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Intragenic transcriptional interference regulates
the human immune ligand MICA
Da Lin, Thomas K Hiron & Christopher A O’Callaghan*

Abstract

Many human genes have tandem promoters driving overlapping
transcription, but the value of this distributed promoter configura-
tion is generally unclear. Here we show that MICA, a gene encoding
a ligand for the activating immune receptor NKG2D, contains a
conserved upstream promoter that expresses a noncoding tran-
script. Transcription from the upstream promoter represses the
downstream standard promoter activity in cis through transcrip-
tional interference. The effect of transcriptional interference
depends on the strength of transcription from the upstream
promoter and can be described quantitatively by a simple recipro-
cal repressor function. Transcriptional interference coincides with
recruitment at the standard downstream promoter of the FACT
histone chaperone complex, which is involved in nucleosomal
remodelling during transcription. The mechanism is invoked in the
regulation of MICA expression by the physiological inputs inter-
feron-c and interleukin-4 that act on the upstream promoter.
Genome-wide analysis indicates that transcriptional interference
between tandem intragenic promoters may constitute a general
mechanism with widespread importance in human transcriptional
regulation.
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Introduction

Genomic analyses demonstrate that many human genes have

tandem promoter gene structure (Djebali et al, 2012; Fantom

Consortium and the RIKEN PMI and CLST, 2014). A transcript initi-

ated from an upstream promoter can overlap that from a down-

stream promoter; the transcripts will differ in their first exons, but

may share similar downstream sequence. Additional promoters

have been studied mainly in the context of the protein coding func-

tion of the different transcripts generated (Carninci et al, 2006;

Davuluri et al, 2008; Wang et al, 2016). Less explored are the

consequences of transcription from additional upstream promoters

on gene expression.

Transcription can have an in cis influence on promoters that lie

in the path of transcriptional elongation through a process known

as transcriptional interference (Shearwin et al, 2005; Palmer et al,

2011). Transcriptional interference is thought to occur when a

traversing RNA polymerase elongation complex, arising from one

promoter, encounters and displaces a transcription initiation

complex, which has formed transiently at a different promoter

(Shearwin et al, 2005; Palmer et al, 2011). In some cases, epigenetic

changes of transcriptional elongation have been associated with

transcriptional interference (Houseley et al, 2008; Hainer et al,

2011; Ard & Allshire, 2016). Transcriptional interference is well

characterized in lower eukaryotes with compact genomes where the

transcriptional path of one gene runs on into the promoter of

another gene (Greger et al, 2000; Martens et al, 2005; Hongay et al,

2006; Petruk et al, 2006; Gummalla et al, 2012; Ard et al, 2014). In

mammalian species, reports of transcriptional interference are

limited to a few examples of developmentally regulated genes that

are subject to relatively stable epigenetic regulation following the

cell differentiation process (Abarrategui & Krangel, 2007; Racanelli

et al, 2008; Latos et al, 2012; MacIsaac et al, 2012). A necessary

condition for transcriptional interference is overlapping transcrip-

tion. Tandem promoter gene structure, as found in many mamma-

lian genes, strictly implies overlapping transcription within the

gene, such that the upstream promoter drives transcription through

the downstream promoter. This raises the possibility that for some

of the human genes with additional upstream promoters, the

tandem promoter arrangement may have evolved to regulate gene

expression through transcriptional interference.

MICA is a transmembrane protein with structural similarity to

MHC class I molecules and is encoded by the MICA gene within the

human MHC complex (Bahram et al, 1994; Li et al, 2001). MICA is

a ligand for NKG2D, an activating immune receptor expressed on

CD8+ T cells, cd T cells and natural killer cells (Bauer et al, 1999;

Wu et al, 1999). Engagement of NKG2D on NK cells by MICA

expressed on target cells promotes cytokine release and killing of

the target cells and is implicated in cancer immunity, antiviral

immunity and autoimmunity (Bauer et al, 1999; Ullrich et al, 2013;

Lanier, 2015). Homologs of the MICA gene are present in all

mammals studied, except rodents (Kasahara & Sutoh, 2015). The

MICA gene is highly polymorphic, with over 80 coding alleles
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known to date (Robinson et al, 2015). Genetic studies have associ-

ated the MICA locus with inflammatory diseases, and with the

response to virus infection (Kumar et al, 2011; Zhou et al, 2014;

Zhang et al, 2016), although strong linkage disequilibrium between

MICA and other genes within the MHC, especially HLA-B, is a

confounding factor in such studies (Le Clerc et al, 2014; Okada

et al, 2014). MICA expression is upregulated in cancer tissues, and

in response to a diverse range of stimuli including virus infection,

heat shock, metabolic stress, cell proliferation and cytokines, such

as TNFa and interferon-c (Groh et al, 1996; Zou et al, 2005; Cerboni

et al, 2007; Schwinn et al, 2009; Lin et al, 2012; McCarthy et al,

2017). However, the molecular mechanisms that govern MICA regu-

lation remain enigmatic. Many stimuli are known to affect MICA

transcription, but only a few specific transcription factors, such as

NF-jB and HSF1, have been shown to directly regulate MICA tran-

scription through binding to the MICA promoter (Venkataraman

et al, 2007; Lin et al, 2012).

Here, we show that in MICA a conserved upstream additional

promoter drives transcription of an unstable noncoding transcript

and that this transcriptional activity inhibits transcription of the

coding transcript from the standard downstream promoter in cis

through transcriptional interference. This mode of transcriptional

regulation is exemplified by the physiological signals interferon-c
and interleukin-4, which exert transcription factor-mediated posi-

tive and negative influences, respectively, on the upstream

promoter, resulting in opposite effects on production of the MICA

coding transcript from the standard downstream promoter. Our

results demonstrate for the first time that intragenic transcrip-

tional interference occurs in humans and constitutes a potentially

powerful form of real-time transcriptional regulation. Evolutionary

selection for upstream promoter components provides a means

for reversing the polarity of an input signal on expression of a

coding transcript, thus turning activators into repressors or vice

versa.

Results

An alternative upstream MICA promoter drives expression of an
unstable noncoding transcript

MICA encodes two major transcripts, a standard transcript (MICA-

ST) that initiates from the standard MICA promoter, and an alterna-

tive upstream transcript (MICA-UT) that initiates from an alternative

promoter 2.9 kb upstream (Fig 1A). The two transcripts have dif-

ferent first exons, but share common downstream exons. We found

that both transcripts were widely expressed across a range of human

cells and tissues, but with distinct expression patterns—in some

cases there was abundant expression of the upstream transcript with

little or no expression of the standard transcript (Figs 1B, and EV1A

and B).

There are MICA homologs in the genomes of almost all mammals

studied except rodents (Kasahara & Sutoh, 2015). We identified

homologs of both the upstream and standard transcripts for pigs

and cows (Fig EV1C) and alignment with the corresponding

genomes revealed conservation of the tandem promoter gene struc-

ture and local sequence around the upstream promoter in these

species and humans (Fig EV1C and D). RT–PCR analysis confirmed

the expression of both transcripts in adult pigs and cows

(Fig EV1E). This conservation suggested that the upstream

promoter or transcript could have a biological function.

Cell surface expression of human MICA protein correlated with

expression of the standard transcript, but not the upstream tran-

script (Fig 1C and D), consistent with the standard transcript encod-

ing the MICA protein. Both transcripts were 50 capped, and poly-A

tailed (Fig 1E and F), indicating that the upstream transcript is tran-

scribed by RNA polymerase II and processed in the same way as the

standard transcript. Bioinformatic analysis of the upstream tran-

script sequence predicted that it would undergo nonsense-mediated

decay due to the presence of an upstream open reading frame

encoding a premature termination codon (Hug et al, 2016). Consis-

tent with this, it displayed rapid decay kinetics compared to the

standard MICA transcript, as measured by global transcriptional

inhibition with actinomycin D (Fig 1G and H) or by 4-thiouridine

metabolic labelling (Fig 1I). No protein product could be detected

for the major open reading frame of this transcript (Fig EV1F). The

standard transcript was enriched in RNA isolated from heavy poly-

some fractions similar to GAPDH and ITGB5, consistent with active

translation of this transcript, but the upstream transcript was

predominantly in the ribosome-free and monosome fractions

(Fig 1J). This indicates that the upstream transcript is poorly trans-

lated, which is consistent with the prediction that it is noncoding

and undergoes nonsense-mediated decay. Together, these data

demonstrate that the upstream transcript of the MICA gene is an

unstable noncoding transcript.

The upstream promoter represses expression of the standard
coding MICA transcript in cis

Expression of the upstream transcript in trans or post-transcrip-

tional siRNA-mediated downregulation of the upstream transcript

had no effect on the expression of endogenous MICA (Fig 2A and

B). These findings suggest that the transcript itself does not regulate

MICA expression, leaving open the possibility that the alternative

upstream promoter might itself regulate expression of the down-

stream coding transcript. To test this hypothesis, we used CRISPR

genome editing tools to delete the upstream promoter in primary

cells (Fig 2C). We mapped the core upstream and standard MICA

promoters by serial deletion using reporter assays (Fig EV2A and

B), and designed pairs of CRISPR guide RNAs for deletion of the

core upstream promoter (Fig EV2C). In primary human fibroblasts

and arterial endothelial cells, transient expression of the Cas9 nucle-

ase and either of two different pairs of CRISPR guide RNAs for the

upstream promoter caused significant upregulation of MICA expres-

sion compared to CRISPR guide RNAs targeting control loci and the

effect was greater in the fibroblasts (Figs 2D, and EV2D and E). We

also used a deactivated Cas9 (dCas9)-based programmable tran-

scriptional activation system to specifically activate the upstream

promoter and study its effect on MICA expression. This synergistic

activation mediator (SAM) system consists of dCas9 fused to a VP64

transactivation domain and a locus-specific guide RNA that recruits

multiple copies of a p65 and HSF1-derived multidomain transactiva-

tor (Konermann et al, 2015; Fig 2E). dCas9-based activation of the

upstream promoter downregulated MICA expression from the stan-

dard downstream promoter, whereas activation of the standard

promoter upregulated MICA expression (Fig 2F). These observations
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indicate that the upstream promoter negatively regulates the activity

of the standard downstream promoter.

In one case, the CRISPR-deletion experiment was undertaken in

primary human fibroblasts carrying one functional MICA allele

(MICA*004) and one null allele (MICA*010) that does not reach the

cell surface (Li et al, 2000). Exploiting this feature, we used a

forward genetics approach to test whether the core upstream

promoter regulates MICA expression in cis (Fig 2G). CRISPR dele-

tion of the upstream promoter can result in four major genotypes:

wild type, monoallelic deletion of either allele and biallelic deletion

of the upstream promoter. If the upstream promoter only represses

MICA expression in cis, then deletion of the upstream promoter of
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Figure 1. Properties of the MICA upstream transcript.

A Exon structure of the MICA gene, standard transcript (MICA-ST) and upstream transcript (MICA-UT). In the upstream transcript, an alternative upstream first exon
is spliced to exon 2 of the gene. Both transcripts share common downstream exons.

B The upstream transcript and standard transcript levels measured by qPCR in different cells. Relative expression levels were normalized to that of the standard
transcript in HT1080 cells and ranked according to expression of the standard transcript. Error bars represent standard deviations of three replicates.

C Positive correlation between the level of the standard transcript and cell surface MICA expression in 28 different cell types.
D No significant correlation was found between the level of the upstream transcript and cell surface MICA expression in these different cells. The Pearson’s

correlation coefficient r and associated P-values are shown.
E RLM-RACE analysis of the upstream and standard MICA transcripts using a common primer in exon 2 demonstrates that both transcripts are 50 capped. Samples

prepared without tobacco acid pyrophosphatase (TAP) treatment were used as negative controls.
F RT–PCR using hexamer or oligo-dT primed cDNA shows that both transcripts are 30 polyadenylated. Nonpolyadenylated 18S rRNA and the RT–PCR without reverse

transcriptase (RT) were used as negative controls.
G, H Stability of the upstream and standard MICA transcripts measured following actinomycin D treatment in HeLa cells (G) or HT1080 cells (H). Error bars represent

standard deviations of three replicates.
I Stability of the upstream and standard MICA transcripts measured by 4sU metabolic labelling in HeLa or HT1080 cells. Error bars represent standard deviations of

three replicates.
J Polysome profiling of the standard transcript (MICA-ST), upstream transcript (MICA-UT) and GAPDH and ITGB5 as controls in HT1080 cells. Distributions of mRNA

across sucrose gradient fractions are shown. Numbers 1–6 represent ribosome-free fractions, number 7 represents the monosome fraction, and numbers 8–16
represent polysome fractions with increasing number of ribosomes. Error bars represent standard deviations of three replicates.
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the functional MICA*004 allele will upregulate cell surface MICA

expression, but deletion of the upstream promoter of the MICA*010

null allele will not. Therefore, cells sorted for upregulated MICA

surface expression would be enriched for deletion of the promoter

of the functional MICA*004 allele (Fig 2G). In contrast, with in

trans regulation, no allele-specific enrichment would be observed in

cells sorted for upregulated MICA surface expression. As demon-

strated in Fig 2H, deletion of the upstream promoter produced a

population of cells with upregulation of MICA expression which is

stable following cell sorting of this population. Although the

upstream promoters of both alleles were deleted with equal effi-

ciency in the pre-sorted population, cells with upregulation of cell

surface MICA expression were preferentially enriched for deletion of

the functional MICA*004 allele compared to deletion of the null

MICA*010 allele (Fig 2I). This confirms that the upstream promoter

represses MICA expression from the standard promoter in cis.

The upstream promoter represses MICA expression through
transcriptional interference

We hypothesized that the process of transcription from the

upstream promoter inhibited transcription from the standard

promoter. However, in plasmid-based reporter assays we did not

observe any inhibition of the standard promoter activity by the

upstream promoter (Fig EV2F and G). Plasmid-based reporter

systems lack distal genetic elements and the concomitant chromatin

structure and environment. Therefore, we created a set of isogenic

cell lines using recombinase-mediated cassette exchange to insert

synthetic variants of the entire MICA locus into chromatin at the

same genomic location (Fig 3A). These variants were constructed

by BAC recombineering and included deletions of the core upstream

or standard promoter or insertion of a transcription terminator

between the two promoters (Fig 3B and Appendix Table S1). The

endogenous MICA loci remained intact as controls for in trans

effects. The host cell line was homozygous for the MICA*007 allele,

which allows cell surface detection of the transgenic MICA*008

allele with an allele-specific monoclonal antibody (Fig EV3A).

Deletion of the upstream promoter in a MICA transgene contain-

ing the native ~20-kb flanking sequences downregulated expression

of the transgenic upstream transcript and upregulated expression of

the transgenic standard coding transcript as predicted (Fig 3C).

Insertion of a transcription terminator between the upstream

promoter and the standard promoter had a similar effect, which

demonstrates that transcriptional elongation from the upstream

promoter is required for repression of the standard promoter

(Fig 3C). The slightly lesser effect of the upstream promoter deletion

compared to the transcription terminator likely reflects residual low-

level transcription from around the deleted region of the gene. Dele-

tion of the standard promoter had no effect on expression of the

upstream transcript, which excludes promoter competition as a

mechanism for the inhibitory effect of the upstream promoter

(Fig 3C). These different manoeuvres had no effect on the endoge-

nous MICA alleles, confirming the in cis nature of the inhibitory

effect of the upstream promoter on transcription from the standard

promoter (Fig 3D). Changes in expression of the transgenic standard

transcript were reflected in MICA protein expression at the cell

surface (Fig 3E and F). Similar results were obtained using larger

genomic inserts, which included ~75-kb flanking sequences on both

sides of the MICA gene and incorporated the neighbouring HLA-B

and HCP5 loci (Fig EV3B and C). Further, we carried out ChIP for

Ser5-phoshorylated RNA Pol II, which is a marker of transcription

initiation activity, but decreases substantially during transcription

elongation (Harlen & Churchman, 2017). Deletion of the standard

downstream promoter abolished most of the Pol II phospho-Ser5

◀ Figure 2. The upstream promoter represses MICA expression in cis.

A Flow cytometric analysis of MICA surface expression in 293T cells transfected with plasmids expressing the full-length upstream transcript or empty vector control
and the pEGFP-N1 plasmid as transfection control. Cells were gated for the GFP-positive population.

B qPCR analysis of the upstream transcript and standard transcript in 293T cells transfected with siRNA targeting the upstream transcript or with control siRNA. Error
bars represent standard deviations of three replicates.

C Diagram of CRISPR deletion of the core upstream promoter.
D Flow cytometry of cell surface MICA expression in primary human fibroblasts following transfection with CRISPR plasmids targeting deletions of the MICA upstream

promoter or control genes (HLA-B or PDPN). Cells were gated for the CRISPR Cas9 nuclease-transfected GFP-positive population.
E Diagram of dCas9-based transcriptional activation of the upstream promoter. The SAM transcription activator consists of dCas9 fused to a VP64 transcription

activator and a guide RNA containing RNA aptamers that recruit multiple copies of the MS2 bacteriophage coat protein fused to a multidomain transcription
activator derived from the p65 and HSF1 transcription factors.

F Flow cytometry of cell surface MICA expression in 293T cells following transfection with SAM plasmids activating the MICA upstream promoter, standard promoter or
control promoters (CD43 and CD36). Cells were gated for the transfected GFP-positive population.

G Schematic diagram representing the different possible genotypes that may arise and the associated phenotypes predicted by the in cis transcriptional interference
hypothesis. Primary human fibroblasts were used which are heterozygous for the MICA*004 and MICA*010 alleles, of which only MICA*004 (red) reaches the cell surface.
CRISPR deletion of the upstream promoter can result in three additional genotypes depending on whether one or both MICA alleles are affected. If, as we hypothesized,
there is intragenic transcriptional interference, then deletion of the upstream promoter of the MICA*004 allele will result in upregulation of cell surface MICA expression,
whereas deletion of the upstream promoter of the MICA*010 null allele will have no effect on cell surface MICA expression compared to wild-type cells. Accordingly, cells
sorted for upregulated MICA surface expression should be enriched for cells with deletion of the MICA*004 allele if transcriptional interference occurs in cis.

H MICA surface expression of cells at different stages of the experiment. After CRISPR deletion of the upstream promoter, there is a population of cells with
upregulation of MICA expression (middle panel) and this population was sorted for further analysis (lower panel).

I PCR analysis of the CRISPR-deletion genotype for each allele before and after sorting of cells with upregulated cell surface MICA expression. One of the differences
between the MICA*004 and MICA*010 alleles is at SNP rs2596539 within the upstream promoter outside the deleted region, and this allows differentiation between
the two alleles using restriction digestion prior to PCR amplification. As indicated by the genotype before sorting, CRISPR-mediated deletion of the upstream
promoter arises with equal frequency for both alleles (upper panel). However, consistent with the in cis transcriptional interference hypothesis, the cells that have
high MICA*004 surface expression are enriched for deletion of the in cis MICA*004 upstream promoter compared to the MICA*010 upstream promoter (lower panel).
The difference in the enrichment of MICA*004 compared to MICA*010 upstream promoter deletion is modest as the majority of the sorted cells have biallelic
deletion. Error bars represent standard deviations of four replicates. NS not significant; **P < 0.01, Student’s t-test.
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signal in this region, demonstrating that the majority of this signal

arose from transcription initiation from the downstream promoter

(Fig EV3D). Interposition of a transcription terminator between the

two promoters caused a significant increase in the ChIP signal seen

at the downstream promoter, indicating that run-through transcrip-

tion from the upstream promoter exerts an inhibitory effect on

transcription initiation at the downstream promoter (Fig EV3D).

Overall, these data together confirm that the upstream promoter

represses MICA expression from the standard promoter in cis

through transcriptional interference.

To define the input–output characteristics of the MICA dual-

promoter system, we created further sets of isogenic cell lines with

theMICA gene engineered to be tuneable at the upstream or standard

promoter (Fig 4A, Appendix Table S1). When the core upstream
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Figure 3. Transcriptional interference of the standard MICA promoter by the upstream promoter.

A Generation of the site-directed BAC reporter cell line. The acceptor cell line was generated such that it carries only a single copy of a landing site containing a
neomycin-resistance cassette under the control of a PGK promoter. The neomycin cassette was flanked by variants of LoxP sites (Lox-LE and Lox511), and the entire
inserted locus was insulated at both ends by HS4 insulators. The donor BAC constructs contain the MICA locus flanked on one side by a Lox-RE site followed by a
promoterless hygromycin-resistance cassette, and on the other side by a Lox511 site compatible with the one in the landing site. Following co-transfection of the
donor BAC construct and a Cre recombinase expression plasmid into the acceptor cell line, the ensuing Cre-Lox recombination results in irreversible exchange of
the neomycin cassette in the cell with the insert containing the MICA locus from the BAC.

B Diagram of BAC constructs used to generate modified isogenic cell lines by recombinase-mediated cassette exchange. Four different constructs were created: wild
type (WT), deletion of the core standard promoter (SPdel), deletion of the core upstream promoter (UPdel) and insertion of a transcription terminator between the
two promoters (Ter). The primary transcripts generated are shown below the constructs.

C, D Transgenic (C) or endogenous (D) MICA upstream and standard transcript expression measured by qPCR in modified isogenic cell lines carrying a transgenic 53-kb
MICA locus. Deletion of the upstream promoter or insertion of a transcription terminator between the promoters led to increased expression of the transgenic MICA
standard transcript; no effect was seen on the endogenous transcripts. Error bars represent standard deviations of multiple independently generated clones (n = 2–
4, Appendix Table S1). NS, not significant; *P < 0.05, ***P < 0.001, Student’s t-test.

E, F Flow cytometric analysis of transgenic MICA surface expression in isogenic cell lines carrying a transgenic 53-kb MICA locus. Bar chart of mean fluorescent intensity
is shown in (E), and histograms of representative clones in (F). Consistent with in cis transcriptional interference, expression of the transgenic MICA protein was
upregulated by deletion of the upstream promoter or insertion of a transcription terminator between the two promoters. Error bars represent standard deviations
of multiple independently generated clones (n = 2–4, Appendix Table S1). *P < 0.05, ***P < 0.001, Student’s t-test.
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promoter was replaced with a doxycycline-inducible promoter, doxy-

cycline treatment induced dose-dependent upregulation of the trans-

genic upstream transcript, downregulation of the standard transcript

in cis and downregulation of the encoded MICA protein (Figs 4B and

C, and EV4B). As predicted, no in trans effect was observed on

expression of the endogenous upstream or standard MICA tran-

scripts (Fig EV4C). The wild-type upstream and standard promoters

did not respond to doxycycline, confirming that repression of the

transgenic standard promoter is caused directly by the induction of

the upstream promoter with doxycycline (Fig EV4D). Mathematical

analysis of the steady-state response curve shows that the transcrip-

tional activity arising from the standard promoter is in a simple

reciprocal relationship with the transcriptional activity arising from

the upstream promoter (Fig 4D). Expression of the transgenic

upstream or standard MICA transcripts in cells with the native

upstream promoter or with upstream promoter deletions maps onto

this response curve (Fig 4D). This shows that different upstream

promoters, which drive quantitatively similar levels of transcription,

give rise to similar levels of transcriptional interference; it is the

strength of transcription from the upstream promoter, rather than

the identity of the promoter, that drives the observed transcriptional

interference. Timecourse analysis of upstream and standard tran-

script expression following doxycycline treatment demonstrates that

transcription from the upstream promoter is rapidly followed by a

shutdown of transcription from the standard promoter (Fig 4E and

F). The decline in the steady-state level of the standard transcript is

slower than the rise in the upstream transcript due to the longer half-

life of the standard transcript. Replacement of the standard MICA

promoter with a doxycycline-inducible promoter confers dose-

dependent induction of the standard MICA transcript and cell surface

MICA protein expression, but has no effect on expression of the

upstream transcript (Fig EV4A, E and F). This confirms that tran-

scriptional interference between the two promoters is unidirectional,

and further excludes promoter competition as the mechanism for

transcriptional interference. This observation reflects the unidirec-

tional nature of the underlying transcription.

Transcriptional interference is synchronous with
FACT recruitment

The process of transcription is associated with changes in histones

along the path taken by the polymerase. We tested whether
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Figure 4. Characterization of intragenic transcriptional interference in MICA.

A Diagram of BAC constructs used to generate modified isogenic cell lines in which a doxycycline-inducible promoter was positioned to drive transcription of the
upstream transcript (UP-Dox) or standard transcript (SP-Dox).

B, C Dose-dependent changes of transgenic upstream and standard transcript levels in isogenic cells in which expression of the upstream transcript are driven by
doxycycline. Doxycycline induced expression of the transgenic upstream transcript (B) and caused a fourfold dose-dependent reduction in expression of the
transgenic standard transcript (C). Error bars represent standard deviations of three replicates.

D Mathematical modelling of the dose-dependent regulation of expression of the standard transcript by the upstream promoter (UP-Dox). Data from doxycycline-
treated cells (black) up to the dose with maximum transcriptional interference (0–7.5 ng/ml) fitted to a reciprocal function as shown. Data from wild-type clones
and clones with deletion of the upstream promoter are represented in red. Error bars represent standard deviations of three replicates.

E, F Timecourse of change in expression of the transgenic upstream (E) or standard (F) transcript in an isogenic cell line in which expression of the upstream transcript
is driven by doxycycline (7.5 ng/ml) or mock control. Error bars represent standard deviations of three replicates.

G–I ChIP analysis of H3K36me3 (G), H4K20me3 (H) and Spt16 (I) modifications at the transgenic and endogenous standard promoter over time following induction of
the transgenic upstream transcript by doxycycline (7.5 ng/ml). Error bars represent standard deviations of three replicates.
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deposition of candidate histone modifications was involved in tran-

scriptional interference in the MICA gene. By combining MICA allele-

specific restriction digestion and chromatin immunoprecipitation

(ChIP), we were able to analyse independently a range of histone

modifications at both the transgenic and endogenous MICA promot-

ers in the sets of modified isogenic cell lines (Fig 3B). H3K36me3, a

histone mark cotranscriptionally recruited by elongating polymerase

and involved in silencing of cryptic transcription within gene bodies

(Carrozza et al, 2005; Keogh et al, 2005), is decreased at the trans-

genic standard MICA promoter when transcriptional interference is

inhibited by deletion of the upstream promoter or by interposition of

a transcription terminator between the two promoters (Fig EV3E).

The upstream promoter deletion and transcription terminator inter-

position both decrease the repressive mark H4K20me3 (Jorgensen

et al, 2013; Fig EV3F) and increase the histone variant H2A.Z

(Fig EV3J), but not pan-histone H3, H3K27ac or the promoter mark

H3K4me3 (Fig EV3G–I). No changes were seen at the endogenous

loci, demonstrating the in cis nature of the underlying mechanisms.

To further clarify the role of these markers in transcriptional

interference in MICA, we studied dynamic changes in histone modi-

fications over time following induction of transcriptional interfer-

ence (Fig 4A). When transcriptional interference was induced by

expression of the upstream transcript from a doxycycline-inducible

promoter, there was progressive enrichment of H3K36me3 and

H4K20me3 in cis at the transgenic standard MICA promoter (Fig 4G

and H), but not of the other markers (Fig EV4G–J). However, the

increases seen with H3K36me3 and H4K20me3 were gradual

(Fig 4G and H), in contrast with the rapid induction of upstream

transcript expression and the rapid onset of transcriptional interfer-

ence (Fig 4E and F). This suggests that H3K36me3 and H4K20me3

deposition lags behind the transcriptional interference and, there-

fore, may not be acutely causative of the transcriptional interfer-

ence.

The histone chaperone FACT plays a role in nucleosome remod-

elling during transcription (Belotserkovskaya et al, 2003), and ChIP

analysis demonstrated that the signal for the Spt16 subunit of FACT

at the transgenic standard downstream promoter was reduced by

deletion of the upstream promoter or interposition of a transcription

terminator between the two promoters (Fig EV3K). When expres-

sion of the upstream transcript was driven by the doxycycline

promoter, the Spt16 signal rose rapidly at the downstream promoter

(Fig 4I) with a timecourse that is synchronous with that of tran-

scriptional interference itself and changes much faster than the

changes in histone marks. This is consistent with a role in transcrip-

tional interference for events involved in the nucleosome remod-

elling associated with elongation of the upstream transcript through

the downstream standard promoter.

IFN-c and IL-4 regulate MICA through
transcriptional interference

Evolutionary conservation of the MICA tandem promoter arrange-

ment suggests that transcriptional regulation of the upstream

promoter and the associated transcriptional interference may have

biological value. Bioinformatic analysis revealed a highly conserved

binding site within the upstream promoter for the activating tran-

scription factor interferon regulatory factor 1 (IRF1), and we anal-

ysed the possible regulatory function of this site (Fig 5A; Tanaka

et al, 1993; Rettino & Clarke, 2013). ChIP assays demonstrated that

IFN-c treatment of primary human arterial endothelial cells induces

binding of IRF1 to the upstream promoter and not to the standard

promoter (Fig 5B). Specific binding to the IRF1 site was confirmed

using supershift and competition electrophoretic mobility shift

assays (EMSAs) for IRF1 (Fig 5C and Appendix Fig S1). Reporter

assays confirmed that the upstream promoter, but not the standard

promoter, was inducible by IFN-c treatment of endothelial cells and

that the induction was mediated through the IRF1 binding site

(Fig 5D). Together, these data confirm that IFN-c activates the

upstream promoter through inducible binding of IRF1 to the

conserved IRF1-binding site. Therefore, we hypothesized that acti-

vation of the upstream promoter through this site would act by in

cis transcriptional interference to downregulate expression of the

standard promoter and so of MICA protein expression. As predicted,

IFN-c treatment activated the upstream promoter leading to expres-

sion of the upstream transcript and downregulation of the standard

MICA transcript and of protein expression, consistent with transcrip-

tional interference (Fig 5E and F).

Conversely, further examination of the upstream promoter

sequence revealed a conserved binding site for the transcription

repressor E4BP4 (Fig 6A; Cowell et al, 1992). E4BP4 has been

shown to play a role in the B-cell response to interleukin-4 (IL-4),

which promotes immunoglobulin class switching in B cells (Tangye

et al, 2002; Kashiwada et al, 2010). We hypothesized that induction

of E4BP4 by IL-4 would downregulate activity of the upstream

promoter and expression of the upstream transcript, so reducing

transcriptional interference and increasing expression of the stan-

dard coding MICA transcript. Consistent with this, treatment of

primary B cells with IL-4 increased binding of E4BP4 to the

upstream promoter as evidenced by ChIP (Fig 6B), downregulated

expression of the upstream transcript and induced expression of the

standard coding MICA transcript and of MICA protein expression at

the cell surface (Fig 6C–E). Reporter assays and EMSA studies using

cells transfected with E4BP4 confirmed that E4BP4 represses the

upstream promoter activity through specific binding to the E4BP4

site (Appendix Fig S2A and B). Across multiple individual donors,

the magnitude of downregulation of the upstream transcript corre-

lated reciprocally with the upregulation of the standard transcript

(Fig 6F).

CAGE-seq data are consistent with transcriptional interference in
other genes

The expression of transcripts from upstream promoters in many

other human genes raises the possibility that transcriptional interfer-

ence could be involved in transcriptional regulation in genes other

than MICA. To survey this possibility, we analysed CAGE-seq data

sets because CAGE-seq provides good clarity about which promoter

a transcript arises from (Carninci et al, 2006). We identified promot-

ers which had been experimentally validated (Dreos et al, 2013)

and selected the subset of these promoters that formed tandem

promoter systems. Data sets for analysis included CAGE-seq data

sets from the FANTOM5 project of transcript expression at multiple

time points following a stimulus (Arner et al, 2015). We determined

the trajectory of expression over time in all transcripts that were

expressed. For tandem promoter systems, we identified patterns of

monotonic transcript expression that were consistent with
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transcriptional interference—that is, an increase in the level of tran-

script arising from the upstream promoter associated with a fall in

the level of transcript arising from the downstream promoter, or a

fall in the level of transcript arising from the upstream promoter

associated with an increase in the level of transcript arising from the

downstream promoter (Table EV1). Across multiple human and

mouse data sets, we found a substantial number of cases where

there was a reciprocal pattern of transcript expression analogous to
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Figure 5. Regulation of MICA by IFN-c through transcriptional interference.

A Diagram of the upstream promoter with the IRF1 binding site highlighted in yellow.
B ChIP analysis of the upstream promoter and standard promoter regions of the endogenous MICA locus for binding of the transcription factor IRF1 in primary human

arterial endothelial cells following interferon-c (IFN-c) treatment. Interferon-c causes substantial binding of IRF1 to the upstream promoter, but not to the standard
promoter. Error bars represent standard deviations of three replicates.

C Electrophoretic mobility shift assay (EMSA) showing in vitro binding of IRF1 to the upstream promoter following interferon-c treatment of primary human arterial
endothelial cells. Nuclear extracts (NE) of cells treated with interferon-c (IFN-c) or untreated (NM) were pre-incubated with anti-IRF1 antibody or control anti-cFos
antibody before the addition of 32P-labelled probe containing the wild-type IRF1 binding site of the MICA upstream promoter.

D Reporter assays in primary human arterial endothelial cells demonstrate that the upstream promoter activity is increased by interferon-c (IFN-c) treatment and that
this effect is abolished by mutation of the IRF1 binding site. The standard promoter does not contain any predicted IRF1 binding site and did not respond to
interferon-c. Error bars represent standard deviations of biological triplicates. NS, not significant; *P < 0.05, Student’s t-test.

E Flow cytometry of MICA surface expression in primary human arterial endothelial cells treated with interferon-c.
F Interferon-c treatment of primary human arterial endothelial cells increased expression of the upstream transcript (red) over time and reduced expression of the

standard transcript (black). Fold change over mock-treated control is shown. Error bars represent standard deviation of three replicates.
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that seen with MICA. Examples of the transcript trajectories over

time following a stimulus are illustrated in Fig 7. This analysis indi-

cates that in higher eukaryotes there are multiple genes with tandem

promoters displaying reciprocal patterns of transcript expression

consistent with transcriptional interference.

Discussion

We studied the function of a set of tandem intragenic promoters in

the transcriptional regulation of MICA. We found that transcription

from the upstream promoter represses MICA expression through

transcriptional interference. Transcriptional interference of MICA

occurs in cis through transcriptional elongation from the upstream

promoter over the downstream standard MICA promoter. The tran-

scriptional interference is independent of the transcript generated

from the upstream promoter. Deletion of the upstream core

promoter or insertion of a transcription terminator downstream of

the upstream promoter removes the transcriptional interference, but

only in cis, demonstrating the requirement for overlapping transcrip-

tion. Quantitative analysis, using an experimental system in which

the upstream promoter activity is tuneable under the control of

doxycycline, showed that the level of transcriptional interference

observed was similar with either the native upstream promoter or

with a heterologous promoter of equivalent strength. Therefore,

transcription from an upstream promoter is sufficient for transcrip-

tional interference; the degree of transcriptional interference

depends on the strength of transcription from the upstream

promoter, rather than the identity of the upstream promoter. Varia-

tion in the extent of transcriptional interference between different

cell types will be influenced by differing transcription factor land-

scapes and so the strength of the transcriptional drive from each
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Figure 6. Regulation of MICA by IL-4 through transcriptional interference.

A Diagram of the upstream promoter with the E4BP4 binding site highlighted in yellow.
B ChIP analysis of the upstream promoter and standard promoter regions of the endogenous MICA locus for binding of the transcription factor E4BP4 in primary

human B cells following interleukin-4 (IL-4) treatment. Interleukin-4 causes substantial binding of E4BP4 to the upstream promoter, but not to the standard
promoter. Error bars represent standard deviations of three replicates.

C MICA surface expression on primary human CD19+ B cells in PBMC from five different donors treated with interleukin-4 (IL-4) for 3 days. Cells were gated on the
CD3�CD19+ population. Data shown are mean fluorescence intensity with the isotype control subtracted. P-value is from paired Student’s t-test.

D–F Interleukin-4 (IL-4) treatment of primary human B cells from 11 donors reduced expression of the upstream transcript (D) and increased expression of the standard
transcript (E). P-values are from paired Student’s t-test. Linear regression (F) demonstrates a reciprocal correlation between changes in expression of the upstream
transcript and of the standard transcript in response to interleukin-4 treatment. Pearson’s correlation coefficient r and associated P-value are shown.
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promoter. Intragenic transcriptional interference thus constitutes a

general mechanism available for regulation of human genes with

tandem promoter configuration.

Current knowledge about the role of transcriptional interference

in gene regulation in mammals is limited. The few known examples

of mammalian transcriptional interference are developmentally or
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Figure 7. Tandem promoter transcript expression patterns consistent with transcriptional interference.

Transcript levels from tandem promoter pairs for genes from the FANTOM5 CAGE-seq data sets over time following the indicated stimuli are shown as log2 fold change, with
the upstream promoter transcript in red and downstream promoter transcript in black. Coordinates of promoter windows used for counting expression levels are shown in
Appendix Table S5. Reciprocal changes in expression from tandem promoter pairs are consistent with transcriptional interference.
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ontologically regulated genes studied in model organisms. These

genes are all controlled by tissue-specific promoters or enhancers

that are subject to epigenetic modifications established during the

cell differentiation programme, and some are special cases of genes

that undergo developmental imprinting with irreversible epigenetic

silencing due to antisense transcriptional interference (Abarrategui

& Krangel, 2007; Racanelli et al, 2008; Latos et al, 2012; MacIsaac

et al, 2012). In these examples, transcriptional interference has been

demonstrated by genetic deletion of the interfering promoter or

insertion of a transcription terminator. However, the long delay

from genetic manipulation in stem cells to examining the effect of

transcriptional interference in differentiated cells makes it difficult

to establish the mechanism of transcriptional interference. In partic-

ular, it has been an open question whether overlapping transcrip-

tion itself is sufficient for transcriptional interference without the

involvement of the widespread epigenetic changes that occur during

the cell differentiation process. It has also been unclear whether

transcriptional interference can mediate real-time regulatory

changes in gene expression.

Given the shortcoming of the chronic steady-state genetic

approaches, we developed a cellular model with tuneable control of

the interfering upstream promoter of MICA to study quantitative

aspects of transcriptional interference in real time. Timecourse anal-

ysis of transcriptional activity from both upstream and standard

downstream MICA promoters, as well as histone modification at the

downstream promoter, show that transcriptional interference occurs

rapidly without the involvement of histone modifications such as

H3K36me3, previously known to be associated with transcriptional

interference (Houseley et al, 2008). Therefore, overlapping tran-

scription itself is sufficient to interfere with downstream promoter

activity in real time for the MICA gene.

The timecourse of transcriptional interference is similar to that

seen for changes in occupancy of the Spt16 subunit of the FACT

histone chaperone at the downstream promoter. FACT plays a role

in elongation of the polymerase through nucleosomes and, as the

polymerase advances, is involved in both nucleosome destabiliza-

tion and nucleosome reassembly (Belotserkovskaya et al, 2003). In

yeast, FACT mutants are associated with cryptic transcription initia-

tion, indicating a role for the FACT-mediated nucleosomal recovery,

which follows polymerase nucleosomal navigation, in the inhibition

of transcription initiation (Kaplan et al, 2003). During transcrip-

tional interference, elongation of Pol II through the downstream

standard promoter will be associated with nucleosomal reassembly

in the wake of the polymerase and this reassembly may render the

promoter relatively unfavourable for transcription initiation

compared to the situation when there is no run-through transcrip-

tion. This is consistent with a model of transcriptional interference

in which transcription through the downstream promoter reduces

the likelihood of initiation at that promoter (Fig 8).

We also used this tuneable system to study the stimulus–

response relationship of transcriptional interference at equilibrium

by varying the strength of the upstream promoter. The only previ-

ous attempt to quantitatively study eukaryotic transcriptional inter-

ference was in yeast and only assessed activity of the downstream

promoter directly, leaving the quantitative relationship between

downstream promoter activity and upstream promoter activity

unclear (Buetti-Dinh et al, 2009). Our quantitative analysis demon-

strates a simple reciprocal relationship between the activities of the

two promoters, analogous to the classical repressor model that

describes the repression of gene expression through binding of a

transcription repressor to a single-copy binding site. This is consis-

tent with transcriptional elongation over the downstream promoter

as the physical basis for the transcriptional interference.

By virtue of its mechanism, the transcriptional interference that

we have defined has distinct characteristics compared to other forms

of gene regulation. Firstly, transcriptional interference is highly

PolIIPolII
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AAAAAA φ
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No transcriptional interference
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Figure 8. Model of transcription interference in MICA.

The upstream promoter of MICA encodes an unstable noncoding transcript which is subject to rapid degradation (φ), whereas the downstream promoter encodes the
functional MICA protein. As illustrated in the lower panel, transcription from the upstream promoter inhibits transcription initiation at the downstream promoter and this
transcriptional interference involves recruitment of the histone chaperone FACT.
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specific in its effect. Information about upstream promoter activity is

transmitted locally in cis through the elongating transcription

complex directly to the downstream promoter. The specificity of

transcriptional interference is endowed by the physical linkage and

linear proximity of the two promoters and is thus restricted locally

in cis. This use of the local linear gene structure does not require the

transport—by diffusion or other means—of soluble trans-factors. In

contrast, transcription factor or repressor or RNA-based gene regula-

tion requires the remote production of the soluble mediator, its phys-

ical movement to the target site in trans, and then specific molecular

interaction between the regulator and target molecules.

Secondly, transcriptional interference allows a very fast response

to a regulatory input: information from the upstream promoter is

transmitted rapidly along the DNA molecule at the speed of tran-

scription. With trans-factors, there is the obligate time lag deter-

mined by the production or activation of the mediating factor and its

transport to the site of action through either diffusion or active

recruitment. Repressor-based transcription silencing may trigger

long-term locuswide gene silencing through mechanisms such as

heterochromatin formation with DNA methylation (Bintu et al,

2016). In contrast, the repressed state of transcriptional interference

requires a strong and active upstream promoter within an active

chromatin environment, which allows rapid upregulation of tran-

scription from the downstream promoter when the transcriptional

interference is reduced.

Thirdly, transcriptional interference allows the polarity of a regu-

latory input to be inverted, an input that increases transcription

from the upstream promoter will reduce transcription from the

downstream promoter. During evolution, a tandem promoter gene

structure suitable for transcriptional interference may arise from a

genetic duplication event or the insertion of transposable elements

containing an upstream promoter. This can add sites for pre-existing

transcription factors as new regulatory inputs to the gene and if

transcriptional interference occurs, then the effect of these transcrip-

tion factors on the downstream promoter—and so on transcription

of the coding transcript—will be opposite to the effect on the

upstream promoter itself. In this way, for a given gene, activating

regulatory pathways can be converted into repressive pathways or

vice versa without the need for new molecules to evolve. Conse-

quently, the binding of a cis-acting transcription activator or repres-

sor may have the opposite effect to that anticipated, if the binding

affects the activity of an upstream promoter involved in transcrip-

tional interference. This needs to be considered in bioinformatic and

functional genomics studies of genetic variations associated with

phenotypic traits or diseases in genomewide association studies

(Hardy & Singleton, 2009; Price et al, 2015).

These characteristics of the transcriptional interference that we

have identified are all pertinent to the evolution and function of

MICA. Regulatory inputs which lower transcription from the

upstream promoter can result in a rapid increase in transcription of

the downstream coding transcript and so promote a prompt attack

by immune cells expressing the NKG2D receptor (Bauer et al, 1999;

Wu et al, 1999). A timely MICA response would be advantageous in

defence against cancer or virus infection. The tandem promoter

system in MICA allows for evolutionary selection within either

promoter of binding sites for regulatory inputs, which allows expan-

sion in the number and complexity of the physiological inputs that

converge at the MICA promoter. Thus, a given regulatory input

could drive transcription from either the upstream or the down-

stream promoter and so increase or decrease production of the

downstream coding transcript. Such evolutionary selection at the

MICA locus has no direct effects on the gene regulatory pathways

themselves and so remains highly specific for MICA. Correct func-

tional interpretation of the regulatory polymorphisms at the MICA

locus is only possible if the polarity-reversing effect of transcrip-

tional interference on regulatory inputs is incorporated.

We demonstrated the conversion of an activator into a repressor

and vice versa in the regulation of MICA by IFN-c and IL-4 through

the IRF1 and E4BP4 transcription factors, respectively. Downregula-

tion of MICA mRNA expression by IFN-c has been observed previ-

ously (Zhang et al, 2008; Schwinn et al, 2009; Yadav et al, 2009),

but the molecular mechanism was not clear. One report proposed

that the miR-520b miRNA might mediate this effect by direct action

on both the MICA promoter and the MICA 30UTR, but blocking miR-

520b failed to block IFN-c induced MICA expression (Yadav et al,

2009). Our results demonstrate that IFN-c acts via IRF1 to regulate

MICA expression at the transcription level through transcriptional

interference. Transcriptional interference alters the polarity of the

IFN-c effect from activator to repressor. Conversely, IL-4 acts via the

transcriptional repressor E4BP4 to upregulate MICA. In this case,

transcriptional interference inverts a negative gene regulation mech-

anism into one that positively upregulates expression of MICA.

The finding of intragenic transcriptional interference in MICA

may lead to re-evaluation of the function of additional upstream

promoters in other human genes. Previous studies have focused

largely on the protein coding potential of the transcripts from these

promoters, some of which may encode proteins with altered N-term-

inal sequence compared to the reference transcripts (Kimura et al,

2006). Our findings expand the scope of additional upstream

promoter function. A tandem promoter gene structure results in

promoter-specific exon 1 usage with potentially shared downstream

sequence and strictly implies overlapping transcription. Overlapping

transcription is sufficient to cause transcriptional interference in

MICA, so tandem promoter gene structures in other genes may also

have undergone evolutionary selection for their capacity to shape

gene expression through transcriptional interference. For some of

these genes, the spliced transcripts from the additional upstream

promoter may be merely by-products of transcription. The produc-

tion of these transcripts does impose an energetic cost, but their

transcription is essential for transcriptional interference to occur.

Early termination of the transcripts before they reach the down-

stream promoter would abolish the transcriptional interference. This

requirement for their transcription will impose an evolutionary pres-

sure to maintain them if the regulatory mechanisms that the

upstream promoters confer have sufficient survival value. In MICA,

the transcript arising from the upstream promoter is rapidly elimi-

nated by the nonsense-mediated decay pathway, which will mini-

mize any further unnecessary energetic expenditure, such as

nonproductive protein translation.

Overall, these findings demonstrate that intragenic transcrip-

tional interference plays a role in the transcriptional regulation of

the MICA gene and is mediated by read-through transcription. These

findings provide a roadmap for manipulating MICA expression for

therapeutic benefit, especially in cancer immunotherapy. Intragenic

transcriptional interference in an endogenous human gene repre-

sents a hitherto unrecognized and potentially important modality of
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transcriptional regulation. A large number of human genes express

transcripts from upstream promoters, so intragenic transcriptional

interference may be widespread. The CAGE-seq analysis indicates

that multiple human and mouse genes with tandem promoter

systems display a pattern of reciprocal changes in transcript expres-

sion similar to that seen with transcriptional interference in MICA.

This analysis demonstrates that transcriptional interference may be

involved in the regulation of many genes in higher eukaryotes,

which has implications for the study of transcriptional regulation in

such genes. A tandem promoter system allows evolutionary varia-

tion in the MICA gene to capture a wide range of activating tran-

scription factor pathways to upregulate standard MICA expression

through the standard promoter or to downregulate it through the

upstream promoter. Intragenic transcriptional interference actuates

an integration of two opposing sets of inputs, one set from each

promoter. The evolutionary conservation of the tandem promoter

configuration in this gene and many other human genes attests to

its likely survival value.

Materials and Methods

Reagents

Chemicals were obtained from Sigma, and enzymes for molecular

biology from NEB, unless otherwise stated. Interferon-c and inter-

leukin-4 were from eBioscience. Primers were from Invitrogen or

Integrated DNA Technologies. Primer sequences are listed in

Appendix Table S2.

Cell lines and primary cells

HeLa, HT1080, 293T, T47D cell lines and human skin fibroblasts

were maintained in Dulbecco’s Modified Eagle Medium (Sigma)

supplemented with 10% foetal calf serum (First Link) (D10).

Human aortic arterial endothelial cells (Invitrogen) were maintained

in Medium 200 with Low Serum Growth Supplement (Invitrogen).

Human iPSC cells SFC840-03-03 (Fernandes et al, 2016) were

cultured in mTeSR1 (StemCell Technologies) on plates coated with

hESC-qualified Matrigel Matrix (BD Biosciences). Cell lines were

confirmed to be free of mycoplasma contamination using MycoAlert

Mycoplasma Detection Kit (Lonza). Peripheral blood mononuclear

cells (PBMCs) were enriched from fresh human blood by Ficoll

density centrifugation. Prior written consent was obtained from

healthy blood donors (Ethical approval: South Central-Hampshire B,

reference 13/SC/0392). Primary B cells were isolated from PBMC by

MACS using CD19 MicroBeads (Miltenyi Biotec). The purity of B

cells was consistently over 95% as determined by flow cytometry

using anti-CD19-APC (eBioscience 17-0199-73) and anti-CD20-FITC

(AbD Serotec MCA1822F) antibodies. Purified PBMC or B cells were

cultured in RPMI1640 medium with 10% foetal calf serum. Primary

monocytes and T cells were isolated from PBMC by MACS using

CD14 or CD3 MicroBeads (Miltenyi Biotec), respectively.

Plasmid construction

BAC modification/retrofitting plasmids were constructed by stan-

dard cloning techniques using conditional replicating pSG80A

plasmid in the pir116 strain. Plasmid pBS-Landing carrying the land-

ing site for site-directed recombinase-mediated cassette exchange

(RMCE) was constructed by sequential insertion of functional

cassettes into the pBluescript plasmid. Luciferase reporter plasmids

were constructed by cloning the MICA standard or upstream

promoter into the pGL3 Basic or pGL4.10 plasmid. pHR-SIN-rtTA3

the lentiviral plasmid for expression of the rtTA3 doxycycline-

responsive transactivator was constructed by cloning rtTA3 into

pHR-SIN-BX-IRES-Emerald. CRISPR plasmids were constructed

based on the PX458 plasmid (Ran et al, 2013). dCas9-based targeted

transcription activation plasmids were constructed based on the

UniSam plasmid with mCherry replaced with EGFP (Fidanza et al,

2017). The source of plasmids and detailed steps of plasmid

construction are listed in Appendix Table S3. The inserts for all of

the plasmids were verified by sequencing.

BAC modification

BAC modification was carried out by lambda red-based recombi-

neering. Briefly, pRed/ET plasmid was first transformed into DH10B

cells harbouring the target BAC to make the cells recombineering-

proficient. Markerless mutations were then introduced into the BAC

using an rpsL-neo-based positive/negative selection system, by first

tagging the mutation site with an rpsL-neo cassette using a PCR

product with 50-bp homologous arms and selection with kana-

mycin. The rpsL-neo cassette was then replaced using linear DNA

fragments cut from plasmids that carry the intended mutations and

500- to 1,000-bp homology arms with streptomycin counterselec-

tion. BAC truncation, concatenation and retrofitting steps were

carried out by recombineering using linearized plasmid or BAC

fragments containing bacterial selection markers and over 50-bp

homology arms. Following recombineering, temperature-sensitive

pRed/ET plasmid was removed by plating cells at 37°C.

In total, reporters with six different 53-kb BAC inserts and four

different 161-kb BAC inserts were constructed. The 53-kb BAC

reporters were generated from BAC CH501-248L24, and the 161-kb

BAC reporters from BAC CH501-248L24 and CH501-181B23

(BACPAC Resources Center, CHORI). Both CH501-248L24 and

CH501-181B23 are derived from the PGF cell line, which carries a

MICA*00804 haplotype. All the BAC constructs were engineered to

contain synonymous mutations in the MICA exon 2 coding region to

facilitate discrimination of transgenic and endogenous MICA by

allele-specific PCR. Appendix Table S4 lists the detailed steps of the

BAC modifications. Each step was verified by restriction digest and

pulsed-field gel electrophoresis using the CHEF II system (Bio-Rad).

Markerless mutations introduced into the BAC were verified by

sequencing. Endotoxin-free BAC DNA was purified using the Phase-

prep BAC DNA extraction kit (Sigma).

Generation of acceptor cell line for BAC RMCE

The acceptor cell line carrying a single-copy landing site was gener-

ated by transient transfection of ScaI-linearized pBS-Landing plas-

mid into HT1080 cells by nucleofection using Cell Line Nucleofector

Kit V and Nucleofector II Device (Lonza), followed by selection with

500 lg/ml G418 (Calbiochem). Single clones were picked using

cloning cylinders, expanded and screened first by PCR to check the

integrity of the landing site, then by Southern blot using three
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different restriction enzymes to check the copy number of the insert.

One clone designated HT1080-L3N9 was confirmed to carry a

single-copy landing site and was used for the subsequent generation

of BAC RMCE clones. The stable HT1080-L3N9 acceptor cell line

was maintained in D10 medium with 250 lg/ml G418.

Generation of site-directed BAC RMCE clones

BAC RMCE clones were generated by co-transfection of BAC and

pCre-Pac plasmid into the HT1080-L3N9 acceptor cell line using

GeneJuice transfection reagent (Merck) followed by selection with

250 lg/ml hygromycin (Calbiochem). Single clones were picked

using cloning cylinders (Sigma), expanded, and genomic DNA was

extracted using the ZR-96 Genomic DNA Kit (Zymo Research) for

verification by PCR. PCR-verified clones were then screened by flow

cytometry to exclude hyperploid clones based on forward and side-

scattering properties and propidium iodide staining for DNA

content. On average, 8% of picked clones successfully passed the

whole screening process (Appendix Table S1). At least two indepen-

dent BAC RMCE clones were generated for each BAC construct.

Stable BAC RMCE clones were maintained in D10 medium with

125 lg/ml hygromycin. For functional assays, clones were cultured

in hygromycin-free medium for at least 48 h before the start of the

experiments. Transgenic MICA expression in BAC RMCE clones was

stable and homogeneous without hygromycin selection for at least

2 months. BAC clones were confirmed to be free of mycoplasma

contamination using MycoAlert Mycoplasma Detection Kit.

Lentivirus production and infection

Lentivirus was generated by co-transfection of the lentiviral expres-

sion plasmid with pMD2.G and psPax2 packaging plasmids into

293T cells. The supernatant was harvested, filtered through a

0.4-lm filter (Millipore) and titrated in HT1080 cells. For the

generation of doxycycline-inducible cells, BAC clones were infected

with pHR-SIN-rtTA3 lentivirus at an MOI of 10 and expanded and

used between 5 and 7 days post-infection. The rtTA3 transactivator

expression is stable with near 100% unimodal expression as

indicated by GFP expression from the bicistronic construct.

RNA ligase-mediated rapid amplification of cDNA
ends (RLM-RACE)

RLM-RACE was carried out using HeLa and HT1080 total RNA and

the ExactStart Eukaryotic mRNA 50- & 30-RACE Kit (Epicentre)

following the manufacture’s protocol with the following modifi-

cations. A longer RNA ligation oligo GCUGAUGGCGAUGAAUGAA

CACUGCGUUUGCUGGCUUUGAUGAAA was used in the ligation

reaction, and reverse transcription was carried out using random

hexamers (Qiagen) and BioScript reverse transcriptase (Bioline).

The RACE product was amplified by nesting PCR using primers

CO4210/606 followed by CO4211/1109, and cloned using the Strata-

clone PCR cloning kit (Stratagene) for sequencing.

RNA analysis

Total RNA was prepared using the Trizol plus kit (Invitrogen) with

the on-column DNase digestion step to remove genomic DNA. Total

bovine and porcine adult kidney RNA (Zyagen), and total human

adult kidney RNA (Clontech) were cleaned up using the Purelink

RNA Mini kit (Invitrogen) with DNase digestion. Total RNA was

reverse transcribed into cDNA using BioScript reverse transcriptase

and random hexamers. Where indicated, oligo-dT was used instead

of random hexamers. Human adult and foetal tissue cDNA panels

were from Clontech. qPCR was carried out using the Fast SYBR

Green Master Mix and StepOne real-time PCR system (Applied

Biosystems). qPCR results were analysed using the DDCt method

and normalized to GAPDH expression for gene expression studies.

Semi-quantitative RT–PCR was carried out using Biotaq polymerase

(Bioline).

The following primers were used for SYBR green-based qPCR

analysis: MICA-ST, CO3706/3707; MICA-UT, CO3705/3708; GAPDH,

CO3744/3745; 18S rRNA, CO3746/3747; ITGB5, CO3740/3741. For

qPCR analysis of endogenous and transgenic MICA transcripts in

BAC RMCE clones, the following primers were used: transgenic

MICA-ST, CO3526/3525; transgenic MICA-UT, CO3705/3525; endoge-

nous MICA-ST, CO3526/4080; endogenous MICA-UT, CO3705/4080.

For semi-quantitative RT–PCR analysis of tissue samples, the following

primers were used: MICA-ST, CO1111/1109; MICA-UT, CO1099/1109;

GAPDH, CO631/632; POLR2F, CO1831/1832. For semi-quantitative

RT–PCR analysis of MIC homologs in human, pig and cow kidney

tissues, the following primers were used: human MICA-ST, CO1111/

1109; human MICA-UT, CO1099/1109; pig MIC2-ST, CO5217/5221;

pig MIC2-UT, CO5219/5221; cow MIC1-ST, CO5218/5222; cow

MIC1-UT, CO5220/5222; human, pig or cow GAPDH, CO5223/5224.

Primer sequences are listed in Appendix Table S2.

mRNA stability measurement

mRNA stability was measured by either global transcription inhibi-

tion using actinomycin D, or metabolic labelling with 4-thiouridine

(4sU, Carbosynth). For measurements based on actinomycin D

treatment, cells were treated with 5 lM actinomycin D, and MICA-

ST or MICA-UT mRNA was quantified independently by qPCR using

cDNA prepared from the same amount of total RNA.

Measurement of mRNA half-life by 4sU metabolic labelling was

based on the protocol described previously (Dolken et al, 2008).

Briefly, total and 4sU-labelled RNA were isolated from proliferating

cells pulsed with 500 lM 4sU for 2 h, and reverse transcribed

into cDNA using BioScript reverse transcriptase and random

hexamers. Enrichment of 4sU-labelled RNA was measured by qPCR.

The half-life of mRNA measured by 4sU labelling is influenced by

the combined effects of mRNA decay and dilution due to cell prolifer-

ation. The half-life was calculated using 18S rRNA as an internal

control, assuming that mRNA decay follows first-order kinetics

and that the half-life of stable 18S rRNA is dominated by cell

proliferation.

Polysome fractionation

Polysome fractionation was carried out based on protocols

described previously (Powley et al, 2009) with the following modifi-

cations: heparin in the sucrose gradient and cell lysis buffer was

replaced with RNasin RNase inhibitor (Promega) at 40 or 100 U/ml,

respectively. RNA was isolated using Trizol-LS (Invitrogen) and

Purelink RNA Mini kit for RNA analysis.
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Flow cytometry

Flow cytometry was carried out as described previously (Lin et al,

2012). The pan-allelic anti-MICA antibody clone 2C10 (Santa Cruz

sc-23870) was used for measuring MICA surface expression in

general. The allele-specific anti-MICA clone 159227 (R&D Systems

MAB1300) was used to detect transgenic MICA surface expression

in RMCE BAC clones. This antibody is an allele-specific antibody

that recognizes the transgenic MICA*008 allele carried by the BAC,

but not the endogenous MICA*007 allele of HT1080 cells. For flow

cytometry of B cells, cells were blocked with Fc receptor-blocking

reagent (Miltenyi Biotec) and stained with anti-CD19-APC (eBio-

science 17-0199-73), anti-CD3-PE-Cy7 (BD Biosciences 557851),

anti-MICA-PE (Santa Cruz sc-23870 PE) and the viability dye LIVE/

DEAD� Fixable Near-IR stain (Invitrogen); the viable CD3�CD19+

B-cell population was gated on for analysis of MICA expression.

Flow cytometry was performed using a BD FACSCanto system (Bec-

ton Dickinson), and data were analysed using FlowJo software

(FlowJo. LLC).

Western blot

Cells were lysed in lysis buffer (50 mM Tris pH 8.0, 150 mM

NaCl, 1% CHAPS) with 1× protease inhibitor cocktail (Roche),

and proteins were separated by SDS–PAGE and transferred to

Immobilon-P PVDF membrane (Millipore). Myc-tagged proteins

were detected using anti-c-myc (clone 9E10) antibody and goat

anti-mouse IgG-HRP secondary antibody (Abcam ab20043). HRP-

conjugated anti-beta actin antibody (Abcam ab49900) was used

as control. HRP signals were detected using ECL Prime reagent

(GE Healthcare) and a ChemiDoc MP imaging system

(Bio-Rad).

siRNA knockdown

Cells were transfected with Silencer Select siRNA targeting MICA-UT

(target sequence GCAGUGGCGCCUAAAGUCU) or Silencer Select

Negative Control siRNA #1 (Ambion) using Oligofectamine Reagent

(Invitrogen).

Electrophoretic mobility shift assay (EMSA)

EMSAs were carried out as described previously (Lin et al,

2012). For EMSA of IRF1, nuclear extracts were prepared from

HAECs treated with 20 ng/ml interferon-c for 24 h. Wild-type

probe containing the IRF-1 binding site of the MICA upstream

promoter was prepared by annealing of oligonucleotides CO3611/

3612 and mutant probe CO3615/3616. Cold competition assays

were carried out by pre-incubation of nuclear extract with 100×

excess of unlabelled cold probe. For supershift assays, nuclear

extract was pre-incubated with 2 lg anti-IRF1 antibody (Santa

Cruz sc-497X) or anti-c-Fos control antibody (Santa Cruz sc-52X)

for 30 min on ice before adding 32P-labelled probe. EMSA for

E4BP4 was carried out using nuclear extracts from 293T cells

transfected with plasmids expressing N- or C- terminal myc-

tagged E4BP4 or control ATF2 transcription factor, and 32P-

labelled probes prepared by annealing oligonucleotides CO2717/

2718.

Reporter assay

Reporter assays were carried out by co-transfection of firefly luci-

ferase reporter plasmid carrying MICA promoter fragments and

control pRL-SV Renilla luciferase plasmid, followed by cell lysis

and luciferase assay using the Dual-Luciferase Reporter Assay

System (Promega) and a TD-2020 luminometer (Turner Designs).

293T, HeLa and HT1080 cells were transfected using GeneJuice

and primary human arterial endothelial cells were transfected

using HCAEC Nucleofector Kit (Lonza), and cells were lysed 48 h

post-transfection. Firefly luciferase reporters were constructed in

pGL3-based plasmids, with the exception of the E4BP4 experi-

ment, in which pGL4-based plasmids were used. This was due to

concern about the presence of an E4BP4 site within the luciferase

gene of the pGL3 plasmid. In the interferon-c experiment, the

upstream promoter reporters carry �78 bp upstream promoter

(MICA-UT-P-78 bp and MICA-UT-P-78 bp-ISREmut) and the stan-

dard promoter reporter carries �2,779 bp standard promoter. In

the E4BP4 experiment, the upstream promoter reporters carry

�702 bp upstream promoter (MICA-UT-P-702 bp and MICA-UT-P-

702 bp-E4BP4mut). Results represented as relative luciferase activ-

ity have been normalized to Renilla luciferase activity and pGL3P

promoter control plasmid luciferase activity for pGL3-based repor-

ters, or pGL4.23 control plasmid activity for pGL4-based

reporters.

Determination of MICA promoter haplotypes

The haplotypes of the MICA promoter in selected cell lines were

determined by PCR sequencing to facilitate identification of suitable

restriction enzymes for allele-specific PCR analysis of the standard

or upstream MICA promoters in ChIP assays and fluorescent PCR

assay. For HT1080 cells homozygous for the MICA*007 allele, the

promoter haplotype was assembled directly (deposited as GenBank

KF724603). For the primary human fibroblasts heterozygous for

MICA*004/010 alleles, the promoter haplotype linked to each allele

was determined by sequencing of the �6-kb MICA promoter region

of the fibroblasts as well as selected EBV-transformed B cells

homozygous for MICA*004 or MICA*010 alleles (IHWG Cell and

DNA Bank). The promoter haplotype linked to the MICA*004 allele

in the fibroblasts was deposited as GenBank KF724624, and

MICA*010 as KF724587.

Chromatin immunoprecipitation

Allele-specific ChIPs were carried out based on the Q2ChIP protocol

(Dahl & Collas, 2007). The following antibodies were used:

H3K36me3 (Abcam ab9050), H3K27ac (Abcam ab4729), H3K4me3

(Abcam ab8580), H4K20me3 (Abcam ab9053), H2A.Z (Abcam

ab4174), H3 (Abcam ab1791), Spt16 (clone 8D2, BioLegend

607002), PolII phospho-Ser5 (clone 1H4B6, Millipore MABE954),

and normal rabbit IgG control (Santa Cruz sc-2027X), mouse IgG2a

isotype control (eBioscience 14-4724-85), and rat IgG2b isotype

control (clone RTK4530, BioLegend 400601). Phosphatase inhibitor

cocktail PhosSTOP (Roche) was included in the buffers for Pol II

phospho-Ser5 ChIP. ChIP DNA was purified using the PCR purifica-

tion kit (Qiagen). For allele-specific amplification of the MICA stan-

dard promoter region from the transgenic MICA allele in RMCE
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clones, ChIP and input control samples were digested with BfaI to

disrupt the endogenous MICA*007 allele promoter region that dif-

fers from the transgenic MICA at SNP rs116135464T, which is sensi-

tive to BfaI. For allele-specific amplification of the same region from

the endogenous allele, samples were treated with TspRI to disrupt

the transgenic MICA*008 allele that differs from the endogenous

MICA at the same SNP. The digestion efficiencies of BfaI and TspRI

exceed 99% as assessed by qPCR analysis of ChIP input samples

prepared from HT1080 cells that carry only the endogenous

MICA*007 allele or 293T cells that carry only the transgenic

MICA*008 allele, respectively. BfaI- or TspRI-treated samples were

analysed by qPCR using primer pair CO6351/6358 for the MICA

standard promoter.

ChIP for IRF1 was carried out similarly using anti-IRF1 antibody

(Santa Cruz sc-497X) or rabbit IgG control (Santa Cruz sc-2027X) on

human arterial endothelial cells treated with 20 ng/ml interferon-c
for 24 h. ChIP for E4BP4 was carried out using anti-E4BP4 antibody

(Santa Cruz sc-9550X) or goat IgG control (Santa Cruz sc-2028) on

primary human B cells treated with 20 ng/ml IL-4 for 24 h. ChIP

and input control samples were digested with BseRI to disrupt

homologous sequences in the genome similar to the MICA upstream

promoter. BseRI-treated samples were then analysed by qPCR using

primer pair CO6696/6699 for the MICA upstream promoter or

CO6351/6358 for the standard promoter.

Transient CRISPR

Primary human arterial endothelial cells or fibroblasts were trans-

fected with CRISPR plasmids targeting the MICA upstream promoter

(pair 1: PX458-C40/C42 or pair 2: PX458-C41/C43), or HLA-B exon1

(PX458-C50/C52) or PDPN exon2 (PX458-C14) as negative controls

by nucleofection using the HCAEC Nucleofector Kit or NHDF Nucle-

ofector Kit, respectively (Lonza). Cells were cultured for 3 days

before being lifted for flow cytometric analysis of surface MICA

expression, or for cell sorting of GFP-positive cells directly into

Trizol-LS using a MoFlo MLS sorter (Beckman Coulter) for RNA

analysis.

Stable CRISPR and allele-specific DNA analysis

Primary fibroblasts were transfected by nucleofection with CRISPR

pairs PX458-C41/43 targeting deletion of the MICA upstream

promoter. Cells were expanded, stained with anti-MICA antibody

(clone 2C10) followed by goat anti-mouse IgG Alexa Fluor 647

secondary antibody (Invitrogen A-21236), and sorted into MICA-

high and MICA-low populations based on MICA surface expression

using a MoFlo MLS sorter. Sorted cells were further expanded, and

genomic DNA was extracted using the DNeasy Blood and Tissue Kit

(Qiagen). For analysis of allele-specific MICA upstream promoter

deletion, genomic DNA was treated with BsrDI, specific for

rs2596539T within the upstream promoter linked to the MICA*010

allele, or BsgI, specific for rs2596539C linked to the MICA*004

allele, for analysis of the MICA*004 and MICA*010 alleles, respec-

tively. BsrDI- or BsgI-treated DNA samples were used for PCR ampli-

fication using CO6392 and 50 6-FAM-labelled CO6395, and 6-FAM-

labelled PCR samples were mixed with GeneScan 500 LIZ size

standard and analysed using a 3730xl DNA Analyzer and Peak

Scanner software (Applied Biosystems).

dCas9-based transcriptional activation

293T cells were transfected with EGFP-based UniSam plasmids

targeting the MICA upstream promoter (UniSamG-MICAUT), MICA

standard promoter (UniSamG-MICAST), or CD43 (UniSamG-CD43)

or CD36 (UniSamG-CD36) promoter as negative controls using

GeneJuice. Cells were harvested 2 days post-transfection for flow

cytometric analysis of surface MICA expression.

Genomewide analysis of CAGE-seq data

Sets of transcriptional start sites for the hg19 and mm9 reference

genomes were downloaded from the Eukaryotic Promoter Database

(Dreos et al, 2013) and extended to create 200-bp promoter

windows centred on each transcriptional start site. Each promoter

window was associated with the nearest UCSC knownGene anno-

tated gene. Overlapping and bookended windows were merged

using BEDTools (Quinlan & Hall, 2010), giving a total of 25,718

and 21,119 promoter windows covering 17,842 and 17,564 genes

in the human and mouse genomes, respectively. FANTOM5 CAGE-

seq timecourse data sets were downloaded from the DNA Data

Bank of Japan (accession numbers DRA000991, DRA002711,

DRA002747, and DRA002748) and analysed for promoter window

tag counts using featureCounts (Liao et al, 2014; Arner et al,

2015). Raw counts were converted to relative log expression-

normalized counts per million (CPM) using edgeR (Anders &

Huber, 2010; Robinson et al, 2010), and libraries with a median

normalized log2CPM < �1 were excluded from the analysis. Mean

expression at each time point was calculated from three biological

replicates in R, and only promoters with a minimum expression of

1 CPM were retained. The Kendall rank correlation coefficient was

calculated for each promoter’s expression over time. Promoters

were paired by gene associations and then filtered to include only

pairs with a positive correlation coefficient for one promoter and a

negative coefficient for the other. Expression values were

converted to log2 (fold change) compared to time 0, and diverging

expression changes over time were visualized for each promoter

pair passing the filter. All plots were generated in R (R Core Team,

2015).

Data availability

Sequences for MICA promoter haplotypes have been submitted to

Genbank with accession numbers KF724603, KF724624 and

KF724587.

Expanded View for this article is available online.
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