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Transcription factor Phf19 positively regulates germinal 
center reactions that underlies its role  
in rheumatoid arthritis
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Abstract: The Polycomb Repressive Complex 2 (PRC2) component PHD Finger Protein 19 (phf19) gene has been 
identified to be associated with rheumatoid arthritis (RA) risk. Here we show that Phf19 is highly expressed in 
murine germinal centers (GCs) and RA patients. To investigate the function of Phf19 in lymphocytes, we generated 
RAG1-deficient mice reconstituted with Phf19 or control-vector transduced bone marrow (BM) cells. Lymphogenesis 
in primary lymphoid tissues of Phf19-RM is normal, however, Phf19-RM form enlarged GCs and generate more 
antibody-secreting cells (ASCs). Overexpression of Phf19 promotes proliferation and survival of GC B cells and Tfh 
cells in vivo. The uncovered Phf19-dependent targets include the genes encoding cyclin D2, the prosurvival factor 
Bcl-xL and CD40-CD40 ligand axis, their regulation by Phf19 could partially elucidate the advantages observed in 
Phf19-overexpressing GCs. Our results underscore an unrecognized but critical function for Phf19 in GCs formation 
and antibody generation, and implicate the potential role of Phf19 in RA pathogenesis.
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Introduction

RA is a systemic autoimmune disease with 
intra-articular inflammation as a dominant fea-
ture affecting up to 1% of the population [1]. 
Previous research has revealed that autoanti-
bodies including anti-cyclic citrullinated protein 
antibody (anti-CCP) are present in almost 70% 
RA patients at the early stages of disease, indi-
cating the central role of autoreactive humoral 
immune responses in the initiation of RA [2]. 
Somatically mutated high-affinity autoantibod-
ies are a hallmark of RA pathogenesis, and GCs 
are critical in this production of autoantibodies, 
as they are critical sites to sustain a high rate of 
somatic hypermutation of activated B cells and 
antibody affinity maturation dependent on fol-
licular helper T (Tfh) cells [3].

The introduction of B-cell-depleting therapy 
was a great success for the treatment of RA [4]. 
By binding to CD20, rituximab depletes subpop-
ulations of peripheral B cells through several 
postulated mechanisms, including cell-mediat-

ed and complement-dependent cytotoxicity and 
promotion of apoptosis. The clinical trial of 
rituximab has demonstrated significant efficacy 
and adequate safety in modifying the symp-
toms of RA and has provided further evidence 
of the role of B cells in the disease pathogene-
sis. Thus identifying regulators of B-cell activa-
tion and antibody production is pivotal for a bet-
ter understanding of the pathogenesis of RA. 

Transcriptome analysis of mouse B cells has 
identified that PRC2 component Phf19 is signifi-
cantly upregulated in activated B cells [5]. In 
addition, a large-scale RA genetic study has 
also identified several SNPs at the gene locus 
of phf19, suggesting its association with RA 
risk [6]. 

In this paper, we aim to explore the function of 
Phf19 in the process of GCs formation and anti-
body production. Measurement of transcrip-
tional and translational level of Phf19 showed 
its induction in GCs and RA patients. By gain of 
function experiments, Phf19 was proved to pos-
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itively regulate the GCs reaction without influ-
encing the development of mature lympho-
cytes. Mechanically, Phf19 promoted the prolif-
eration and survival of GC B cells and Tfh cells 
by targeting ccnd2, Bcl-xL, and CD40-CD40L. 
Our findings indicate a pivotal role for Phf19 in 
GCs formation and ASCs generation, and sug-
gest that Phf19 could be recognized as a new 
regulator in the autoreactive antibody-initiated 
RA pathogenesis.

Materials and methods

Mice

C57BL/6 (Jax 664), Rag-1 deficient (Rag1-/-) 
mice (Jax2216) mice were obtained from the 
Jackson Laboratory and bred under specific 
pathogen-free conditions. All mice used were 
>8 weeks old.

Human samples

SF from RA patients was collected by routine 
knee joint paracentesis. Peripheral blood sam-
ples were collected from RA patients and 
healthy donors. 4 ml of SF and 10 ml of periph-
eral blood were collected. All patients in the 
study fulfilled the American College of Rheu- 
matology criteria for the classification of RA.  
All study protocols and consent forms were 
approved by the Institutional Medical Ethics 
Committee of Henan Luoyang Orthopedic Hos- 
pital (Henan Provincial Rehabilitation Hospital).

Retroviral transduction of hematopoietic stem 
cells and bone marrow transplantation

The coding sequence of Phf19 was amplified  
by PCR from C57BL/6 genomic DNA and in- 
serted into pMSCV-IRES-GFP retroviral vector. 
Retrovirus-containing supernatant was gener-
ated with the Plat-E packaging cell line. Bone 
marrow cells were extracted from the femur of 
C57BL/6 mice and cultured for 24 hours in 
RPMI 1640 supplemented with 10% FBS, 2 
mM L-glutamine, 100 U/ml penicillin, and 100 
U/ml streptomycin in the presence of 50 ng/ml 
mSCF, 20 ng/ml IL-3, and 50 ng/ml IL-6 (all 
from R&D Systems) before spin-infected with 
retroviral supernatants and 4 μg/ml polybrene 
(Sigma). After infection, cells were cultured for 
additional 24 hours and then used for reconsti-
tuting sublethally irradiated Rag1-/- recipient 
mice. The reconstitutions were completed 8 

weeks after transplantation. Chimeric mice  
had frequencies of 30%-50% of lymphocyte 
cells being transduced, as assessed by GFP 
expression.

Immunization and flow cytometry

1×108 sheep red blood cells (SRBCs) were intra-
peritoneally injected into C57BL/6 mice or BM 
chimera mice. Splenocytes and BM cells were 
prepared, stained for surface molecules, and 
sorted on FACS Aria III or analyzed on FACS  
LSR (BD Biosciences). The following antibodies 
and reagents were used for cell surface stain-
ing: anti-B220-AF700 (BD Biosciences), anti-
CD4-APC-Cy7 (BD Biosciences), anti-CD95-PE 
(eBiosciences), anti-GL7-Pacific blue (BD Bios- 
ciences), anti-CD138-BV510 (BD Biosciences), 
anti-CXCR5-PE-Cy7 (BD Biosciences), anti-PD-
1-APC (eBiosciences), anti-PD-1-PE (eBioscien- 
ces), anti-CD40-PE-Cy7 (BD Biosciences), anti-
CD40L-PE (eBiosciences).

Cells of BM, thymus, and spleen from normal 
lymphocyte development analysis were pre-
pared, stained for surface molecules, and ana-
lyzed on FACS LSR (BD Biosciences). The fol-
lowing antibodies and reagents were used for 
cell staining: anti-B220-AF700 (BD Bioscie- 
nces), anti-IgM-Pacific blue (BD Biosciences), 
anti-CD4-PE (eBiosciences), anti-CD8-APC (BD 
Biosciences), anti-CD3-PE-Cy7 (eBiosciences).

evaluation of cell proliferation and apoptosis

BM chimera mice used for proliferative and sur-
vival analysis of GC B cells and Tfh cells were 
first administrated with BrdU (BD biosciences) 
6 hours before sacrifice. Splenocytes were  
prepared and surface stained with GC or Tfh 
markers, further subjected to intracellular 
staining with anti-BrdU-APC (BD Biosciences), 
anti-Ki67-APC (BD Biosciences), anti-active 
caspase-3-AF647 (BD Biosciences), or Annexin 
V/PI double staining (BD Biosciences) accord-
ing to the manufacturer’s instructions.

Quantitative RT-pCR

Murine B cells and T cells populations were 
sorted into RNA extraction reagent (Qiagen) 
and human lymphocytes from RA patients and 
healthy controls were lysed directly with RNA 
extraction reagent (Qiagen). Total RNA was ex- 
tracted according to the manufacturer’s instruc-
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tions. First-strand cDNA was synthesized with 
Oligo (dT) primers and MultiScribe™ MuLV 
(Thermo Fisher). Quantification of mouse and 
human phf19, Bcl-xl, and ccnd2 transcripts in 
indicated cell populations was performed with 
the SYBR Green PCR Master Mix (Invitrogen) 
and ABI 7500 system (Applied biosystems). 
Each sample was assessed in triplecates and 
the analysis was repeated with a second set of 
samples. Expression of gapdh was used for 
copy number normalization. The relative expres-
sion of phf19, bcl-xl, and ccnd2 was determined 
with the comparative threshold cycle method. 
The primer pairs used throughput this study 
were listed and presented as Supplementary 
Table 1.

Western blotting

Sorted B cell populations and T cell populations 
were lysed with RIPA buffer containing 1%  
protease inhibitor and the cell lysates were 
centrifuged at 15000×g for 15 min at 4°C. 
Supernatants were collected and the protein 
concentrations were determined by BCA assay 
kit (Beyotime). The whole cell proteins were 
applied to 10% SDS-PAGE gels and then trans-
ferred to nitrocellulose membranes. After incu-
bation with the appropriate specific primary 
and secondary antibodies, Western blot bands 
were quantified by using Odyssey infrared imag-
ing system (Li-Cor Inc., Lincoln, NE, USA). 

Immunofluorescence microscopy

Immunized mouse spleen cryo-sections (8 μm) 
were fixed with acetone and blocked with 5% 
fetal bovine serum. B cell follicles were revealed 
with anti-IgD-Pacific Blue (BioLegend), GC B 
cells were revealed with anti-Bcl6-APC (BD 
Biosciences), and Phf19+ cells were revealed 
with rabbit anti-Phf19 purified primary anti- 
body (Santa Cruz) and appropriate secondary 
antibody. All images were obtained at ×100 
magnification.

statistical analysis

Levels of statistical significance between me- 
ans were calculated by unpaired two-tailed 
Student’s t test, unless indicated otherwise. A 
value of p less than 0.05 indicated a statisti-
cally significant difference; NS indicated no sig-
nificant difference. Data in each group were 
expressed as mean ± s.e.m.

Results

phf19 is induced in GC reactions and RA 
patients

Known as a member of polycomb group pro-
teins, the previous studies of Phf19 are largely 
emphasized on its functions and mechanisms 
responsible for regulating metazoan develop-
ment, cellular differentiation and maintenance. 
For instance, a recently published study has 
profoundly demonstrated that Phf19 functions 
as a transcriptional repressor conferring its 
silencing activities on mouse embryonic stem 
cell (mESC) genes by binding the H3K36me3 
via its Tudor domain to access active chroma-
tin, whereby potentiating normal mESCs differ-
entiation [7]. However, so far the role of Phf19 
is rarely discussed in the immune system, until 
an RNA-seq data was recently reported which 
revealed the transcriptional levels of Phf19 in 
different B cell subsets are identical to those of 
some essential GC genes Bcl6, Bach2 and 
Pou2af1, suggesting a possible role of Phf19 
necessary for the GC program, an important 
part of the B cell humoral immune response 
[5]. Another clue arouses our interests of study-
ing Phf19 in GC reactions stemmed from a 
large-scale RA genetic study in white North 
American RA patients, wherein, Phf19 has 
been identified as a risk factor for RA, which are 
usually accompanied by excess of GC-derived 
autoantibody [6]. To investigate whether Phf19 
underlies GC reactions, we first examined the 
expression pattern of Phf19 in normal C57BL/6 
mice immunized with classic T-dependent anti-
gen sheep red blood cells (SRBCs) to induce 
strong humoral immune responses (Figure 1A, 
1B). The GC reaction in spleen reaches its max-
imum by day 7 and maintains high levels until 
day 10 post immunization [8]. Analysis of Phf19 
mRNA and protein expression level in B cells 
and T cells during different activation stages 
indicated that Phf19 was specifically upregu-
lated in GC B cells, while Tfh cells also main-
tained certain mRNA level of Phf19, these 
results suggest a dominant expression pattern 
of Phf19 in GC program (Figure 1A, 1B). 
Enhanced Phf19 expression in GCs was further 
confirmed by immunohistochemical (IHC) anal-
ysis on spleen sections from SRBC-immunized 
mice (Figure 1C). In IHC image, Phf19 was 
strongly found in the nuclei of most of GC B 
cells and T cells, as shown by specific markers 
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of high expression of Bcl-6 and null expression 
of IgD [9], whereas, Phf19 was detected weak 
in other lymphocytes in white pulps. Therefore, 
Phf19 expression is induced in GC B and Tfh 
cells in murine GC reactions.

Next, to test whether Phf19 is connected with 
lymphocyte activation in RA patients, we com-
pared the expression level of Phf19 in lympho-
cytes from synovial fluid (SF) and peripheral 
blood (PB) of 30 RA patients with that in lym-
phocytes from PB of 28 healthy controls (Figure 

1D). Quantitative RT-PCR analysis revealed that 
Phf19 was markedly increased in lymphocytes 
from both PB and SF samples of RA patients, 
suggesting that Phf19 upregulation is impor-
tant during B cells and T cells activation in RA 
patients.

phf19 is irrelevant with the development of B 
and T cells

Considering that Phf19 is an important tran-
scriptional regulator controlling cell develop-

Figure 1. Phf19 is induced in GC reactions and RA patients. Real-time PCR (A) and Immunoblot (B) analysis of Phf19 
expression in mouse splenic naïve B cells, GC B cells, plasma cells, bone marrow plasma cells, follicular helper T 
cells and non-follicular helper T cells obtained from 5 SRBC immunized C57BL/6 mice. Mouse GAPDH was used 
as reference control in Real-time PCR analysis and β-Actin was used as loading control for Immunoblot analysis, 
respectively. (C) Frozen splenic sections were simultaneously stained with anti-Phf19, anti-Bcl-6 and anti-IgD. One 
typical image was shown here. FO, B cell follicle; GC, germinal center. Original magnification, ×100. Scale bar, 40 
um. (D) Real-time PCR analysis of Phf19 expression in peripheral blood (PB; n = 30) and synovial fluid (SF; n = 30) 
of RA patients and PB (n = 28) of healthy controls. Human GAPDH was used as reference control. Data between 
two groups were compared and the p value were shown as indicated. NS, not significant. Data are representative 
of three independent experiments.
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Figure 2. Phf19 is irrelevant with the development of B and T cells. Representative flow cytometry analysis of bone marrow (BM) cells (A), thymocytes (B), and spleno-
cytes (C and D) harvested from 5 ctrl-RM (upper row) and 5 phf19-RM (bottom row) mice by staining with indicated biomarker antibodies for identifying B or T cells. 
Numbers in each panel indicate relative percentages of positive cells within a quadrant. Data are representative of three independent experiments. 
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ment and differentiation, we initially wondered 
whether it could also exert similar functions in 
lymphocytes, especially B cells and T cells. To 
investigate the function of Phf19 in the devel-
opment of B cells and T cells, lymphocyte- 
deficient RAG1-/- mice were reconstituted with 
BM cells transduced with control or Phf19-
expressing retrovirus (ctrl-RM or Phf19-RM). As 
RAG1-deficient lymphocytes cannot develop 
into a mature form, all mature lymphocytes 
developed in ctrl-RM or Phf19-RM are derived 
from donor BM cells [10]. Flow cytometric anal-
ysis of BM cells and thymocytes from ctrl-RM 
and Phf19-RM mice 8 weeks post transplanta-
tion showed no abnormalities in their early lym-
phocyte development (Figure 2A, 2B). In addi-
tion, the percentages of B220+ B cells, CD3+ T 
cells, CD4+ and CD8+ T cells in spleens from 
Phf19-RM mice were also unaffected com-
pared to those from ctrl-RM mice (Figure 2C, 
2D). Although strong Phf19 expression can be 
detected in activated lymphocytes in RA 
patients and murine GC structures, these data 
demonstrate that Phf19 is not essential for 
lymphocyte development in primary and sec-
ondary lymphoid tissues.

phf19 is required for GC formation

We then analyzed the function of Phf19 in GCs 
formation in Phf19-RM and ctrl-RM mice by 
immunizing them with SRBCs. Formation of GC 
B cells and Tfh cells were analyzed by flow 
cytometry on day 7 post immunization. The per-
centage of GC B cells in splenic B220+ B  
cell pool of Phf19-RM mice was significantly 
increased compared to that of ctrl-RM mice 
(Figure 3A). Meanwhile, the percentages of Tfh 
cells in total CD4+ T cells also showed obvious 
augment in Phf19-RM mice (Figure 3B). More- 
over, a significant increase was also found in 
the number of CD138+B220low antibody-secret-
ing cells in spleen of Phf19-RM mice on day 7 
(Figure 3C). To further investigate the role of 
Phf19 in long-term high-affinity antibody pro-
duction, the number of BM plasma cells was 
compared between Phf19-RM and ctrl-RM 
mice on day 15 post immunization. As results, 
a larger population of CD138+B220low plasma 
cells was identified in Phf19-RM mice than that 
in ctrl-RM mice (Figure 3D). These evidences 
collectively indicate that Phf19 is essential for 
the differentiation of mature B cells into GC B 
cells and further into antibody-producing long-

lived plasma cells, and is also pivotal for the 
maintenance of Tfh cells during GC responses.

phf19 is essential for both proliferation and 
survival of GC B and Tfh cells

GC B cells undergo rapid round of proliferation 
and apoptosis [11], this prompts us to deter-
mine whether Phf19 is able to intrinsically regu-
late the proliferation or survival of GC B cells. 
The capacity of proliferation of GC B cells from 
SRBC-immunized Phf19-RM and ctrl-RM mice 
was examined using pulse labeling with 5-bro-
mo-2’-deoxyuridine (BrdU), a thymidine analog 
which can be incorporated into cells undergo-
ing DNA synthesis [12], and immunofluores-
cence staining with Ki67 [13], a protein 
expressed in dividing cells. The proportion of 
BrdU+ cells in GC B cells from Phf19-RM mice 
increased markedly than that from ctrl-RM 
mice after a 6-hour labeling with BrdU (Figure 
4A), and the percentage of Ki67+ cells in GC B 
cells maintained at a similar level between 
these two groups of mice (Figure 4B), these 
indicate that Phf19 is able to accelerate the 
normal cell cycle of GC B cells. Then the resis-
tant capacity for apoptosis of GC B cells from 
SRBC-immunized Phf19-RM and ctrl-RM mice 
was assessed by measurement of active cas-
pase-3 and DNA fragmentation. The frequency 
of GC B cells with either activated caspase-3 
(Active Csp3+) or Annexin V+PI- was notably dif-
ferent for Phf19-RM and ctrl-RM mice (Figure 
4C, 4D), and GC B cells from Phf19-RM were 
more resistant to apoptosis than those from 
ctrl-RM mice. Similarly, enforced Phf19 expres-
sion in Tfh cells also had promoting effects on 
the proliferation and anti-apoptosis capacity in 
Tfh cells (Figure 4A-D). Thus, these data indi-
cate a requirement for Phf19 in B cell and T cell 
survival and proliferation during GC formation.

phf19 promotes cell cycle and prosurvival sig-
naling in GC cells and CD40-CD40L-dependent 
engagement of GC B cells with Tfh cells

GC B cell precursors entry into and progression 
through the cell cycle is tightly regulated by  
the coordinated activities of cyclin-dependent 
kinases and their regulatory cyclins [11]. We 
next characterized differences in cyclins gene 
expression in Phf19-RM versus ctrl-RM GC B 
cells by real-time PCR analysis. We identified 
that the expression of cyclin D2 was increased 
progressively in Phf19-RM GC B cells than that 



The role of Phf19 in rheumatoid arthritis

206 Am J Transl Res 2018;10(1):200-211

Figure 3. Phf19 is required in lymphocytes for GC formation. Representative flow cytometry and total number statistical analysis of GC (A), Tfh (B), spleen plasma 
cells (C), and bone marrow plasma cells (D) from 14 SRBC-immunized ctrl-RM and 14 Phf19-RM mice by staining with indicated biomarker antibodies. The numbers 
in the figures indicate percentages of FashiGL7hi GC B cells relative to total B220+ cells (A), CXCR5+PD-1+ Tfh cells relative to total CD4+ cells (B), CD138hiB220low 
plasma cells relative to total splenocytes (C), and CD138hiB220low plasma cells relative to total BM cells (D). The total number of GC, Tfh, spleen plasma cells and 
bone marrow plasma cells in 14 ctrl-RM and 14 Phf19-RM mice were compared and the p value were shown.
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in ctrl-RM GC B cells (Figure 5A). The suppres-
sion and promotion of GC B cell apoptosis is 
regulated by Bcl-2 family members, and Bcl-xL 
is a member of the Bcl-2 family of prosurvival 
molecules [14]. Bcl-xL was upregulated approxi-
mately three fold in Phf19-RM GC B cells than 
that in ctrl-RM GC B cells (Figure 5B). Similarly, 
enforced Phf19 expression also upregulated 
expressions of cyclin D2 and Bcl-xL in Tfh cells 
(Figure 5A, 5B).

Acquisition of T cell help has been identified as 
another dominant force in GC reaction. GC B 
cells receive cognate T cell help mostly in the 
form of CD40-CD40 ligand engagement [15]. 
To evaluate the influence of Phf19 in the cog-
nate T cell help signaling, expression of CD40 
and CD40L by GC B cells and Tfh cells were 
characterized by fluorescence-activated cell 
sorting (FACS). Phf19-RM derived GC B cells 
showed an increase of CD40 surface expres-
sion (Figure 5C, 5E), and activated CXCR5+PD-1+ 
Tfh cells consistently increased their CD40L 
surface expression (Figure 5D, 5F).

which these SNPs in phf19 gene locus alter the 
expression or function of Phf19 needs further 
detailed investigation.

RA is a chronic inflammatory autoimmune dis-
ease hallmarked by synovial inflammation [16]. 
Within the inflamed synovium, T cells and B 
cells frequently accumulate underneath the 
synovial surface and form ectopic lymphoid fol-
licles containing GC, which is a typical histologi-
cal feature of RA synovium [17]. The develop-
ment of these structures appears to contribute 
to the pathogenesis of RA by local production of 
GC-derived autoantibody, rheumatoid factor. 
From this point of view, delineating the underly-
ing mechanism tightly regulating the magnitude 
and duration of the GC response could contrib-
ute to our understanding of the potentially 
destructive consequences associated with ex- 
cessive GC reaction and autoantibody produc-
tion caused by RA susceptible genes.

In our animal model study, strong Phf19 expres-
sion could be detected in GCs containing most-

Figure 4. Phf19 is required for proliferation and survival of GC B cells and 
Tfh cells. Frequencies of Brdu+ cells (A), Ki67+ cells (B), active caspase3+ 
cells (C), and Annexin V+PI- cells (D) in GC B cells and Tfh cells obtained 
from 14 SRBC-immunized ctrl-RM and 14 Phf19-RM mice. All data were 
presented as a percentage of the indicated positive cells relative to either 
GC B cells or Tfh cells. Data in two groups were compared and p value were 
shown as indicated.

Together, these data suggest 
that cyclins, Bcl-xL, and CD40-
CD40L could be potentially 
transcriptional targets, direct 
or indirect, of Phf19 activity to 
promote GC B cell proliferation, 
survival, and differentiation in- 
to high-affinity antibody-secret-
ing cells during GC phase.

Discussion

Genetic polymorphisms of reg-
ulators of the immune response 
can affect the risk or severity  
of RA. Several SNPs in strong 
linkage disequilibrium, one in 
the phf19 3’ UTR region (rs- 
1837) and one in the intron 
region (rs1056567), have been 
associated with increased risk 
of RA [6]; however, until now a 
mechanistic understanding of 
how these SNPs contribute to 
RA pathogenesis has been 
lacking. Our data demonstrate 
that lymphocytes from both  
SF and periphery blood of RA 
patients express higher levels 
of Phf19 than those from pe- 
riphery blood of healthy con-
trols. However, the way by 
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ly GC B cells and Tfh cells, which play funda-
mental roles in GC responses. In addition, the 

expression of Phf19 in other B cell subsets 
including naïve B cells, plama cells in spleen 

Figure 5. Phf19 promotes the expression of cyclin D2 and Bcl-xL in GC cells and CD40-CD40L-dependent engage-
ment of GC B cells with Tfh cells. Real-time PCR analysis of cyclin D2 (A) and Bcl-xL (B) expression in Tfh cells and 
GC B cells from 5 SRBC-immunized ctrl-RM and 5 Phf19-RM mice. Mouse GAPDH was used as reference control. 
Representative flow cytometry of CD40 expression on GC B cells (C) and CD40L expression on Tfh cells (D) from 14 
SRBC-immunized ctrl-RM and 14 Phf19-RM mice. Statistics of mean fluorescent intensity (MFI) of CD40 on GC B 
cells (E) and CD40L on Tfh cells (F) in these mice were shown here. Data in two groups were compared and the p 
value were shown.
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and bone marrow, and non-Tfh cells, suggests 
a tight association of Phf19 with GC program. 
Furthermore, significant upregulation of Phf19 
in RA patients and GCs in animal model points 
to a possibility that high expression of Phf19 
could be involved in the excess ectopic GC for-
mation in humans and ultimately contributes to 
the pathogenesis of RA. 

Due to the excessive expression of Phf19 in RA 
patients, we set to investigate the role of Phf19 
in animal models using gain-of-function experi-
ments. For high expression of Phf19 is owned 
by not only B cells, but also T cells, we took use 
of the sublethal Rag1-deficient mice as BM 
transplantation recipient mice, whose lympho-
cytes including B cells and T cells are totally 
derived from transplanted Phf19 or control-
transduced BM cells, while other radio-resis-
tant and non-resistant cells remained in the 
sublethal host could develop normally and pro-
vide right indications for the development and 
differentiation of B cells and T cells. Thus the 
phenotypes we observed in the Phf19-RM mice 
could be B cell and T cell intrinsic. Using Phf19-
RM and control-RM mice, we showed that 
Phf19 is essential for GC responses. Overex- 
pression of Phf19 specifically in lymphocytes 
including B cells and T cells induced strong 
expansion of GC B cells and correlated en- 
hancement of spleen and BM long-term anti-
body-producing cells, and increasing number of 
Tfh cells. During the GC responses, B cells 
undergo rapid clonal expansion, somatic hyper-
mutation, and class-switch recombination to 
promote the generation and export of high-
affinity plasma cells and memory cells [18]. 
Given that only GC B cells and Tfh cells but not 
antibody-producing cells either in spleen or BM 
upregulate Phf19 expression, Phf19 may be an 
essential regulator for the induction, magni-
tude or duration of GC responses without influ-
encing the intrinsic plasma cell differentiation 
program.

Our in vivo data suggest that the growth  
advantage governed by Phf19-overexpressing 
GC B cells is attributed to the rapid progres- 
sion through cell cycle, characterized by high 
BrdU incorporation and high ratio of Ki67+ GC B 
cells, and the prosurvival effect provided by 
their strong anti-apoptotic capacity. Similarly, 
enforced Phf19 expression in Tfh cells also had 
promoting effects on the proliferation and anti-
apoptosis capacity in Tfh cells. Due to the 

observation that Phf19-RM mice did not show 
any abnormal development of B cells and T 
cells during their development and maturation, 
we speculate a model whereby the profound 
prosurvival and proliferative functions of Phf19 
is limited in GCs, where these advantages are 
acquired by GC B cells and Tfh cells through 
their sophisticated transcription and transla-
tion programs orchestrated by Phf19.

GC dark and light zones segregate cells under-
going somatic hypermutation and antigen-driv-
en selection, respectively [18]. Thus Phf19 
could not only drive more proliferative centro-
blasts in the dark zone, but also induce re-pro-
liferation of nondividing centrocytes in the light 
zone. At the same time, the high expression  
of Phf19 prevents these cells from apoptosis. 
By breaking the balance between proliferation 
and apoptosis of GCs, Phf19 is very likely to 
induce excessive high-affinity antibody produc-
tion, which may further contribute to the abun-
dant autoreactive antibody production during 
the pathogenesis of RA. 

Progression through gap-phase 1 is the most 
important thing occurs during cell cycle and is 
regulated by the induced expression of D-type 
cyclins and their subsequent association with 
and activation of cyclin-dependent kinases 4 
and 6, which inactivate the retinoblastoma 
tumor suppressor and commit cells to progres-
sion through the cell cycle [19]. Mechanistical- 
ly, we have identified cyclin D2 as a Phf19-
dependent target during GC B cell proliferation. 
Phf19 could significantly induce ccnd2 expres-
sion to drive the rapid progression of GC B cells 
through cell cycle, especially G1 phase. The 
suppression of B cell apoptosis is regulated by 
Bcl-2 and Bcl-xL, they prevent apoptosis by pro-
tecting mitochondrial membrane integrity and 
preventing the release of cytochrome c into the 
cytoplasm [20]. We also have identified Bcl-xL 
as a Phf19-dependent target during the clonal 
selection and apoptosis of GC B cells after 
immunization and the maintenance of the GC 
reactions.

Except for the direct prosurvival and prolifera-
tion accelerating functions of Phf19 in GCs, sig-
naling through cell-cell contact and information 
transduction achieved mostly with the help 
from Tfh cells is also important for GC B cells 
survival and differentiation. CD40-CD40L liga-
tion is the simplest but most profound help pro-
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vided by Tfh cells that contributes to pro-mitotic 
signalling in GC B cells [15]. Our data proved 
that Phf19 could induce CD40 and CD40L 
expressed by GC B cells and Tfh cells respec-
tively, suggesting the enhanced interact of GC 
B cells and Tfh cells through CD40-CD40L liga-
tion and promoted GC responses.

Together with our findings that Phf19-RM mice 
had higher antibody responses and generated 
more GC B cells after immunization, these data 
suggest that Phf19-dependent targets, directly 
or indirectly, including cyclin D2, Bcl-xL, CD40-
CD40L, are fundamental in regulating the GC 
responses. Further evidence is needed to 
explore whether Phf19 could influence activi-
ties of master regulator of GC B cells and Tfh 
cells, Bcl6, directly or indirectly to alter the GC 
responses [21]. It is also interesting to compare 
the contributions of Phf19 for GC B cells and 
Tfh cells to GC response respectively. For the 
further investigation of the role for Phf19 on B 
cells and T cells, sublethal BCR-deficient and 
TCR-deficient mice could probably be used as 
recipients as Rag1-deficient mice did.

In summary, our data provide evidence demon-
strating that Phf19 could exert a critical regula-
tory function to raise GC responses by regulat-
ing key molecules associated with proliferation, 
survival and differentiation of GC B cells and 
Tfh cells. The identification of Phf19 in promot-
ing GC-derived antibodies could lead to a vali-
dated conclusion that excessive Phf19 expres-
sion contributes to superfluous autoantibody 
productions in RA patients, this may explain 
why SNPs found in Phf19 locus are associated 
with RA and how these SNPs could contribute 
to the increased incidencse and severity of RA 
and other inflammatory diseases.
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Supplementary Table 1. Primers used in this study
Primer Forward Reverse
Mouse phf19 5’-CTATGCAGGTGGACAGACGG-3’ 5’-TCAACTGCGATGGGGATGTG-3’
Human phf19 5’-TGGCCTGTACTACCTCGGG-3’ 5’-CTATGGGGATGTGGCACTGCT-3’
Mouse bcl-xl 5’-GTCGCATCGTGGCCTTTTTC-3’ 5’-CAGGAACCAGCGGTTGAAGC-3’
Mouse ccnd2 5’-TACCTCCCGCAGTGTTCCTA-3’ 5’-GCCAAGAAACGGTCCAGGTA-3’
Mouse gapdh 5’-GGGTCCCAGCTTAGGTTCATC-3’ 5’-TACGGCCAAATCCGTTCACA-3’
Human gapdh 5’-CAGGAACCAGCGGTTGAAGC-3’ 5’-TGGACTCCACGACGTACTCA-3’


