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Lupus Susceptibility Region Containing CDKN1B rs34330 
Mechanistically Influences Expression and Function of 
Multiple Target Genes, Also Linked to Proliferation and 
Apoptosis
Bhupinder Singh,1 Guru P. Maiti,1 Xujie Zhou,2 Mehdi Fazel-Najafabadi,1  Sang-Cheol Bae,3  Celi Sun,1 
Chikashi Terao,4 Yukinori Okada,5  Kek Heng Chua,6 Yuta Kochi,7 Joel M. Guthridge,1 Hong Zhang,2 
Matthew Weirauch,8 Judith A. James,1  John B. Harley,8 Gaurav K. Varshney,1 Loren L. Looger,9 and  
Swapan K. Nath1

Objective. In a recent genome-wide association study, a significant genetic association between rs34330 of 
CDKN1B and risk of systemic lupus erythematosus (SLE) in Han Chinese was identified. This study was undertaken 
to validate the reported association and elucidate the biochemical mechanisms underlying the effect of the variant.

Methods. We performed an allelic association analysis in patients with SLE, followed by a meta-analysis assessing 
genome-wide association data across 11 independent cohorts (n = 28,872). In silico bioinformatics analysis and 
experimental validation in SLE-relevant cell lines were applied to determine the functional consequences of rs34330.

Results. We replicated a genetic association between SLE and rs34330 (meta-analysis P = 5.29 × 10−22, odds ratio 
0.84 [95% confidence interval 0.81–0.87]). Follow-up bioinformatics and expression quantitative trait locus analysis 
suggested that rs34330 is located in active chromatin and potentially regulates several target genes. Using luciferase 
and chromatin immunoprecipitation–real-time quantitative polymerase chain reaction, we demonstrated substantial 
allele-specific promoter and enhancer activity, and allele-specific binding of 3 histone marks (H3K27ac, H3K4me3, 
and H3K4me1), RNA polymerase II (Pol II), CCCTC-binding factor, and a critical immune transcription factor (interferon 
regulatory factor 1 [IRF-1]). Chromosome conformation capture revealed long-range chromatin interactions between 
rs34330 and the promoters of neighboring genes APOLD1 and DDX47, and effects on CDKN1B and the other target 
genes were directly validated by clustered regularly interspaced short palindromic repeat (CRISPR)–based genome 
editing. Finally, CRISPR/dead CRISPR-associated protein 9–based epigenetic activation/silencing confirmed these 
results. Gene-edited cell lines also showed higher levels of proliferation and apoptosis.

Conclusion. Collectively, these findings suggest a mechanism whereby the rs34330 risk allele (C) influences the 
presence of histone marks, RNA Pol II, and IRF-1 transcription factor to regulate expression of several target genes 
linked to proliferation and apoptosis. This process could potentially underlie the association of rs34330 with SLE.

INTRODUCTION

Systemic lupus erythematosus (SLE) is an inflammatory 
autoimmune disease characterized by autoantibody production, 
complement activation, and immune complex deposition, resulting 
in tissue and organ damage (e.g., in the kidney, skin, and lungs, 
among others). SLE incidence and prevalence has a strong sex 

bias (ratio of women to men 9:1)  primarily affecting women 
of childbearing age, and a strong racial/ethnic bias, with a   
prevalence of SLE that is 3–5-fold higher in populations of 
Black, Hispanic, and Asian ancestries compared to those of 
White ancestry (1).

Genetic influence in SLE susceptibility is well established. 
Several genome-wide association studies (GWAS) have identified 
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genetic associations between numerous single-nucleotide 
polymorphisms (SNPs) and SLE susceptibility (2). Among them, 
rs34330 was identified as a novel SLE susceptibility locus 
in East Asian populations (3). This SNP is located within the 
5′-untranslated region (5ʹ-UTR) (−79 C/T) of the cyclin-dependent 
kinase (CDK) inhibitor 1B gene (CDKN1B) at 12p13. CDKN1B 
encodes p27Kip1, an inhibitor of cyclin/CDK complexes, which are 
crucial for cell cycle progression and development. CDKN1B plays 
a key role in many cellular events and can act as a tumor suppres-
sor gene (4). The primary function of this multifunctional enzyme 
is to pause cell cycle progression during the G1/S transition by 
inhibiting cyclin A/CDK2 activity until S phase onset (5), allow-
ing cells to repair DNA damage and replication errors. Genetic 
lesions at CDKN1B could disrupt cell cycle control and contribute 
to cellular damage and SLE progression. Inhibitor p27Kip1 localizes 
to multiple places in the cell. Its cell cycle functions are largely 
performed in the nucleus, whereas in the cytoplasm, it binds to 
the G protein RhoA, promoting apoptosis by inhibiting both p27 
and RhoA (6). CDKN1B is also involved in autophagy modulation 
and autoimmunity development (7). The roles of p27Kip1 in T cell 
function are complex. It opposes the development of CD4+ T 
cell effector function, inhibits proliferation of thymic and mature T 
cells, promotes T cell anergy and immune tolerance, and is critical 
for autophagy and apoptosis (7). In turn, autophagy promotes 
T cell proliferation through T cell receptor–driven degradation of 
p27Kip1 (8).

The CDKN1B polymorphism at rs34330 has also been asso-
ciated with susceptibility to multiple cancers including breast, 
lung, thyroid, endometrial, and hepatocellular cancer, where T is 
a risk allele (9). CDKN1B signaling promotes apoptosis in SLE 
patients undergoing bone marrow mesenchymal stem cell trans-
plantation (10).

Since the first report, no study has been conducted to 
replicate rs34330 association with SLE, establish rs34330 tar-
get genes, or determine specific mechanisms and downstream 
genes by which rs34330 contributes to SLE susceptibility. In this 
study, using a combination of in vitro experimental assays in 3 
SLE-relevant cell lines, we extensively characterized the impact 
of the rs34330 risk allele on CDKN1B and its neighboring genes. 
Our findings support the notion that the risk allele elevates cell 
type–specific promoter and enhancer activity, influencing the 
expression of multiple neighboring genes. Using clustered reg-
ularly interspaced short palindromic repeat (CRISPR)–based 
genetic and epigenetic editing, we validated and extended the 
predicted effects on target gene expression, proliferation, and 
apoptosis.

MATERIALS AND METHODS

Study design. The overall study design and experimental 
steps are outlined in Figure 1. First, to assess the consistency 
and veracity of the genetic effect, we performed an allelic asso-
ciation analysis with new cohorts followed by a meta-analysis of 
rs34330 (CDKN1B) across 11 independent cohorts of Asian and 
European ancestries (n = 28,872). Second, we used in silico bio-
informatics analysis to identify potential regulatory effects on gene 
expression and annotated this region with epigenetic data on his-
tone modifications and expression quantitative trait loci (eQTLs) 
across multiple tissues. Third, we performed luciferase reporter 
assays in the cell lines HEK 293 (kidney-derived neuronal), Jurkat 
(T lymphocyte), U937 (monocyte), and lymphoblastoid cell lines 
(LCLs) (lymphoblastoid B cells) to measure allele-specific regu-
latory effects. Fourth, a combination of DNA pull-down, electro-
phoretic mobility shift assay (EMSA), Western blotting, and mass 
spectrometry was used to identify DNA-bound proteins followed 
by chromatin immunoprecipitation (ChIP)–quantitative polymerase 
chain reaction (qPCR) to identify allele-specific binding of inter-
acting proteins. Fifth, using chromosome conformation capture 
assays, we assessed chromatin interaction between rs34330 
and neighboring genes in primary B cells, T cells, HEK 293 cells, 
and Jurkat cells. Sixth, CRISPR-based deletion and activation/
inhibition were performed to assess SNP effects on target gene 
expression. Finally, we compared cell growth and viability between 
35 nucleotide-edited knockout (KO) and wild-type (WT) cells using 
proliferation and apoptosis assays.

The methods discussed below are described in further 
detail in Supplementary Materials and Methods, available on the 
Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41799/​abstract.

Assessment of rs34330 association with SLE. To 
assess the genetic association between rs34330 and SLE, we 
performed a meta-analysis using METAL (11) to assess GWAS 
data from 11 cohorts. We used summary statistics from the 
original 6 cohorts (12) (Supplementary Table 1, available on the 
Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41799/​abstract) as the discovery cohort. To rep-
licate the association with SLE, we genotyped rs34330 in 4 inde-
pendent cohorts of Beijing Han Chinese (BHC), Korean, Malayan 
Chinese, and European-American ancestries (Supplementary 
Table 1) and added genetic data from a Japanese cohort (13). 
Association analysis and summary statistics for the genotyped 
SNPs were performed using Plink (14).
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Bioinformatics, transcription factor binding, and 
allelic imbalance analyses. To identify functional roles of the 
rs34330 region, we first used annotations from HaploReg-version 
4.1 (15), and Bayesian functional scores from 3DSNP (16) and 
RegulomeDB (17). To assess chromatin context and epigenetic 
regulation at this locus, we identified several active histone marks 
(H3K27ac, H3K4me1, and H3K4me3), DNase I hypersensitiv-
ity, and RNA polymerase II (Pol II) binding for lymphoblastoid B 
cells (GM12878), using data from the ENCODE database (18) 
(Figure 2A).

Expression QTL analysis. To determine the effects of the 
rs34330 region on the expression of CDKN1B and neighboring 
genes, we assessed its effect in multiple tissue samples from the 
Genotype-Tissue Expression Project (19), LCLs from the Multiple 
Tissue Human Expression Resource project (18), and blood cell 
lines from Blood eQTL (20). We also queried whole blood–based 
eQTL data from the East Asian eQTL mapping project (21) and a 
Korean eQTL database for Crohn’s disease (22). Additionally, we 
used a conditional eQTL database, which distinguishes between 
dependent and independent eQTL effects (23).

Figure 1.  Overall study design and experimental steps to validate the association between rs34330 and systemic lupus erythematosus 
(SLE). eQTL = expression quantitative trait locus; SNP = single-nucleotide polymorphism; MS = mass spectrometry; ChIP = chromatin 
immunoprecipitation; qPCR = quantitative polymerase chain reaction; CRISPR = clustered regularly interspaced short palindromic repeat; Cas9 
= CRISPR-associated protein 9.

Figure 2.  Genetic association between the single-nucleotide polymorphism rs34330 and systemic lupus erythematosus (SLE). A, ENCODE project 
data showing relevant histone marks, DNase I hypersensitivity, and RNA polymerase II (Pol II) binding in lymphoblastoid B cells (GM12878), with data 
obtained using the UCSC genome browser. B, Meta-analysis (Meta) and forest plots of association between rs34330 and SLE in the 11 cohorts of 
Asian and European ancestries. Squares represent the odds ratio (OR), and horizontal lines represent the 95% confidence interval. The elongated 
diamond represents the overall OR for the 11 cohorts. HK = Hong Kong; GWAS = genome-wide association study; AH = Anhui; Rep1 = replication 
1; Thai = Thailand; JPT = Japanese in Tokyo; BHC = Beijing Han Chinese; KR = Korean; MC = Malayan Chinese; EA = European American.
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Luciferase reporter assay. To assess the potential 
enhancer/promoter activity of this rs34330-containing region, 
we used the Dual-Luciferase Reporter Assay system (Promega). 
Briefly, the rs34330-containing region was cloned into the pGL4.26 
vector for enhancer assay and the pGL4.14 vector for promoter 
assay (both from Promega). Each plasmid was transiently cotrans-
fected with pGL4.74 (internal control) in HEK 293 cells, Jurkat 
cells, U937 cells, and LCLs. After 24 hours, enhancer/promoter 
activity was measured using a Dual-Luciferase Reporter Assay.

DNA pull-down assay. A DNA pull-down assay was per-
formed as previously described (24). Briefly, nuclear extract from 
cultured Jurkat cell lines was incubated with biotin-labeled DNA 
(risk and non-risk alleles of rs34330) attached to Dynabeads 
M-280. Proteins bound to the beads were separated from 
unbound proteins by successive washes and later resolved with 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis, fol-
lowed by peptide mass fingerprint matrix-assisted laser desorp-
tion ionization mass spectrometry analysis of single bands.

ChIP assay. Two Coriell cell lines with the risk (CC) and 
non-risk (TT) genotypes for rs34330 were cultured in RPMI 
1640 medium, and ChIP assays were performed using a Magnify 
ChIP kit (Invitrogen). Briefly, 1 × 107 cells were fixed, sonicated, 
and immunoprecipitated against targeted antibodies (poly[ADP-
ribose] polymerase [PARP-1], interferon regulatory factor 1 [IRF-1], 
CCCTC-binding factor [CTCF], Pol II, H3K27ac, H3K4me3, and 
H3K4me1). DNA from the immunoprecipitated chromatin com-
plexes was eluted, reverse crosslinked, purified, and later subjected 
to quantitative reverse transcriptase–PCR (qRT-PCR) analysis.

Chromosome conformation capture assay. Chromosome 
conformation capture is an important technique used to study 
chromatin structures that occur in living cells. Briefly, together 
with primary T cells and B cells, HEK 293 and Jurkat cells were 
fixed with formaldehyde, and crosslinked nuclei were isolated after 
cells were lysed. The nuclear content was digested with Sac I and 
T4 DNA ligase. The digested DNA was purified by proteinase K 
digestion, followed by phenol–chloroform treatment and alcohol 
precipitation. The purified DNA was diluted for chromosome con-
formation capture–PCR after quantitation.

CRISPR/CRISPR-associated protein 9 (Cas9)–based 
deletion of the rs34330 region. We used CRISPR/Cas9 
to delete a small region (<40 bases) surrounding rs34330 in 2 
different cell lines (HEK 293 and Jurkat). Briefly, to deliver the 
single-guide RNA (sgRNA)/Cas9 RNP complex into HEK cells, 
we used Lipofectamine 3000, and a Neon Electroporation sys-
tem was used for Jurkat cells. After 4 days and 7 days, indel 
efficiency was measured using Sanger sequencing, and analyzed 
using TIDE and/or ICE. For downstream experiments, CRISPR-
edited pooled cells were grown, harvested, and later subjected 

to messenger RNA isolation and quantitative PCR for CDKN1B 
and neighboring genes DDX47, APOLD1, MANSC1, and GPR19.

CRISPR-based activation and CRISPR inhibition. For 
CRISPR inhibition and CRISPR-based activation, plasmids SP-
dCas9-VPR (no. 63798), pcDNA-dCas9-p300 (no. 61357), and 
dCas9-KRAB-MeCP2 (no. 110821) (all from Addgene; kind gifts 
from Dr. George Church, Harvard Medical School, Boston, MA) 
(25–27) were used. The pools of sgRNA were the same as those 
used for the Cas9 deletion experiment. Transfections in HEK 293 
cells were performed in 24-well plates using 375 ng of respective 
dead Cas9 (dCas9) expression vector and 125 ng of equimolar-
pooled or individual guide RNA expression vectors mixed with 
Lipofectamine 3000 (no. L300001; Life Technologies). Cells 
were harvested for RNA 72 hours post-transfection. RNA was 
extracted, and qPCR was performed as previously described (24).

Flow cytometric analysis of cell apoptosis. KO and WT 
Jurkat cells were stained with Ki-67 for proliferation assays. Apo
ptosis between 2 groups of cell lines (KO and WT) was also meas-
ured after cells were maintained under serum starvation conditions 
for 2 hours. The progression of the cell cycle was measured using 
propidium iodide staining.

RESULTS

Meta-analysis of rs34330 association with SLE. 
We used the rs34330 association results directly from the first 
report (3) (5,365 cases and 10,024 controls in the discovery 
set, with a P value for association with SLE of 5.00 × 10−13). 
To replicate the genetic association of rs34330, data from 5 
cohorts (4,858 cases and 8,625 controls in the replication set) 
were used (Supplementary Table 1, http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41799/​abstract). We used direct genotyping data 
on rs34330 from 4 cohorts (BHC, Korean, Malayan Chinese, and 
European American ancestries) and augmented with summary 
data from a recently published report from our Japanese collabo-
rators (13). Our results confirmed the association of rs34330 with 
SLE (P = 1.71 × 10−10) (Supplementary Table 2, http://onlin​elibr​ary.
wiley.com/doi/10.1002/art.41799/​abstract).

Next, we performed a meta-analysis of the combined effect 
of the association of rs34330 and SLE across 11 cohorts of 
Asian and European ancestries (total 28,872 [10,223 cases and 
18,649 controls]) (Supplementary Table 2). The results showed 
a strong and consistent association between rs34330 and SLE 
(meta-analysis P = 5.29 × 10−22, odds ratio 0.84 [95% confi-
dence interval 0.81–0.87]) (Figure 2B). The odds ratios were 
consistent across populations with no significant heteroge-
neity (I2 = 0, P for heterogeneity = 0.48), and the findings were 
confirmed to be robust when tested for publication bias, as sup-
ported by a symmetric funnel plot (Supplementary Figure 1, http://
onlin​elibr​ary.wiley.com/doi/10.1002/art.41799/​abstract).
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Bioinformatics prediction of rs34330 as a potential 
regulatory variant. Our findings of the presence of various his-
tone marks, chromatin accessibility, and RNA Pol II occupancy all 
indicated that rs34330 is located within an active regulatory region 
(Figure 2A). Using multiple bioinformatics packages, rs34330 was 
scored as highly probable to be functional, based on a 3DSNP score 
of 163.7 (predicted as a promoter in 109 cells/tissues, 51 predicted 
transcription factor binding sites), a RegulomeDB score of 4 (pre-
dicted as having regulatory potential), and the presence of a Chrom-
HMM active transcription start site (TSS).

Next, we predicted differential transcription factor binding 
between the risk (C) and non-risk (T) alleles of rs34330 using mul-
tiple databases, discovering several with predicted differential 
binding. Among these, IRFs exhibited 3–5-fold greater binding 
to the risk allele (Supplementary Table 3, http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41799/​abstract). The transcriptional repres-
sor CTCF bound preferentially (4–16-fold) to the non-risk allele, 
suggesting greater transcriptional activation at the risk allele.

Expression QTL and allele-specific expression analy-
ses. Using several databases, we identified rs34330 as a signifi-
cant eQTL, especially in immune cells (P values between 2.3 × 10−2 
and P >1.8 × 10−17  for several immune cell types), affecting nearby 
genes APOLD1, DDX47, and GPR19 (Supplementary Table 4, 
http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41799/​abstract). 
All eQTL target genes were also identified among the eQTLs 
assessed in Asian cohorts (21). This SNP is also an eQTL for a long 
noncoding RNA RP11-59H1.4 (P = 1.89 × 10−6) in the whole blood 
of patients of Korean descent with Crohn’s disease (22).

To detect allelic imbalance, we used the allele-specific 
expression database AlleleDB, which contains LCLs derived 
from individuals from the 1000 Genomes Project (28). We iden-
tified 2 heterozygous (C/T) individuals with strong allele-specific 
expression at rs34330. The risk allele (C)–containing CDKN1B 
transcripts were significantly greater than the non-risk allele (T)–
containing transcripts in both individuals (P = 2.15 × 10−12 and 
P = 1.22 × 10−7, respectively).

Figure 3.  Results of luciferase reporter assay and chromatin immunoprecipitation (ChIP)–quantitative polymerase chain reaction (qPCR) assay 
for rs34330 functionality. A, Allele-specific promoter assays across 4 cell lines (HEK 293, Jurkat, U937, and lymphoblastoid cell lines [LCL]). 
B, Allele-specific enhancer assays across 4 cell lines (HEK 293, Jurkat, U937, and LCL). Empty vectors pGL4.14 and pGL4.26 were used as 
reference. C, ChIP-qPCR assays for determining allele-specific DNA–protein interactions with H3K4me1, H3K27ac, and H3H4me3. D, ChIP-
qPCR assays for determining allele-specific DNA–protein interactions with poly(ADP-ribose) polymerase 1 (PARP-1), interferon regulatory factor 
1 (IRF-1), RNA polymerase II (Pol II), and CCCTC-binding factor (CTCF). All analyses were conducted according to CC risk (R) and TT non-risk 
(NR) genotype. For each assay, the binding affinity was measured against IgG control. Bars show the mean ± SD (n = 3). Numbers above the 
bars are the P values, determined by Student’s t-test. Primers and their sequences used for these experiments are listed in Supplementary Table 
5, http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract. RLU = relative luminescence units; NS = not significant.
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Validating allele-specific regulatory effects of 
rs34330. To experimentally assess the allele-specific regulatory 
potential (promoter and enhancer) of 575-bp sequences sur-
rounding rs34330, we used luciferase reporter assays in 4 differ-
ent cell lines (HEK 293, Jurkat T lymphocytes, U937 monocytes, 
and LCLs [B lymphocytes]). We found marked promoter activity 
(up to 30-fold over empty vector) in all 4 cell lines, with the C 
risk allele showing significantly more activity than the T non-risk 
allele (~5-fold [P = 5.0 × 10−4] for HEK 293, ~3-fold [P = 4.0 
× 10−4] for Jurkat, ~50% more [P = 2.3 × 10−2] for U937, and 
~2-fold [P = 2.0 × 10−2] for LCLs) (Figure 3A). This is consist-
ent with previous reports that rs34330-C exerts higher promoter 
activity than rs34330-T (29). Substantial enhancer activity (up to 
26-fold over empty vector) was observed, using a minimal pro-
moter plasmid (pGL4.26) with both risk-allele and non-risk allele 
sequence, in 3 of the 4 cell types. Sequences containing the risk 
allele produced significantly more reporter gene activity in HEK 
293 cells (~50% more [P = 4.15 × 10−2]), U937 cells (~30% more 

[P = 3.38 × 10−2]), and LCLs (40% more [P = 2.0 × 10−2]), but 
not Jurkat cells (P = 0.188), indicating that the rs34330-C base 
is critical for enhancer activity in a cell type–dependent manner 
(Figure 3B).

Allele-specific binding of rs34330 to regulatory pro-
teins. Since the region containing rs34330 colocalizes with 
strong promoter and enhancer activity, we sought to identify inter-
acting proteins. Two Coriell cell lines with risk and non-risk geno-
types were used for these experiments. First, using ChIP-grade 
antibodies (Abcam), we checked histone marks H3K27ac and 
H3K4me3, which are usually associated with active transcription 
near the promoter/transcription start site, and H3K4me1, which 
is usually associated with active transcription at an enhancer. As 
expected, we observed significantly more active marking with the 
CC genotype (risk) than the TT genotype (non-risk) (~2-fold [P = 2.2 
× 10−2] for H3K4me1, ~1.6-fold [P = 3.92 × 10−2] for H3K27ac, and 
~3-fold [P = 1.4 × 10−3] for H3K4me3) (Figure 3C), with the 2 most 

Figure 4.  Long-range chromosomal interaction analysis of the rs34330 region using chromosome conformation capture. A, Schematic 
representation of the rs34330 region with primer locations for chromosome conformation capture experiments and neighboring gene regions. 
Vertical lines indicate the position of Sac I restriction enzyme sites. Small arrows represent the primer location with orientation. The forward 
primer at the rs34330 region is the common primer for all other reverse primers within the APOLD1 and DDX47 gene regions. Similarly, the 
reverse primer at the rs34330 region is the common primer for all other forward primers within the GPR19 and MANSC1 gene regions. Large 
arrows represent the transcriptional start site of the respective genes. B–E, Relative interaction of rs34330 regions with different genomic 
regions in primary B cell lines (B), primary T cell lines (C), HEK 293 cell lines (D), and Jurkat cell lines (E). The relative interaction frequency for 
each primer set represents the intensity of the polymerase chain reaction band from experimental DNA normalized to the polymerase chain 
reaction band intensity from bacterial artificial chromosome DNA. The x-axis shows the genomic distance of the interacting region in the 
forward and reverse directions from single-nucleotide polymorphism rs34330 (0 kb). Circles represent the relative interaction frequencies at the 
corresponding restriction sites. Primers and their sequences used for these experiments are listed in Supplementary Table 5, http://onlinelibrary.
wiley.com/doi/10.1002/art.41799/abstract.

 23265205, 2021, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/art.41799 by U

niversity O
f C

alifornia, W
iley O

nline L
ibrary on [28/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract
http://onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract


ASSOCIATION OF rs34330 IN SLE SUSCEPTIBILITY |      2309

significant marks being the promoter/TSS-associated modifications 
(H3K4me1 and H3K4me3), consistent with the location of rs34330.

Next, we tested the differential binding of the transcription 
factors predicted through bioinformatics. Antibodies against Pol 
II bound significantly more with the risk genotype (~50% more; 
P = 2.11 × 10−3) than the non-risk genotype, consistent with 
greater transcriptional activity of the risk allele. As it was pre-
dicted by bioinformatics analysis that several IRF transcription 
factors could differentially bind to the SNP region (Supplemen-
tary Table 3, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41799/​
abstract), we tested IRFs 2, 4, 5, and 8, but did not detect any 
binding at this region (data not shown). However, IRF-1 showed 
strong binding, with ~2-fold as much at the risk locus (P = 2.5 × 
10−3). With post hoc annotation of the SNP region using ConSite 
(30), we identified a plausible IRF-1 site 27 bp away from the 
SNP (Supplementary Figure 2, http://onlin​elibr​ary.wiley.com/
doi/10.1002/art.41799/​abstract). SNP effects on transcription 
factor binding sites that are within close proximity are routinely 
observed (31), manifested through mechanisms such as protein–
protein interactions with the transcription factor, alteration of his-
tone occupancy, or mediators of chromatin looping. To assess 
differential binding with CTCF, we tested for binding that was sig-
nificantly enriched around the rs34330 region compared to IgG. 

Relatively greater binding was found with the non-risk allele com-
pared to the risk allele (as suggested in the bioinformatics anal-
ysis), but the difference was not significant (P = 0.4) (Figure 3D).

In addition to testing the predicted transcription factors, we 
pursued an unbiased approach to discovering binding proteins, 
using a DNA pull-down assay followed by an EMSA. This revealed 
an ~100-kd band preferentially binding to the risk allele; mass 
spectrometry of this band identified PARP-1 as the binding pro-
tein (Supplementary Figure 3, http://onlin​elibr​ary.wiley.com/doi/10.​
1002/art.41799/​abstract). Follow-up experiments with ChIP-qPCR 
showed substantial binding to both the risk and non-risk alleles, 
with no allelic differences (Figure 3D). The source of the apparent 
discrepancy in findings between the 2 techniques is not known 
and may involve cell type–specific effects (Jurkat cells for EMSA 
and Coriell LCLs for ChIP-qPCR).

Long-range chromatin interactions between rs34330   
and target genes. To examine interactions between the 
rs34330 region and neighboring promoters, we performed chro-
mosome conformation capture experiments in primary T cells, 
B cells, HEK 293 cells, and Jurkat cells, using semiquantitative 
PCR (Figure 4A). We detected interaction between rs34330 
and the APOLD1 and DDX47 promoters in all 4 cell lines tested 

Figure 5.  Effects of clustered regularly interspaced short palindromic repeat (CRISPR)–based genetic and epigenetic editing in different study 
models. A, Levels of mRNA for CDKN1B, APOLD1, and DDX47 in pooled edited cells. B, Epigenetic effects of CRISPR-based activation on 
CDKN1B, APOLD1, and DDX47 using dCas9-p300 and dCas9-VPR in HEK 293 cells. C, Epigenetic effects of CRISPR inhibition using dCas9-
KRAB-MeCP2 in HEK 293 cells. D, Epigenetic fine-mapping of rs34330 relative to the transcriptional functional unit for CDKN1B expression 
using dCas9-p300. Numbers above the bars are the P values, determined by Student’s t-test. Bars show the mean ± SD (n = 3). NS = not 
significant; sgRNA = single-guide RNA. Primers and their sequences used for these experiments are listed in Supplementary Table 5, http://
onlinelibrary.wiley.com/doi/10.1002/art.41799/abstract.
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(Figures 4B–E). Chromosome conformation capture cannot dis-
criminate CDKN1B promoter binding, as it is only 79 bp away. 
Interactions with the DDX47 promoter were higher in Jurkat cells 
than HEK 293 cells, indicating cell type–specific interactions or 
chromatin states of this region. Thus, the rs34330 region pre-
dominantly interacts with the DDX47 and APOLD1 promoters, 
consistent with the eQTL results in which these 2 genes were 
the most significantly modulated. While no significant interaction 
with the MANSC1 promoter regions was detected in any cells, 
interaction with GPR19 was detected in both primary B cells 
and T cells.

Validating transcriptional impacts of rs34330 on tar-
get genes using CRISPR-based genome editing. To validate 
the observed transcriptional effects of the rs34330 region, we 
deleted ~35 bases in HEK 293 and Jurkat cells with CRISPR/
Cas9 (32), using a pool of 3 sgRNAs. We confirmed ~35 bp dele-
tion by Sanger sequencing. The editing efficiency was very high: 
98% for HEK 293 cells and 87% for Jurkat cells (Supplementary 

Figure 4, http://onlin​elibr​ary.wiley.com/doi/10.1002/art.41799/​
abstract). Next, we performed qRT-PCR on WT and CRISPR/
Cas9-edited (KO) HEK 293 and Jurkat cells. Levels of CDKN1B, 
DDX47, and GPR19 were significantly reduced in KO cells (~50% 
[P = 2.0 × 10−3], ~25% [P = 9.0 × 10−3], and ~25% [P = 2.0 × 
10−3], respectively, in HEK 293 cells and ~50% [P = 1.0 × 10−4], 
~40% [P = 1.0 × 10−4], and ~25% [P = 3.0 × 10−3], respectively, in 
Jurkat cells) (Figure 5A). Interestingly, APOLD1 was up-regulated 
in KO HEK 293 cells (~35% [P = 6.0 × 10−3]), but not in Jurkat cells 
(P = 4.5 × 10−1). These observations confirm that rs34330 has cell 
type–specific repressive and enhancing effects on CDKN1B and 
nearby genes.

Epigenetic modification of the rs34330 region. 
CRISPR/Cas9 can be converted into a targetable transcriptional 
activator or repressor, permitting mechanistic epigenetic studies 
of gene loci (25). We performed CRISPR/dCas9-based activation 
using 2 transcriptional modulator domains, one performing his-
tone acetylation with a histone acetyltransferase (dCas9-p300) 

Figure 6.  Flow cytometry analysis for assessing proliferation and apoptosis of clustered regularly interspaced short palindromic repeat 
(CRISPR)–edited Jurkat cell lines. A, Ki-67 staining in wild-type (WT) Jurkat cells versus CRISPR-edited knockout (KO) Jurkat cells, showing 
high proliferation (pro) in KO cells (red) compared to WT cells (blue). B, Cell cycle analysis performed with propidium iodide (PI) staining of KO 
cells (red) versus WT cells (blue), showing highly increased levels of S phase and G2 phase. C and D, Flow cytometry charts showing apoptosis 
measured by staining with phycoerythrin (PE)–conjugated annexin V/7-aminoactinomycin D (7-AAD). The percentage of apoptotic cells was 
determined in WT cells (C) and KO cells (D).
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and another recruiting transcription complexes to the promoter 
with the HIV-derived VPR activator (dCas9-VPR) (25). We also 
used CRISPR/dCas9-based inhibition with the hybrid repressor 
protein Kruppel-associated box (KRAB)–methyl-CpG binding 
protein 2 (MeCP-2). Epigenetic activation with P300 and VPR 
increased expression of CDKN1B ~2–3-fold, along with DDX47 
(~2-fold), in HEK 293 cells, whereas APOLD1 expression was sig-
nificantly reduced (~20%) (Figure 5B). The KRAB-MeCP-2 repres-
sor significantly decreased CDKN1B expression in HEK 293 cells 
by ~2-fold, DDX47 by ~40%, and GPR19 by ~30%; APOLD1 was 
unaffected (Figure 5C).

Next, to determine the importance of sgRNA position with 
respect to rs34330, we measured CDKN1B expression using 
sgRNA-based activation with dCas9-p300. We found that all 4 
sgRNAs significantly increased CDKN1B expression. The greatest 
expression increase was from sgRNA2 (12 bases from rs34330), 
increasing expression ~40% more than was observed with the 
other sgRNAs (Figure 5D).

Impact of the rs34330 region on apoptosis and prolif-
eration. Cyclins, CDKs, and CDK inhibitors, including CDKN1B/
p27Kip1, play crucial roles in the cell cycle and cellular proliferation. 
These proteins regulate transitions between the G1, S, G2, and 
M cell cycle phases, especially the G1 to S phase (33). Cell cycle 
progression is usually inhibited by p27Kip1 (7), primarily by blocking 
CDK-2/cyclin E complex activation. We sought to determine the 
effect of the rs34330 region on apoptosis and proliferation, using 
the WT and KO cells described above. Cell cycle progression 
was monitored with propidium iodide staining of DNA, proliferation 
was assessed by immunolabeling against Ki-67, and apoptosis 
was investigated by staining of DNA with 7-aminoactinomycin D 
(7-AAD) and anti–annexin V antibodies. A substantial increase 
in Ki-67 staining (50%) was seen in KO Jurkat cells compared 
to WT Jurkat cells (Figure 6A). The number of cells at the G1 to 
G2 division dramatically increased in KO cells (Figure 6B). Upon 
serum starvation, KO cells showed much greater annexin V/7-
AAD staining than WT cells (35% versus 11%) (Figures 6C and 
D). Thus, KO cells showed much higher levels of proliferation, cell 
cycle progression, and apoptosis than WT cells, suggesting that 
the rs34330 region played a prominent role in suppressing these 
3 phenomena, likely through regulation of p27Kip1 levels.

DISCUSSION

Converting GWAS data on complex traits into mechanistic 
understanding of the underlying pathologic processes presents 
a formidable challenge (34). CDKN1B (i.e., p27Kip1 and Kip1) has 
been proposed as an SLE susceptibility locus in Asian popula-
tions (3). However, this association result has not yet been thor-
oughly studied, nor have underlying mechanisms been defined or 
any target gene(s) of this genetic association been proposed. In 
this study, we replicated a genetic association between SLE and 

rs34330 and established several aspects of the mechanism of its 
contribution to disease.

SLE is accompanied by dysregulated activation and prolif-
eration of immune cells, primarily T cells and B cells. An intricate 
balance of cyclins, CDKs, and CDK inhibitors (e.g., p27Kip1) reg-
ulates cell cycle progression, activation, proliferation, autophagy, 
and apoptosis in these cells, and genetic lesions can disrupt 
these pathways. Increasing evidence has shown that immune 
cell abnormalities, dysregulated apoptosis, and poor clearance of 
apoptotic and autophagic materials can contribute to SLE devel-
opment and progression.

CDKN1B encodes p27Kip1, an inhibitor of cyclin/CDK com-
plexes, which are crucial for cell cycle progression and devel-
opment (4,5). Dysregulated expression of p27Kip1 is a frequent 
event in several human cancers (7). CDKN1B has 2 paralogs in 
the genome, CDKN1A (encoding p21Waf1) and CDKN1C (encod-
ing p57Kip2), with related functions in cell cycle regulation, prolif-
eration, and apoptosis (35). Reduced expression of CDKN1A is 
associated with SLE susceptibility, and the 5ʹ-UTR SNP rs762624 
is linked to risk of both SLE and lupus nephritis (36). Moreover, 
interferon-1–mediated induction of p21Waf1 contributes to induc-
tion of apoptosis (37). Apoptosis is inhibited by binding of p57Kip2 
to the stress-related kinase MAPK8. We have previously shown 
that rs1990760, the SLE risk allele of IFIH1, drove inflammatory 
signaling in part, leading to increased transcription of MAPK8 (38). 
Autoantibodies against p57Kip2 are frequently observed in neona-
tal lupus, particularly in conjunction with anti-Ro antibodies (39). 
Thus, all 3 members of the CDKN1 (also known as Cip/Kip) family 
have demonstrated SLE involvement.

In this study, we replicated the association of rs34330 in 
4 additional Asian cohorts and in a European cohort. We also 
subsequently proposed and experimentally validated a poten-
tial mechanism underlying SLE pathogenicity. The rs34330 vari-
ant is located in a region of active chromatin upstream (−79 bp) 
of the CDKN1B translation start site, with potential for both pro-
moter and enhancer activity. Our analysis supports the notion that 
rs34330 is an eQTL for multiple neighboring genes, APOLD1 in 
particular. Luciferase reporter assays using a 575-bp sequence 
surrounding rs34330 confirmed allele-specific promoter (HEK 
293, Jurkat, and U937) and enhancer (HEK and U937) activities, 
with the risk allele (C) having significantly higher promoter and 
enhancer activity than the non-risk allele (T). ChIP-qPCR showed 
allele-specific binding to IRF-1 and Pol II, as well as several active 
histone marks (H3K4me1, H3K27ac, and H3K4me3). IRF-1 is a 
critical immune transcription factor, with implications in numerous 
autoimmune diseases. It drives inflammasome hyperactivity in 
SLE, is a dendritic cell marker for SLE progression (40), and is a 
potent transcriptional activator of major histocompatibility com-
plex class I genes (41), among many other targets.

We applied several approaches to identify target genes 
and mechanisms underlying the rs34330 association. First, we 
used chromosome conformation capture experiments to detect 
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regions of chromatin looping, bringing together promoters and 
enhancers. Our chromosome conformation capture experiments 
showed a significant interaction between the rs34330 region and 
APOLD1, GPR19, and DDX47. Second, to functionally detect 
target genes, we used CRISPR/Cas9 to delete ~35 bases sur-
rounding rs34330. KO cells showed APOLD1 up-regulation and 
CDKN1B, GPR19, and DDX47 down-regulation. Third, we used 
CRISPR-based activation and CRISPR inhibition–based epige-
netic activation and silencing. The up-regulation of APOLD1 and 
down-regulation of CDKN1B, DDX47, and GPR19 were repro-
duced with the two approaches. GPR19 is similarly involved in 
both cell cycle progression (particularly G2/M) (42) and apopto-
sis (43), and rs34330 may regulate these processes by changing 
levels of both p27Kip1 and GPR19. DDX47 is a DEAD box RNA 
helicase, many of which are involved in innate immunity, with 
some being known SLE risk genes, including IFIH1/MDA5, RIG1/
DDX58, and LGP2/DHX58, as well as their adaptor mitochondrial 
antiviral signaling protein (44). Further studies are required to more 
finely dissect the effects of rs34330 on CDKN1B, APOLD1, 
DDX47, and GPR19 contributing to SLE susceptibility.

We cannot rule out the involvement of other biochemical 
pathways not explored in our study. Notably, p27Kip1 plays other 
roles in immune function, for instance in regulating T cell anergy 
(inadequate T cell costimulation despite antigen recognition) (41). 
Systemic autoimmunity was also inhibited by p27Kip1 through con-
trol of Treg cell activity and differentiation (45). Deficiency of p27Kip1 
in aged C57BL/6 mice reduced the number and activity of Treg 
cells and induced the development of mild lupus-like abnormali-
ties, indicating that the SLE association of CDKN1B may be due, 
at least in part, to immune phenotypes not directly queried in this 
study (45). However, no studies in humans have been reported.

Despite the strong genetic association of rs34330, and our 
experiments directly evaluating the effect of this single-basepair 
change on enhancer and promoter activity, gene expression, and 
binding of active histone marks and transcriptional activators (as 
well as a direct validation of the effects of the ~35-bp rs34330 
region on apoptosis, proliferation, and cell cycle progression), we 
cannot rule out the possibility that there may be other functional 
SNPs in this locus. Interestingly, no SNPs with a linkage disequi-
librium (LD) threshold of r2 = 0.6 were found in our study pop-
ulations of Asian ancestry (Supplementary Table 6, available on 
the Arthritis & Rheumatology website at http://onlin​elibr​ary.wiley.
com/doi/10.1002/art.41799/​abstract). At a relaxed LD threshold, 
we found several SNPs around rs34330. However, the closest top 
and bottom SNPs were far away (r2 = 0.55 [distance 759 bases] for 
rs36228499 and r2 = 0.42 [distance 2,958 bases] for rs34324). As 
rs34330-deleted KO cells had many relevant phenotypes, we can 
at least accept the rs34330 region as a functional regulatory unit.

Taken together, our findings show that the risk rs34330 C 
allele exhibits increased binding with the IRF-1 transcriptional acti-
vator, and Pol II is associated with significant increases in 3 active 
chromatin marks, has potent promoter activity (~3–5 times more 

than the non-risk allele) and enhancer activity (~40% more than 
the non-risk allele), is physically associated with the APOLD1 and 
DDX47 promoters (in addition to being located in the CDKN1B 
promoter), and drives increased expression of CDKN1B, DDX47, 
and GPR19 and decreased expression of APOLD1. Increased 
occupancy of CTCF around rs34330 supports its role, but it is 
unclear whether CTCF affects allele-specific gene expression 
through its looping. The region surrounding the SNP was also 
shown to negatively regulate proliferation, cell cycle progression, 
and apoptosis, as evidenced from studies on KO cells. This study 
demonstrates the effectiveness of hypothesis-driven follow-up 
experiments to conclusively localize GWAS association with spe-
cific SNPs and their associated mechanisms.
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