
Original Research Article

American Journal of Alzheimer’s
Disease & Other Dementias®

Volume 37: 1–11
© The Author(s) 2022
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/15333175221085066
journals.sagepub.com/home/aja

Regulation of the Late Onset alzheimer’s
Disease Associated HLA-DQA1/DRB1
Expression

Xiaoyu Zhang, PhD1, Meijaun Zou, PhD1,2, Yuwei Wu, BS1,3, Danli Jiang, PhD1,
Ting Wu, BS1,3, Yihan Zhao, PhD1, Di Wu, PhD4,5, Jing Cui, MD6, and Gang Li, PhD1,7



Abstract
(Genome-wide Association Studies) GWAS have identified ∼42 late-onset Alzheimer’s disease (LOAD)-associated loci, each of
which contains multiple single nucleotide polymorphisms (SNPs) in linkage disequilibrium (LD) and most of these SNPs are in
the non-coding region of human genome. However, how these SNPs regulate risk gene expression remains unknown. In this
work, by using a set of novel techniques, we identified 6 functional SNPs (fSNPs) rs9271198, rs9271200, rs9281945, rs9271243,
and rs9271247 on the LOAD-associatedHLA-DRB1/DQA1 locus and 42 proteins specifically binding to five of these 6 fSNPs. As a
proof of evidence, we verified the allele-specific binding of GATA2 and GATA3, ELAVL1 and HNRNPA0, ILF2 and ILF3, NFIB
and NFIC, as well as CUX1 to these five fSNPs, respectively. Moreover, we demonstrate that all these nine proteins regulate the
expression of both HLA-DQA1 and HLA-DRB1 in human microglial cells. The contribution of HLA class II to the susceptibility of
LOAD is discussed.
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Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder that
affects∼50million people and that number is predicted to reach
around 152 million by 2050 in the world.1 It is an age-related
disease that affects 5% of all people by age of 65, however, 50%
by age of 85. According to the age at onset, AD can be classified
into early-onset AD (EOAD) and late-onset AD (LOAD).
While EOAD is mainly caused by mutations in amyloid pre-
cursor protein (APP), presenilin 1 (PSEN1) and presenilin 2
(PSEN2), LOAD is likely to be driven by a complex interplay
between genetic and environmental factors.2 Clinically, AD is
characterized by severe behavioral and cognitive impairments,
which often lead to memory loss in patients.3 Pathologically,
AD is characterized by two neuropathological hallmarks: that
is, neurofibrillary tangles of hyperphosphorylated tau and beta-
amyloid (Aβ) plaques in the brains of AD patients.4 Although
the exact etiology of AD is unknown, it is now believed that
genetics plays a big role in the pathogenesis of this disease
contributed to ∼70% of AD risk.5

Genome-wide association studies (GWAS) have identified∼42
loci that are specifically associated with LOAD.6-13 These include
multiple risk genes that are involved in immune responses such as
CD33, TREM2, and HLA-DRB1/DQA1,14,15 implicating the
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important role of neuroinflammation in AD pathogenesis. It is
currently accepted that the contribution of each of these LOAD
risk genes is rather small, but a combination of multiple risk genes,
which seemingly have no connections, that could form a presently
uncharacterized genetic network that ultimately determines a
person’s overall susceptibility to AD. Therefore, it is important to
understand how each risk gene expression is regulated by the
LOAD-associated fSNPs and how the regulation of all the risk
genes is connected.

In humans, the human leukocyte antigen (HLA) locus
encodes 6 classical transplantation HLA genes and at least 132
protein coding genes that have important roles in the regu-
lation of the immune system as well as some other funda-
mental molecular and cellular processes.16,17 This ∼.7 Mb
DNA segment of human genome has been associated with
more than 100 different diseases, including Alzheimer’s
disease, rheumatoid arthritis and multiple sclerosis.18-20 An
early GWAS analysis identified one SNP rs9271192 on the
HLA-DRB1/DQA1 locus associated with LOAD with an
overall OR = 1.11 and P < 2.9 × 10�1221 and, later on, this
association was independently validated by other two
groups.22,23 However, in linkage disequilibrium (LD) with this
tagged SNP (r2 > .8), there are additional 58 SNPs. All these
SNPs are located in the non-coding region having no effect on
the protein coding sequences. Therefore, if such a SNP is
functional, it likely exerts its function as part of a regulatory
element to modulate risk gene expression by recruiting reg-
ulatory proteins. However, technically to say, it is difficult to
identify the non-coding functional SNPs (fSNPs) among all
the disease-associated SNPs in LD and it is also difficult to
understand how these non-coding fSNPs influence the sus-
ceptibility of AD. Other fSNPs could be SNPs in the coding
regions (rare variants) altering protein sequences, in the mi-
croRNA changing the microRNA sequences, or on the RNA
splicing sites disrupting RNA splicing.

Both HLA-DRB1 and HLA-DQA1 are HLA class II
molecules that are normally expressed only on the surface of
professional antigen-presenting cells (APCs) such as dendritic
cells, macrophages and B cells. They are important in pre-
senting epitopic peptides to CD4+ T cells and initiating
adaptive immune responses including secretion of cytokines
and generation of antibodies.24 In the central nervous system
(CNS), microglia is a brain-resident macrophage acting as the
main form of immune defense within the brain.25 While
expression of HLA class II in microglia is low in homeostatic
conditions in the brain, it can be rapidly upregulated in ac-
tivated microglia in neurodegenerative diseases.26 In AD,
microglia can be activated by the accumulation of amyloid
plagues, which was evidenced by the presence of activated
microglia in pathological lesions in AD.27-29 However, how
these activated microglia regulate the expression of HLA class
II gene in response to amyloid deposition is large unknown.

Recently, we have developed a sequential methodology to
not only identify, but also characterize disease-associated
fSNPs.30 We use: (1) Reel-seq, an electrophoresis mobility

shift assay (EMSA)-based high throughput techniques to
identify fSNPs; (2) SNP-specific DNA competition pull-
down (SDCP)-MS, a unique DNA pulldown assay modified
from Flanking restriction enhanced pulldown (FREP)-MS31

to identify fSNP-bound regulatory proteins; and (3) Allele-
imbalanced DNA pulldown (AIDP)-Wb, a Western blot
analysis to validate both a fSNP and its binding protein
simultaneously by detecting allele-specific protein:fSNP
binding. In this study, using this approach, we identified and
validate 6 noncoding fSNPs on the LOAD-associated HLA
locus. We characterized nine proteins that regulate both
HLA-DQA1 and HLA-DRB1 expression via binding to the
five fSNPs on the LOAD-associated HLA-DRB1/DQA1 lo-
cus in human microglia cells.

Results

Identification and Validation of 6 fSNPs on the
LOAD-Associated HLA-DRB1/DQA1 Locus
Using Reel-seq

GWAS have identified an association of the HLA-DRB1/
DQA1 locus with LOAD.21 At this locus in LD with r2 > .8,
there are 58 disease-associated SNPs in the non-coding
region. To understand the mechanisms underlying the
contribution of these disease-associated SNPs to the sus-
ceptibility of AD, by using Reel-seq,30 we identified 6
candidate fSNPs, rs9271198, rs9271200, rs9271213,
rs9271243, rs9271247, and rs9281945 with a -.05 > slope >
.05 and a P-value < .05; 11 putative fSNPs with a -.05
< slope < .05 and a P-value < .05; and 42 non-fSNPs with a
P-value > .05 including 4 SNPs with incomplete data from
the screen (Supplemental Table 1). To demonstrate if these 6
candidate fSNPs are functional, EMSA was performed
using nuclear extract (NE) isolated from microglia cell line
HMC3. As the results presented in Figure 1A, all these 6
SNPs showed a pattern of allele-imbalanced gel shifting,
indicating that they are functional. We also performed the
same EMSA using NE isolated from human frontal cortex
and similar results were observed (Supplemental Figure 1).
However, the patterns of the allele-imbalanced gel shifting
are slightly different from that observed in the EMSA using
NE isolated from HMC3, suggesting a cell-type specificity.
To further demonstrate these 6 fSNPs, a luciferase reporter
assay was performed in HMC3 cells and, consistently, our
results showed that each of these 6 SNPs has a significant
allele-imbalanced luciferase activity between the risk and
non-risk alleles (Figure 1B). Together, these data clearly
confirm that all these 6 candidate fSNPs are functional.

In addition, we tested the 11 putative fSNPs and 10 SNPs
randomly selected from the 42 non-fSNPs. At least 8 putative
fSNPs and 4 non-fSNPs showed allele-imbalanced gel shifting
(Supplemental Figure 1), indicating that they are potentially
functional. This data together with the data obtained from
Figure 1 also suggest a∼83% positive recovery rate and a 40%
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false negative rate for this Reel-seq screen. We also performed
in silico analysis on these 6 fSNPs using HaploReg 4.1, a web-
based tool for epigenetic and functional annotation of genetic
variants.32 We analyzed each of the 6 SNPs on a scale of 0 to 5
to reflect the number of positive annotations for promoter and
enhancer histone methylation, DNase hypersensitivity, pre-
dicted protein binding, and predicted alteration in binding
motifs. As results shown in Supplemental Table 2, we scored 4
on both rs9271198 and rs9271200, 3 on rs9271213, 2 on both
rs9271243 and rs9281945, and one on rs9271247, indicating
that there was no obvious concordance between the Reel-seq
screen and the in silico analysis using Haploreg in identifying
fSNPs.

Identification of Proteins That Specifically Bind to the 6
Confirmed fSNPs at the HLA-DRB1/DQA1 Locus
by SDCP-MS

As shown in Figure 2A, all the 6 confirmed fSNPs are located
in the non-coding region in between HLA-DRB1 and HLA-
DQA1, which are in opposite transcriptional orientations. As
non-coding fSNPs, all these SNPs may likely exert their
function as part of a regulatory element by binding to regu-
latory proteins modulating risk gene expression.33-36 To
identify the regulatory proteins that specifically bind to the 6
fSNPs, we performed SDCP-MS30 using the alleles that bind
more proteins as shown in Figure 1A. In total, 199 proteins
were recovered, among which 109 were filtered for their non-
specific binding to all these 6 fSNPs and 48 for binding to the 6
fSNPs without reproducibility. By removing these 157 pro-
teins, we identified 42 unique proteins that bind to 5 fSNPs as
shown in Table 1. Some of these proteins are highly specific as
they only bind to one fSNP such as CUX1 to rs9271247 and
ILF2 and ILF3 to rs9271243, others are relatively specific as

they bind to more than one fSNPs. However, we did not
identify any protein that specifically binds to rs9271213.
Among these 42 proteins, 36 were reported as nuclear pro-
teins, four cytosolic proteins and two membrane proteins as
analyzed by Ingenuity Pathway Analysis (IPA, Qiagen)
(Supplemental Figure 3). Also, among these 42 proteins, only
16 were previously reported as transcription factors including
GATA2/3, DLX6, HOXD9, PRRX2, TEAD1, ILF2/3, DEK,
ZNF638, NFIB/C/A/X, KHDRBS1, and CUX1.

Validation of Nine Proteins Specifically Binding to the
Five fSNPs at the HLA-DRB1/DQA1 Locus by AIDP-
Wb and luciferase Reporter Assay

To demonstrate that these 42 proteins identified by SDCP-
MS specifically bind to their corresponding fSNPs, as a proof
of evidence, we applied two assays on nine of these 42
proteins, they are GATA2 and GATA3 on rs9271198;
ELAVL1 and HNRNPA0 on rs9271200; ILF2 and ILF3 on
rs9281945; NFIB and NFIC on rs9271243; and CUX1 on
rs9271247 as shown in Figure 2A. First, we performed
AIDP-Wb(30) to detect allele-specific protein:fSNP binding
instead of protein:DNA binding as both gel supershift assay
and ChIP assay do. By using AIDP-Wb, we validated both
GATA2 and GATA3 binding to rs9271198 with the risk allele
G binding more than the non-risk allele A; ELAVL1 and
HNRNPA0 to rs9271200 with the risk allele C binding more
than the non-risk allele T; ILF2 and ILF3 to rs9281945 with
the risk allele C binding less than the non-risk allele CA;
NFIB and NFIC to rs9271243 with the risk allele C
binding less than the non-risk allele T; and CUX1 to
rs9271247 with the risk allele A binding more than the non-
risk allele G (Figure 2B). The allele-imbalanced binding of
these nine proteins to their corresponding fSNPs verifies

Figure 1. Validation of 6 candidate fSNPs on the HLA-DQA1/DRB1 locus. (A). EMSA showing allele-imbalanced gel shifting with the 6 potential
fSNPs on theHLA-DRB1/DQA1 locus using NE from human microglia cell line HMC3. Arrow indicating the allele-imbalanced gel shifting. Risk
alleles are underlined. Data for Western blots represents three biologically independent experiments (n = 3). (B). Luciferase reporter assay
showing allele-imbalanced luciferase activity with the 6 potential fSNPs in HMC3. RLU: relative luciferase unit. Data for luciferase reporter
assay represents 6 biologically independent repeats (n = 6). * P < .05; ** P < .001; and *** P, .0001.
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these 9 proteins as fSNP-bound proteins, and, at the same
time, it also validates these 5 SNPs as fSNPs.

Second, we performed a luciferase reporter assay using
the reporter construct used in Figure 1B that carry the risk
allele for each of these 5 fSNP such as G allele from
rs9271198; A from rs9271247; and C from rs9271200,
rs9281945, and rs9271243. To perform this assay, we first
generated HMC3 cell lines with each of these nine pro-
teins downregulated by using a shRNA lentivirus as
shown in Figure 3A-3E. We performed these luciferase
reporter assays in these shRNA knockdown cells together
with their scrambled shRNA controls. As can be seen in
Figure 2C, knockdown of GATA2 and GATA3; ELAVL1
and HNRNPA0; NFIB and NFIC; and CUX1 results in a
significant decrease in luciferase activities on the fSNP
rs9271198; rs9271200; rs9271243; and rs9271247, re-
spectively, by comparing to their corresponding controls.
However, downregulation of ILF2 and ILF3 results in an
increased luciferase activity on the fSNP rs9281945
(Figure 2C), suggesting that these two proteins function
as transcriptional suppressors. We also performed a
control luciferase reporter assay using a construct con-
taining an irrelevant SNP sequence in the same shRNA
knockdown HMC3 cells. In this case, no significant

change of luciferase activities was observed (Figure 2C).
These data suggest that these nine proteins are the reg-
ulatory proteins that regulate luciferase activity via in-
teracting with the fSNPs in the reporter constructs.

Together, the data from both AIDP-Wb and luciferase
reporter assay demonstrate that at least nine of the 42
proteins identified by SDCP-MS are fSNP binding
proteins.

Regulation of HLA-DQA1 and HLA-DRB1
Expression by GATA2 and GATA3; ELAVL1 and
HNRNPA0; ILF2 and ILF3; NFIB and NFIC; and CUX1

The allele-imbalanced binding of GATA2 and GATA3 to
rs9271198; ELAVL1 and HNRNPA0 to rs9271200; ILF2
and ILF3 to rs9281945; NFIB and NFIC to rs9271243;
and CUX1 to rs9271247 (Figure 2B), as well as the lu-
ciferase reporter assay (Figure 2C) suggest that these nine
proteins could be the potential transcription regulators
that control the HLA-DQA1 and HLA-DRB1 expression.
To demonstrate this, using shRNA lentiviruses, we first
generated polyclonal HMC3 cells that have a reduced
expression on GATA2 and GATA3 (Figure 3A); ELAVL1
and HNRNPA0 (Figure 3B); ILF2 and ILF3 (Figure 3C);

Figure 2. Characterization of nine proteins that specifically bind to the five fSNPs at the HLA-DQA1/DRB1 locus. (A). Partial genomic arrangement
showing the relative location of the 6 fSNPs in between HLA-DQA1 and HLA-DRB1 and the nine proteins identified by SDCP-MS. Risk alleles
are underlined. (B). AIDP-Wb showing the allele-imbalanced binding of GATA2 and GATA3 to rs9271198; ELAVL1and HNRNPA0 to
rs9271200; ILF2 and ILF3 to rs9281945; NFIB and NFIC to rs9271243; and CUX1 to rs9271247. PARP-1, a double-stranded DNA end binding
protein was used as an internal loading control. Data for AIDP-Wb represents three biologically independent experiments (n = 3). (C).
Luciferase reporter assay demonstrating the specific binding of these nine proteins to their corresponding fSNPs by showing altered luciferase
activities when all these nine proteins were downregulated by shRNA knockdown in HMC3 cells. Ctrl: negative control with an irrelevant SNP
sequence. Data for luciferase reporter assay represents 6 biologically independent repeats (n = 6). * P < .05; ** P < .001; and *** P, .0001. n.s.:
not significant.
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NFIB and NFIC (Figure 3D); and CUX1 (Figure 3E).
Downregulation of these nine genes was validated on both
protein (Figure 3, Upper panel) and mRNA levels (Figure
3, Lower panel). shRNA knockdown of GATA2, GATA3,
ELAVL1, HNRNPA0, NFIB, NFIC, and CUX1 equiva-
lently downregulated the expression of both HLA-DRB1
and HLA-DQA1 (Figures 4A, 4B, 4D, and 4E), however,
shRNA knockdown of ILF2 and ILF3 resulted in a signif-
icant upregulation of both HLA-DRB1 and HLA-DQA1

expression (Figure 4C). In all these cases, regulation ofHLA-
DRB1 andHLA-DQA1 expression was evidenced on both the
mRNA (Figure 4, Upper) and protein level (Figure 4,
Lower), which indicates that these 9 proteins are tran-
scriptional regulators. In addition, these data are also con-
sistent with the luciferase reporter assays showed in Figure
2C that indicate GATA2, GATA3, ELAVL1, HNRNPA0,
NFIB, NFIC, and CUX1 are transcriptional activators and
ILF2 and ILF3 are transcriptional suppressors. To further

Table 1. Peptide spectrum counts showing proteins that specifically bind to the five fSNPs on the HLA-DQA1/DRB1 locus. Each SNP was performed in
duplicate.

Gene name

rs9271198 rs9271200 rs9281945 rs9271243 rs9271247

repeat1 repeat2 repeat1 repeat2 repeat1 repeat2 repeat1 repeat2 repeat1 repeat2

GATA2 8 14 1 1
GATA3 5 8
DLX6 4 5
HOXD9 2 2
PRRX2 3 3
TEAD1 2 1
E9PSI1 1 2
RPS9 2 1
ELAVL1 1 1 5 2
HNRNPA0 3 5 5 7
TCOF1 8 6 22 15
PCBP1 2 2 6 1
SRP14 2 2 5 5
NOLC1 3 3 6 6
HNRNPK 1 1 2 5 5 4
ILF2 1 0 9 9
ILF3 17 16
DHX9 25 8
TMPO 3 1
HNRNPR 3 2
ASH2L 6 2
LRP2 1 3
POLDIP3 1 2 5 4 2 2
PRPF19 1 1 6 4 2 2
ADAR 3 5
TOP2A 6 5
HNRNPC 8 7 3 3
PTBP1 3 1
DEK 7 10 5 1 7 8
ZNF638 1 2
MATR3 10 3
RECQL 5 4
NFIB 3 8 30 31
NFIC 1 4 20 25
NFIX 8 6
NFIA 7 7
U2AF1 4 4
KHDRBS1 5 3 1 1
SSBP1 2 3
HNRNPH1 1 2
CUX1 48 50
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confirm these data, as a proof of evidence, we also performed
siRNA knockdown on five of these nine proteins: GATA2,
GATA3, NFIB, NFIC, and CUX1 in human HMC3 cells with
the targeting sequences in these five siRNAs different from
that in the shRNA knockdown. Consistent with our shRNA
knockdown assays, we observed a significant downregulation
of both HLA-DRB1 and HLA-DQA1 expression in these
siRNA knockdown cells detected by qPCR (Supplemental
Figure 4). In addition, based on an eQTL analysis (https://
gtexportal.org/home/snp/rs9271192.), in human brain, we also
identified 6 additional candidate risk genes in the HLA locus

associated with rs9271192 including HLA-DMA, HLA-DQA2,
HLA-DQB1, HLA-DQB2, HLA-DRB5, and HLA-DRB6. To
assess if these genes are also regulated by the transcriptional
regulators identified by SDCP-MS, as a proof of evidence, we
performed qPCR analysis on these genes in the CUX1,
GATA2, and GATA3 shRNA knockdown HMC3 cells. While
we cannot detect the expression of HLA-DQA2, HLA-DQB2,
HLA-DRB5, and HLA-DRB6 in these HMC3 cells, a signif-
icant downregulation of both HLA-DMA and HLA-DQB1
were observed in these three shRNA knockdown HMC3 cells
(Supplemental Figure 5).

Figure 4. Western blots (Upper panel) and qPCR (Lower panel) showing the altered expression of HLA-DQA1 and HLA-DRB1 in the GATA2 and
GATA3 (A); ELAVL1 and HNRNPA0 (B); ILF2 and ILF3 (C); NFIB and NFIC (D); and CUX1 (E) shRNA knockdown HMC3 cells. Data for Western
blots represents three biologically independent experiments (n = 3). Data for qPCR represents the combination of three biologically
independent experiments (n = 3), each in duplicate. α-Tubulin: loading control for Western blot and GAPDH was used as control for qPCR.
* P < .05; ** P < .001; and *** P, .0001.

Figure 3. Western blots (Upper panel) and qPCR (Lower panel) showing shRNA knockdown of GATA2 and GATA3 (A); ELAVL1 and HNRNPA0 (B);
ILF2 and ILF3 (C); NFIB and NFIC (D); and CUX1 (E) in HMC3 cells. Data for Western blots represents three biologically independent
experiments (n = 3). Data for qPCR represents the combination of three biologically independent experiments (n = 3), each in duplicate.
α-Tubulin: loading control for Western blot and GAPDH was used as control for qPCR. * P < .05; ** P < .001; and *** P, .0001.
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Together, our results demonstrate that GATA2, GATA3,
ELAVL1, HNRNPA0, NFIB, NFIC, CUX1, and ILF2 and
ILF3 are the transcription regulators that control the LOAD
risk genes HLA-DRB1 and HLA-DQA1 expression at least in
human HMC3 cells.

Discussion

The LOAD-associated SNP rs9271192 was showed to be sig-
nificantly associated with increased levels of HLA-DRB1 in the
brain of all patients with AD.37 In this study, using Reel-seq, we
identified 6 fSNPs on the LOAD-associated HLA-DRB1/DQA1
locus. To further investigate the role of these 6 fSNPs, using
SDCP-MS, we identified 42 proteins that specifically bind to five
of the 6 fSNPs and, as a proof of evidence, we validated nine of
these proteins by showing allele-imbalanced binding to the five
fSNPs by using AIDP-Wb and luciferase reporter assay. We also
demonstrated these nine proteins are the HLA-DRB1/DQA1
regulators. Among these nine proteins, we observed that more
binding of GATA2, GATA3, ELAVL1, HNRNPA0, NIFB,
NIFC, and CUX1 to their corresponding risk alleles was cor-
related to an increased activation of HLA-DRB1/DQA1, sug-
gesting that these five proteins are the activators. We also
observed that less binding of ILF2 and ILF3 to the risk allele of

rs9281945 activated the HLA-DRB1/DQA1 expression, indi-
cating that these two proteins are the suppressors of HLA-DRB1/
DQA1. These findings explain the mechanisms underlying the
regulation of AD risk gene HLA-DRB1/DQA1 expression.
Among these 9 proteins, CUX1 is the layer maker in human
cerebral cortex with high expression.38 Also, transcriptome
analysis in AD patients demonstrated that both CUX1 and HLA-
DQA1 were upregulated in hippocampus.39 The same tran-
scriptome analysis also showed that both GATA2 and GATA3
were co-expressed with HLA-DQA1 in AD hippocampus.39 All
these reports are consistent with our findings that CUX1,
GATA2/3 are a transcriptional activator for HLA expression in
human brain. In addition, we also investigated the possibility that
Aβ activates the HLA-DRB1/DQA1 expression via modulating
CUX1 as well as GATA2/3 by treating human microglia cell
HMC3 with aggregated Aβ42 and no induction of CUX1 as well
as GATA2/3 was observed (data not shown).

To further understand the contribution of these AD tran-
scriptional regulators to the pathogenesis of, and the susceptibility
of AD, we applied TRRUST v2, a manually curated database of
human and mouse transcriptional regulatory networks,40 to gen-
erate an HLA-DRB1/DQA1-related transcriptional regulation
network (TRN) that is associatedwithAD as shown in Figure 5. In
this TRN, we discovered additional 8 AD risk genes: SPI1 (PU.1),

Figure 5. TRN analysis by TRRUST v2. Simplified diagram showing the HLA-DRB1/DQA1-related transcriptional regulation network that is
associated with AD. Grey arrows indicate transcription regulation identified in this work as well as revealed by TRRUST v2.
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MS4A2, TCF7L2, CDH1, ALDH1A2, COL18A1, EGR1, and
NFIC. NFIC itself is one of the 42 transcriptional regulators
identified by SDCP-MS. Among these 8 AD risk genes, SPI1
(PU.1) andMS4A2 are regulated byGATA2; TCF7L2,CDH1, and
ALDH1A2 by GATA3; and COL18A1 by NFIC. As previously
reported, SPI1 (PU.1) is a critical transcriptional factor regulating
both AD-associated genes in primary human microglia41 and
microglial inflammatory response.42MS4A2 is a keymodulator of
soluble TREM2, another LOAD risk gene.43 CDH1, an activator
subunit of APC/C (The anaphase promoting complex/cyclosome),
is highly expressed in post-mitotic neurons44 and its degradation
induced by Aβ resulted in neuronal apoptosis.45 These TRN
analyses, while preliminary, are consistent with the notion that
even though each fSNP may confer small individual risk by
regulating one risk gene expression, functional combination of all
the fSNPs via the disease-associated signal transduction and
transcriptional regulation networks (STTRNs),46 together with
environmental factors, are believed to contribute significantly to
the etiology of the disease.

HLA-DRB1/DQA1 belongs to class II HLA antigen that is a
glycoprotein complex on the surface of professional antigen-
presenting cells that displays short antigen peptides to CD4+

helper T cells activating adaptive immunity. Within the brain,
class II HLA is primarily expressed on microglia, where it is
generally considered a marker of activated cells.47 As reviewed
by Hopperton et al48 (2018), around 50 studies were reported
that quantitatively compared markers of class II HLA between
AD and control in post mortem human brains. Even though
there exits some controversy, most of the data indicate that AD
pathology may stimulate upregulation of HLA class II. While
these data are consistent with our findings, at the current stage, it
is still not clear whether the increased expression of HLA-
DRB1/DQA1 in AD is the cause, rather than a result of AD
pathology. Besides, in addition to their classical function in
antigen presentation, class II HLA molecules were also shown
to be involved in activating signaling pathways such as PKC
and TLR leading to cell death, and thereby contribute to ter-
mination of the immune response.49,50 However, whether or not
the non-classical function of class II HLA molecules plays a
role in the pathogenesis of AD remains undetermined.

Materials and Methods

Cell Culture

The human microglia cell line HMC3 was purchased from
ATCC (cat#: CRL-3304). It is free of mycoplasma. HMC3 cells
were cultured in a 1:1 mixture of DMEM and F12 Medium
containing 10% FBS. All cells were cultured at 37°C in 5%CO2.

Primers and Antibodies

All primers used are listed in Supplemental Table 3. Anti-
human antibodies used are listed in Supplemental Table 4 with
corresponding supplier information.

Reel-seq

To identify non-coding fSNPs at the HLA-DRB1/DQA1 locus,
Reel-seq was performed as previously described.30 The Reel-
seq library was built and amplified by primers seq and G3 with
Accuprime Taq polymerase (Invitrogen). For screening,
∼10 μg NE isolated from HMC3 cells (buffer for control) was
mixed with ∼50 ng of library DNA using the binding buffer
from LightShift� Chemiluminescent EMSA Kit (Thermo
Fisher Scientific) and subsequently incubated at RT for 2 hr.
The reaction was performed in triplicate with three buffer-
treated controls and three NE-treated samples. All samples
were resolved on a 6% TBE native gel for gel shifting. After
the completion of electrophoresis, unshifted bands (libraries)
from each of the controls and samples were cut and isolated.
The isolated library DNA was next amplified by PCR using
seq and G3 primers and the regenerated libraries were used for
the next cycle of Reel-seq screen. In total, 7 cycles were
performed. After the screening, as previously described, next
generation sequencing was performed and analyzed with the
PCR product from cycle 1, 4, and 7.30,31,51

SDCP-MS

An 84 bp DNA fragment biotinylated at the 5’ end was
conjugated to streptavidin-coated Dynabeads as per manu-
facturer’s instructions (Invitrogen). This fragment was en-
gineered to include a 31 bp target SNP sequence flanked by
restriction enzyme cleavage sites with BamH I and EcoR I.
The same fragment with a 7 bp deletion in the middle of the
31 bp SNP sequence was used as negative competitor. 15 μg
magnetic beads-linked DNA was mixed with 1 mg nuclear
extract from HMC3 cells in 1x binding buffer from Light-
Shift� Chemiluminescent EMSA Kit (Thermo Fisher Sci-
entific) at room temperature for 2 h. After magnetic selection
and wash with PBS+.05% Tween 20, DNA beads with bound
proteins were digested with EcoR I at 37°C for 30 min. After
another magnetic selection and wash, the DNA beads were
digested with BamH I at 37°C for 45 min and the supernatant
was collected. Mass spectrometry was performed to identify
specific binding proteins within the complex.

EMSA

EMSA was performed using the LightShift Chemilumines-
cent EMSA Kit (Thermo Fisher Scientific) according to
manufacturer’s instructions. For the probe, a 31 bp SNP
fragment with the SNP centered in the middle was made by
annealing two oligos. The double stranded oligos were then
biotinylated using the Biotin 3’ End DNA Labeling Kit
(Thermo Fisher Scientific). NE was isolated from human
HMC3 cells. After the DNA and NE incubation at RT for
30 min, the DNA-NE complex was resolved on 6% TBE
native gel for mobility shifting. The data represents three
independent biological replicates (n = 3).

8 American Journal of Alzheimer’s Disease & Other Dementias® 37(0)

https://journals.sagepub.com/doi/suppl/10.1177/15333175221085066
https://journals.sagepub.com/doi/suppl/10.1177/15333175221085066


Luciferase Reporter Assay

Luciferase reporter assays were performed in HMC3 cells using
pGL3 luciferase reporter vector (cat#: E1751, Promega). Insert
sequences are listed in Supplemental Table 3. Luciferase reporter
construct DNAwas transfected into HMC3 cells by FuGENE HD
transfection reagent (Promega) together with the control vector
pRL-TK. The luciferase activity was measured by the Dual-Glo®

Luciferase Reporter Assay System (cat#: E2920, Promega). All
experiments were performed according to the manufacturer’s
protocol. The data represents 6 independent biological replicates
(n = 6).

AIDP-Western Blots

AIDP-Wbwas performed as previously described.30 In brief, a
31 bp biotinylated SNP sequence centered with either the risk
or non-risk allele was generated by annealing two biotinylated
primers (IDT). Approximately 1 μg DNAwas then attached to
40 μl of Dynabeads�M-280 Streptavidin. DNA-beads were
mixed with ∼100 μg NE isolated from HMC3 cells at RT for
1 hour with rotation. After washing off the unbound proteins,
the DNA bound proteins were eluted by sample buffer and
resolved on an SDS-PAGE gel for Western blot analysis. For
an internal control, the same blot was probed using an anti-
body directed against PARP-1. The data represents three in-
dependent biological replicates (n = 3).

RNA Interference

For shRNA stable knockdown, the shRNA vectors (pLKO.1)
were purchased from Sigma (the MISSION® shRNA Library)
(Supplemental Table 3). Lentiviruses were produced and
shRNA knockdown was performed in HMC3 cells according
to the manufacturer’s protocol (Addgene). For siRNA tran-
sient knockdown, siRNAs were purchased from Dharmacon
(Horizon Discovery), all the procedures were performed
following the manufacturer’s protocol.

RNA Isolation and RT-PCR

Total RNA was isolated using RNeasy Mini kit (Qiagen)
according to the manufacturer’s protocol. cDNA was syn-
thesized from 1 μg RNA after DNase I treatment using
iScript� cDNA Synthesis Kit (Bio-rad). qPCR was per-
formed with the StepOne real-time PCR system using the
power SYBR green PCR master mix (Applied Biosystems)
according to the manufacturer’s protocol. The sequence-
specific primers are listed in Supplemental Table 3.

Statistical Analysis

All the experimental data are presented as means ± SEM.
Statistical significance was evaluated with a two-tailed un-
paired Student’s t test. Data for Western blot represent three

independent experiments (n = 3). Data for qPCR represent the
combination of three independent samples (n = 3) with each in
duplicate. Data for luciferase reporter assay represent the
combination of 6 independent samples (n = 6).
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