) Distribution of pairwise correlation coefficients of RHOA p.Gly17Val transgenic mice with 14 and 13 AITL
patients with and without RHOA p.Gly17Val mutation, respectively. Note the higher correlation with patients with the mutation (P-value of 2.97e-3).
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P-value of 2.97e-3. Collectively, the transcriptomic data indicate
that our mouse model simulates AITL more closely than other
types of lymphoma and in particular best matches AITL caused
by RHOA p.Gly17Val mutation.

Discussion

The phenotypes seen in lymph nodes of AITL originate not just
from proliferation of tumor cells but in large part from interac-
tions among diverse cell types found in lymphoid organs and in
circulation. This leads to unique histopathological features
including proliferation of HEV and meshwork of FDC as well
as massive infiltration of lymphocytes and hypergammaglobuli-
nemia. That Tfh cells constitute a minor population of the tumor
mass has put certain restrictions in dissecting pathogenesis at the
molecular level. At the same time, understanding cellular inter-
actions within the microenvironment of the lymphoid organs
became an important issue for AITL. Clearly, an animal model
with causally linked genetic lesion and faithful phenocopying of
the clinical cases is of value as it would provide an in vivo test
bed for molecular dissection and therapeutic attempts.

Our murine model is based on a defined single driver muta-
tion RHOA p.Gly17Val found in a significant proportion of AITL
patients. Gross phenotypic outcomes including considerable
latency, asymmetric lymph node enlargement, and shortened
life span are closely correlated with those seen in AITL patients.
Many of the histopathological features of the RHOA p.Gly17Val
mutant mice also simulate those observed in typical human
AITL. Specifically, the murine model exhibits multiple features
important for the pathogenesis of AITL including increase in Tfh
cells, hypergammaglobulinemia with germinal center reaction
and plasmacytosis, infiltration of mixed inflammatory cells (i.e.,
PMN), proliferation of HEV and extension of FDC meshwork.
We also find skin lesions involving immune reactions in a minor
population of the mice suggesting possibly an autoimmune reac-
tion as seen in AITL patients, but further comparative work is
necessary to conclude the simulation of clinical conditions.

Recently, two other studies reported murine models that
express RHOA p.Gly17Val in CD4+ cells. Cortes and coworkers
showed that the conditional expression of the transgene drives
proliferation of Tfh cells and that transplantation of the cells also
carrying Tet2 null mutation into isogenic recipients induced
AITL-like lymphoma.13 Likewise, Ng and coworkers showed
that RHOA p.Gly17Val mutation in CD4+ cells led to Tfh cell
expansion and autoimmunity and upon further Tet2 loss also to
AITL-like lymphoma.14 Importantly, in both studies, no lympha-
denopathy or lymphomagenesis-like phenotype was observed
upon expression of RHOA p.Gly17Val alone, i.e., in the absence
of Tet2 loss. This is in clear contrast to our murine model.

Interestingly, aside from lymphadenopathy and other
AITL-like phenotype, lymph node cells from our model
could partly recreate AITL-like phenotypes including expan-
sion of Tfh cells and FDC upon transplantation to immuno-
compromised mice. Given that transplantation was marked
by low penetrance and long latency and failed to generate
apparent ill health, it would seem as though Tfh cells in our
model have not reached full-blown transformation status and
are perhaps in preneoplastic state that can simulate early

stages or slow progression of AITL development. The differ-
ence from other studies may stem from the choice of pro-
moter which could affect the level of RHOA p.Gly17Val
protein. At least Ng and coworkers describe the transgene
expression level in detail. In their murine model, the trans-
gene RNA level is about 60% of the wild type RHOA mRNA,
and the combined protein expression level is comparable to
that in wild type.14 In our case, the mutant protein is at least
as highly expressed as the wild type protein in the CD4
+ cells. This seems to imply that the absolute and relative
expression levels of the mutant protein are likely higher in
our case.

A recent study using microdissected PD-1+ cells demon-
strated that TET2 mutations among AITL patients were far
more frequent than previously estimated.34 Furthermore,
TET2 mutations were also found among B cells in more
than 50% of the examined AITL cases. Of note, these B cells
with TET2 mutations were often polyclonal and proposed to
be possibly linked to B cell phenotypes in AITL including the
B cell lymphoma eventually seen in a minority of AITL
patients.34,35 Taken together with results from transplanta-
tion experiment, it appears that although RHOA p.Gly17Val
mutation can function as the major etiological factor for
classical AITL phenotypes, mutations in other genes such as
TET2 and DNMT3A are likely required to set the stage for
full blown pathogenesis among AITL patients. Consistently,
we found no Tet2 mutation in transplanted cells which
showed limited penetrance and limited effect on the recipient
mouse.

We carried out transcriptomic analyses to examine the
correlation with human AITL particularly in the cases with
RHOA p.Gly17Val mutation. We were interested in seeing if
the overall gene expression pattern encompassing both the
cells directly responsible for the phenotype and the hetero-
geneous cells indirectly responding to progression of the
disease simulates AITL closely. Apparently, the gene expres-
sion profile of the transgenic lymph node simulates that of
AITL more closely than those of other lymphoma types or
of reactive lymph nodes. Furthermore, the degree of simi-
larity was significantly higher for lymph nodes from AITL
patients with RHOA p.Gly17Val mutation. This, in turn,
suggests a potential utility of this model in dissecting the
distinct molecular pathogenesis of RHOA p.Gly17Val-driven
AITL and in refining future therapeutics development
which is currently focused on epigenetic modifiers including
hypomethylating agents.
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