





ARTICLES

a +h _25 501 +he fifl - 4.0 :
£ 2 200 4 A O ++
105 {132 33.3) So0d = Tl A i < a0d Ns s0{ @A //3
, @ 2 L 1 £ NS -
" 3 . 2 150 § 36.9 / ‘631 3304 [ 696 5 B3
k) o [ 1 3 60 X0
o & e 100 4 i g = 2
10 10 20 | | 40 2
e & N I W {1 3 3
o ) = 5 = 10 503 4o 1 | s 10
8| : 5 IR AN .
2 = . 7.7 =0 z ] S - s -\ . .
010* 10° 10* 10° +/+ I/l ++ fifl o 10" 102 10 10* 0 10" 10° 10* 10* ++ Il
Nrpi > hcp2 >
doo phase [ Late S phase e .
@ Early Sphase @ G2-M phase fi = 20 ekl = 30 f“f_ o
+/+ 1l e+ Bl i B
2 15 2
104" T 820
L \ 10° 2‘ 1 g‘
3 £ £ 10
Sl WY §° 5
% Q %o ek 105 g =
' 010 1° 10* 10° +/+ fiff +f4 Ul 0102 10° 10° 10° +4 Ul
Kis7 > Kie7 >
Figure 4 Deletion of Uhrfl results in oF GF + CRB
impaired proliferation and function of P e Al 80
522| [7.36
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(f) Flow cytometry of cells as in e, but with gating on CD3e*CD4+Foxp3+ cells. (g) Expression of Foxp3 and Nrpl by CD4+ T cells from the cLP

of 8-week-old Uhrf1+*Cd4-Cre and Uhrf17M1Cd4-Cre mice reared under GF conditions, analyzed by flow cytometry (gated as in a). (h) Flow
cytometry of CD4+ T cells from the cLP of mice as in g, inoculated with chloroform-resistant bacteria (+ CRB) and analyzed 4 weeks later

(gated as in a). Numbers adjacent to outline areas indicate percent Foxp3+CD4+ T cells. (i) Expression of Foxp3 and Ki67 by splenic CD4+ T cells
from UhrfI**+*Cd4-Cre and Uhrf1"Cd4-Cre mice left untreated (UT) or treated with complexes of 1L-2 and mAb to IL-2 (IL-2-q-IL-2), analyzed
by flow cytometry (gated as in a). (j) Expression of IL-10 and CTLA-4 by Foxp3+ cells from the cLP of UhrfI++Cd4-Cre and Uhrf1f1Cd4-Cre mice
raised under SPF conditions, analyzed by flow cytometry (gated as in a). *P < 0.05 and **P < 0.01 (Student’s ¢ test (a,e,f,h,j), Mann-Whitney
U-test (b) or one-way ANOVA followed by Tukey’s test (i)). Data are representative of three independent experiments (error bars, s.d. of four to

nine mice per group).

list (that is, among genes with the highest statistical significance) a
group of genes encoding molecules in the category of ‘cellular growth
and proliferation’ (Supplementary Fig. 7b,c). Furthermore, we used
an integrated ‘-omics’ approach with data sets obtained from the
transcriptome and analysis of the ‘methylome’ (the pattern of methyl-
ated DNA in the genome) based on precipitation of methylated DNA
followed by sequencing (MeDP-seq) (Fig. 5a) and identified Cdknla
as a target of Uhrfl (Fig. 5b). The product of Cdknla, p21, is a cell-
cycle regulator that induces cell-cycle arrest at the G1-S transition?’.
We confirmed that there was substantially more Cdknla mRNA and
p21 protein in UhrfIV1Cd4-Cre Tyeq cells than in UhrfI+/+*Cd4-Cre
Treg cells (Fig. 5¢,d). The derepression of Cdknla most probably
resulted from hypomethylation of CpG islands in the distal promoter
region of Cdknla in the absence of Uhrfl (Fig. 5e-g), an outcome
that was more prominent in Treg cells than in Ty, cells (Fig. 5£).
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To further explore whether the derepression of Cdknla caused
the cell-cycle arrest of UhrfI"fCd4-Cre T,y cells, we induced
Uhrf1"0Cd4-Cre cells in vitro to differentiate into Tyeq cells, then
treated those cells with small interfering RNA (siRNA) targeting
Cdknla and analyzed their cell-cycle status. Knockdown of Cdknla,
which diminished Cdknla expression by 45% (data not shown),
at least partially rescued cells from the arrest at G1, as indicated by
the greater proportion of cells in S phase than in G2-M phases
(Fig. 5h). From these data, we concluded that Uhrfl-dependent
repression of Cdknla was critical for the maintenance of Treg
cell proliferation.

Uhrfl-deficient mice spontaneously develop colitis

Intestinal Ty, cells orchestrate the immunoregulatory system that
suppresses inappropriate immune responses to commensal bacteria28.

575



ARTICLES

a e
2
— f{
S f
4 ++ g Y
c / £
S \ﬂr'/ ¥ Z2o o
= " 2o,
> - c
£ ¥;:g oz, < |
o -
E fufi ©
< | ;
a | 0 b
1000 10 Chr 17:29222000  CaknTa it~ - —1kb 29243000
Upstream (kb) Genic (%) Downstream (kb)
b oo Af,\\\\\ C
P, 1.5 -
© P @ =)
N g
<& K& 510
Cdknila ﬁ
S
Celal %05
Anin T
Ube2c 5
Lgals3 w4+ Ul
Cbfa2t3
Tct4 30 *
Mxd1 2
Ttk s
S 20 !
Wisp1 % g ++ il h Ctrl siRNA Cdkn1a siRNA
5 SRR b 4 Q 2
ot g G20000 o 0 G1 phase
Jag1 o 10 O®
T -+ 1 S phase
Rads51 3 @ )@ C m G2-M phase
Kif4 S 5 —@0¢ )¢
-2 s i H+ i @ 00088 —

Expression (log,)

22.3%

Tk

Figure 5 Cdknlais upregulated in Uhrfl-deficient Tieg cells because of hypomethylation of the Cdknla promoter region. (a) Genome-wide MeDP-seq
analysis of DNA from Uhrf1++Cd4-Cre and Uhrf11Cd4-Cre Teony and Treg cells, showing the average DNA methylation status (presented as ‘reads’ per
kilobase of exon model per million mapped ‘reads’ (RPKM)) of upstream, genic and downstream regions. (b) Comparison of transcriptome analysis of
Uhrf1++Cd4-Cre and Uhrf1f/Cd4-Cre Toq cells with the MeDP-seq analysis data to identify potential targets of Uhrf1 (right margin). (c) Quantitative
PCR analysis of Uhrfl and Cdknlain Uhrfl+*Cd4-Cre and Uhrf1fViCd4-Cre Tyeg cells cultured in vitro; results are presented relative to those of
Uhrf1*++Cd4-Cre cells, set as 1. *P < 0.01 (Student’s t-test). (d) Immunoblot analysis of Uhrfl and p21 in Uhrf1++Cd4-Cre and UhrfIVICd4-Cre Treg
cells cultured in vitro; GAPDH (glyceraldehyde phosphate dehydrogenase) serves as a loading control. *, nonspecific signal. (e) MeDP-seq analysis of

Uhrf1++Cd4-Cre and Uhrf1fflCd4-Cre CD3e*CD4+hCD2* cells ex vivo: red

downward arrowheads, distal promoter region of Cdknla (exon structure

below: orange, coding sequences; tan, UTR; arrows, direction of transcription). (f,g) Bisulfite-sequencing analysis of the methylation of CpG islands
on the distal promoter region of Cdknlain Uhrf1++Cd4-Cre and Uhrf1MCd4-Cre Tcony and Treg Cells ex vivo (f) and Tyeg cells cultured in vitro (g): filled
circles, methylated; open circles, demethylated; —, undetermined (due to noise signals); below, methylated CpG/total CpG. * P = 5.94 x 10-5,

*%p_ 434 x10-13, ***p=7.18 x 10-14 and ****P = 3.12 x 1021 (hypergeometric distribution). (h) Cell-cycle assay of Uhrf1++Cd4-Cre naive
CD4+ T cells differentiated into Foxp3+ cells, then treated for 24 h with fluorescence-labeled Cdknla-specific siRNA (Cdknla siRNA) or nontargeting
(control) siRNA (Ctrl siRNA). Data are representative of two (a,b,e-g) or three (c,d,h) independent experiments.

Given that the absence of Uhrfl led to a considerable defect in the
accumulation of colonic T, cells, we reasoned that Uhrfl might
be fundamental to the maintenance of intestinal immunological
homeostasis. In support of that proposal, Uhrf11Cd4-Cre mice
spontaneously developed colitis characterized by thickening of the
colonic wall, epithelial hyperplasia, loss of goblet cells and massive
cellular infiltrates into the colonic mucosa and submucosa before
10 weeks of age (Fig. 6a—d and Supplementary Fig. 8a). Nearly all
of the Uhrf1/flCd4-Cre mice eventually succumbed to death within
6 months due to the exacerbated colitis (data not shown). In con-
trast, there were no inflammatory symptoms in the other peripheral
tissues examined, including liver, kidney, lung, skin, pancreas,
stomach, salivary gland and small intestine (Supplementary Fig. 9),
consistent with the observation that the Uhrfl-regulated population
expansion of Ty cells occurred principally in thelocal colonic mucosa
(Figs. 1-4 and Supplementary Figs. 1 and 2). Commensal bacte-
ria were the causative agent of this chronic inflammatory response,
because UhrfI/1Cd4-Cre mice raised under GF conditions did not
display any inflammation (Supplementary Fig. 8b-d).
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We subsequently examined the immunological phenotype of the
spontaneous colitis. The expression of genes encoding proinflam-
matory cytokines was upregulated considerably in Uhrf1/1Cd4-Cre
mice relative to their expression in UhrfI*/+Cd4-Cre mice (Fig. 6e).
In keeping with that, the frequency of Tey cells expressing the
proinflammatory cytokines interferon-y, IL-17A and tumor-necrosis
factor in the cLP was much greater in UhrfI1/flCd4-Cre mice than
in UhrfI*/*Cd4-Cre mice (Fig. 6f,g). Conversely, IL-10-expressing
Tyeq cells were nearly absent from colitic UhrfICd4-Cre mice
(Fig. 6f,g). This was also the case even in younger mice before the
development of frank colitis (Fig. 4j). These results suggested that
activation of responses of the Tyy1 and Ty;17 subsets of helper T cells
due to compromised Tyg cell function mediated the development of
colitis in Uhrf11Cd4-Cre mice.

To investigate the possibility that excessive activation of Teg cells
due to the loss of Uhrfl might cause the development of colitis, we
assessed the in vivo function of Teg cells independently of the effect
of Ty cell dysfunction through the use of a mixed-bone marrow chi-
mera system. We transferred CD45.1* wild-type and Uhrfl-deficient
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(e) Quantitative PCR analysis of cytokine-encoding mRNA

in colonic tissue from mice as in a (n = 11); results are presented relative to Actb expression. (f,g) Cytokine expression in cLP-infiltrating CD4+ T cells
from mice as in a, analyzed by flow cytometry (f) and summarized (g). *P < 0.05 and **P < 0.01 (Mann-Whitney U test (b,c,e) or Student’s t-test (g)).
Data are representative of three independent experiments (error bars (b,c,e,g), s.d.).

bone marrow cells together into irradiated recipient mice with
congenital deficiency in mature B cells and T cells (deficient in
recombination-activating gene 1). We confirmed that these chime-
ras did not show any signs of inflammation in the colon (data not
shown). Under these non-inflammatory conditions, the frequency of
T cells expressing interferon-yand IL-17A in the cLP was similar for
Uhrfl-deficient and Uhrfl-sufficient populations (Supplementary
Fig. 3d). In addition, Uhrfl deficiency did not influence the
in vitro differentiation or function of the T cells (Supplementary
Fig. 10a,b). Examination of methylated DNA by MeDP-seq analysis
also confirmed that the methylation status of genes encoding
proinflammatory cytokines, as well as those encoding key tran-
scription factors for Tyl or Tyl17 differentiation, was normal in the
absence of Uhrfl (Supplementary Fig. 10c-f). These results excluded

the possibility that deficiency of Uhrfl influenced the function of
colonic T cells.

We finally investigated whether the defect in Tyeg cell proliferation
was responsible for the development of colitis. To address this issue,
we gave young (4- to 5-week-old) UhrfI?/flCd4-Cre mice wild-type
Treg cells (CD3+*CD4*CD45.1*hCD2* cells) from congenic Foxp3hCP2
reporter mice. Adoptive transfer of the wild-type Ty cells prevented
the development of colitis (Fig. 7a), concomitant with suppression of
the Tegr cell response (Fig. 7b). Collectively, these data illustrated that
the aberrant activation of T cells caused by Uhrfl deficiency resulted
from the breakdown of the colonic immunoregulatory system. From
this model, we concluded that the proliferative response of Treg cells
mediated by Uhrfl was a prerequisite for their functional maturation
in colonic mucosa.

_— S 77 1 Y-
010® 10° 10 10° 010 10° 10* 10°
CD4 > IL17A ———»

Figure 7 A defect in the proliferation of colonic T, cells is responsible for the development of spontaneous colitis in Uhrf17lcd4-Cre mice.

(a) Histology and immunofluorescence staining of colonic tissues from Uhrf1711Cd4-Cre mice (6 weeks of age) at 6 weeks after transfer of hCD2+ or
hCD2- cells from CD45.1* congenic Foxp3"CP2 mice. Scale bars, 200 um. (b) Flow cytometry of CD4* T cells from cLP of the mice in a. Numbers
adjacent to outlined areas (left and middle) indicate percent Foxp3+CD4+ cells. Data are representative of two independent experiments (with a total

of four mice per group) with similar results.
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