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ABSTRACT One-half of the genes in the human genome contain alternative pro-
moters, some of which generate products with opposing functions. Aberrant silenc-
ing or activation of such alternative promoters is associated with multiple diseases,
including cancer, but little is known regarding the molecular mechanisms that con-
trol alternative promoter choice. The SHC1 gene encodes p4635"</p525h< and p66°he,
proteins oppositely regulating anchorage-independent growth that are produced by
transcription initiated from the upstream and downstream tandem promoters of
SHCI, respectively. Here we demonstrate that activation of these promoters is mutu-
ally exclusive on separate alleles in single primary endothelial cells in a heritable
fashion, ensuring expression of both transcripts by the cell. Peripheral blood lym-
phocytes that do not transcribe p66s< transcribed p525h< biallelically. This distinct
monoallelic transcription pattern is established by allele-specific chromosomal loop-
ing between tandem promoters, which silences the upstream promoter. Our results
reveal a new mechanism to control alternative promoter usage through higher-order
chromatin structure.

KEYWORDS alternative promoter interaction, gene silencing, SHCT, allele-specific
transcription

large and growing number of mammalian genes have been found to use alterna-

tive promoters, which appear to represent a widespread mechanism to expand
transcript and protein diversity. Some alternative promoters produce mRNA isoforms
with heterogeneous 5’ untranslated regions that can affect the stability or translation
efficiency of the mRNA variants, including RUNXT1 (1), OTX2 (orthodenticle homeobox 2)
(2) and SHOX (short stature homeobox) (3). Some alternative promoters generate mRNA
isoforms that encode distinct proteins, sometimes having opposing biological activities,
for example LEF1 (4), SHCT (5, 6), and CTNNA3 (7). Aberrant use of one promoter over
another can be associated with various diseases, including cancer (4, 8-10).

One transcriptional process exhibits a suppressive influence on neighboring tran-
scriptional processes through affecting the assembly of preinitiation complexes (11—
13). This phenomenon is termed transcriptional interference and has been observed in
bacteria, yeast, flies, HIV, and mice (14-19). Thus, long-standing questions include how
promoter usage is controlled if multiple promoters are active in one single cell.

SHC1 contains two tandem promoters that generate three proteins, p465"<, p52she,
and p66°h<, which differ only in the length of their amino-terminal sequences. Whereas
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p46°"c and p525h< arise from alternate start codons on a single transcript, p66°he is
generated from a separate transcript. p525"<, whose transcript is generated from the
upstream promoter and constitutively expressed, binds growth factor receptors and
mediates mitogenic Ras signals through recruitment of Grb2 (20). Accordingly, over-
expression of p525hc causes 3T3 cells to become morphologically transformed and
tumorigenic (21). In contrast, p66°h<, whose transcript is generated from the down-
stream promoter, inhibits receptor tyrosine kinase signaling, causes programmed cell
death, and promotes differentiation (22-24). More recently, p66°h< was found to
localize to focal adhesions and permit anchorage sensing through a RhoA-dependent
mechanosensory test of the environment (25). Unlike p52°h<, which permits anchorage-
independent growth when overexpressed, p66°"< is required for detachment-induced
death, or anoikis (25). Consistent with its role in anoikis, p66°"< is expressed in normal
epithelial and endothelial cells but not in hematopoietic cells that survive under
unanchored conditions. Therefore, endothelial cells require expression of both p525h<
and p66°he for proper homeostasis and thus serve as a relevant biological system to
explore the coordinate regulation of multipromoter genes.

In the present study, we explored the transcriptional regulation of p525h< and p66°h<
in primary human umbilical vessel endothelial cells (HUVECs) and found that p52sh<
and p66°he are transcribed from separate alleles in a mutually exclusive fashion. This
novel monoallelic transcription pattern, which is heritable, is enforced by allele-specific
physical interaction between the p66°h< and p525"< promoters. These data reveal a new
mechanism for specification of alternative promoter usage.

RESULTS

p66sh< and p525h< are generated from separate alleles in single HUVECs. Two
tandem promoters of SHCT are separated by 3.736 kb. Analysis of public microarray
data of HUVECs (GSE61989) revealed that SHCT was highly expressed in HUVECs relative
to all transcript signals (Fig. TA). To avoid transcriptional interference and produce
p525hc and p66°he efficiently, one possible way is to generate two transcripts from
separate alleles. We therefore studied the transcription pattern of p66°"< and p525h<
in HUVECs. Human SHCT contains an exonic single nucleotide polymorphism (SNP)
(rs8191981G/A) that allows us to determine the allele-specific transcription of p66°h<
and p523h<. Semiquantitative reverse transcriptase (RT)-PCR showed that this SNP has
no effect on transcription of p66°h< and p52°5h< (Fig. 1B). We purified DNA from 40
human umbilical tissues and genotyped the SNP site. Twelve umbilical tissues were
heterozygous for the G/A polymorphism and were studied further. We purified and
cultured HUVECs from G/A heterozygous umbilical tissues, achieving 97.2% purity as
evaluated by CD105 immunofluorescence staining and fluorescence-activated cell
sorter (FACS) analysis (Fig. 1C and D). We amplified and genotyped p52°h< and p66°5hc
transcripts from 106 HUVECs using the indicated primers (Fig. 1E). p52°h< and p66°he
were transcribed separately from two alleles in 4 of 12 umbilical tissues, with three
umbilical tissues generating p66°"< from the G allele and p52°h< from the A allele and
one umbilical tissue generating p66°"< from the A allele and p523"< from the G allele
(Fig. 1E). Notably, this distinct monoallelic transcription pattern was detected at a
population level, indicating that this transcription pattern is heritable across cell
division.

Given that 8 umbilical tissues showed biallelic transcription of p665"< and p52°h<, we
tested whether the transcription pattern of p66°h< and p525h< in single cells follows the
population average. We amplified and genotyped p525"< mRNA and p66°"< mRNA from
single HUVECs purified from biallelic umbilical tissues. Of 80 single cells, 62 exhibited
mutually exclusive transcription of p525h< and p66°h< from two alleles, with 42 cells
generating p66°"< from the G allele and p525"< from the A allele and 20 cells generating
p66°"< from the A allele and p52°h< from the G allele (Fig. 1F), indicating that p66°5h< and
p525he are still transcribed separately from two alleles in single cells, although the
population exhibited biallelic transcription. To confirm the inheritance of this monoal-
lelic transcription pattern, we purified HUVECs from biallelic umbilical tissues and
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FIG 1 Transcription pattern of p525h< and p66°h< in HUVECs. (A) Public Affymetrix microarray data of HUVECs (GSE61989) were interrogated for SHC1
transcription. Of 20,305 transcripts with expression levels ranging from 3.5 to 14.0, p525< and p66°h< transcripts are quantified as 10.9. (B) Transcription
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established six single-cell-derived clones. Assuming inheritance of monoallelic expres-
sion across cell divisions, all cells within each single-cell-derived clone are expected to
express the same alleles. Indeed, 4 clones expressed p66°"< from the same allele and
p525h< from the other allele (Fig. 1G). Therefore, generating different isoforms from
separate alleles is predominantly used for SHCT in endothelial cells. This monoallelic
transcription pattern is heritable. The biallelic umbilical tissues may result from mono-
allelic transcription established at a different developmental stage. Because 2 and 1
single-cell clones exhibited biallelic transcription of p525"< and p66°h<, respectively,
SHCT transcription may not be very tightly controlled by this monoallelic transcription.

To further confirm this result and to test whether the SNP itself affects promoter
activity, we performed RNA fluorescence in situ hybridization (FISH) with different
HUVEC lines harboring G/G or G/A at the rs8191981. We used a p52 probe that resides
within p525h< native transcripts but is absent from p66°hc transcripts to test p52°he
transcription and a p52/p66 probe located in the region shared by both p66°"< and
p525h< transcripts to examine transcription of both p52°h< and p663"<. Figure 1H shows
the location of the probes used in RNA FISH and a representative image of probe
hybridization patterns in HUVEC nuclei. Two hundred cells were counted for each
HUVEC line hybridized with each probe, and a Poisson model was used to analyze the
probability distributions. Using the p52 probe, 27%, 58%, and 15% of G/G HUVECs and
25%, 60%, and 15% of G/A HUVECs exhibited 0, 1, and 2 transcription sites, respectively
(Fig. 11 and J). Using the p52/p66 probe, 21%, 17%, and 62% of G/G HUVECs and 20%,
13%, and 67% of G/A HUVECs showed 0, 1, and 2 transcription sites, respectively (Fig.
11 and J). Transcription foci were not detected in more than 20% of cells in either line,
using either the p52 probe or the p52/p66 probe. The reason might be transcription of
SHCT occurring in bursts but not continuously, like globin-B (26). These results indicate
that the majority of cells transcribe p52°h< monoallelically regardless of the genotype
of the SNP site and that the second allele transcribes p66°"< only. This monoallelic
transcription of p5235"< was further confirmed by RNA-DNA sequential FISH (Fig. 1K). The
RNA FISH data are consistent with the results of Sanger sequencing of PCR products
containing the informative exonic SNP and further demonstrate that the monoallelic
transcription is independent of the SNP.

We next sought to determine the transcription pattern of p525h<in peripheral blood
lymphocytes (PBL) that do not express p66°h< (5). We collected PBL from 10 healthy
persons, and 2 individuals were G/A heterozygous. Single PBL harboring G/A at
rs8191981 from the 2 individuals were analyzed for genotyping of p52°5h< transcripts,
and all cells exhibited biallelic transcription of p525h< (Fig. 1L).

Taken together, these data indicate that p525"< and p66°"< are transcribed from
separate alleles in single HUVECs in a heritable fashion.

Two alleles are differentially marked by histone modifications. We next ex-
plored the mechanisms behind this distinct monoallelic transcription manner. CpG
methylation was not detected in two tandem promoters and three enhancers (E1, E2,
and E3) of SHCT in HUVECs (data not shown). We then investigated whether histone
modifications may distinguish the two alleles. Chromatin immunoprecipitation (ChIP)
analysis showed the association of activating histones (H3K4me3, H3K4me2, and
H3K9acetyl) with two tandem promoters (Fig. 2A) and the association of H3K9me2 and

FIG 1 Legend (Continued)
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levels of p66°h, p52s"<, and GAPDH in HUVECs harboring G/G or G/A for the SNP. (C) Representative image of CD105 immunofluorescence staining of
HUVEGs. Nuclei are stained by DAPI. (D) FACS analysis of percentage of CD105-positive cells. (E, top) SNP site and primers that were used in RT-PCR;
(bottom) representative traces of Sanger sequencing of the p52/p66 RT-PCR products containing the informative exonic SNP (arrow). (F) Quantitative
analysis of Sanger sequencing data of allele-specific transcription of p52/p66 in single HUVECs. (G) Representative traces of Sanger sequencing of the
p52/p66 RT-PCR products containing the informative exonic SNP (arrow) in six single-cell-derived clones. Single cells were purified from biallelic
umbilical tissues with undefined transcription pattern. (H, top) Location of probes used in RNA FISH; (bottom) RNA FISH with the p52 probe and p52/p66
probe for examining the nascent transcripts of SHCT (green) in nuclei stained by DAPI (middle). Bar, 10 um. (I) Histograms represent the percentages
of 0, 1, and 2 transcription sites. (J) Poisson statistics of probability of cell counts per 100 cells. (K) Representative images of RNA-DNA sequential FISH.
RNA FISH was performed with the p52 probe (red), and DNA FISH was performed with the p52 probe+p52/p66 probe (green). (L) Representative traces
of Sanger sequencing of RT-PCR products of p525"< containing the informative exonic SNP in single PBL and quantitative analysis of Sanger sequencing

data of allele-specific transcription of p525"< in single PBL.
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FIG 2 Histone modifications mark differential alleles. (A) ChIP assay in HUVECs shows distributions of modified histones (K9 acetylated H3, K4 di- and
trimethylated H3, K27 trimethylated H3, K9 dimethylated H3, and K36 trimethylated H3) along SHCT. Error bars indicate means *+ standard deviations (SD) of
three different ChIP experiments. (B) Apol digestion efficiency in allele-specific ChIP assay. (C) Quantitative, nanofluidic, and allele-specific digital PCR was used
to evaluate the percentages of genotypes of ChIP products in HUVECs generating p525h< from the G allele and p66s< from the A allele (left) and HUVECs
generating p525"c from the A allele and p66°h< from the G allele (right). Error bars indicate means = SD for three different ChIP experiments.

H3K36me3 with the gene body region downstream of the p663h< promoter. H3K27me3,
which was reported to control DNA methylation-independent imprinting of multiple
genes in preimplantation embryos (27), was not detected at SHC1 (Fig. 2A). To quantify
the allele-specific occupancy of these histone marks along SHC1, we performed allele-
specific ChIP using two HUVEC lines. One line generates p52°hc from the G allele and
p66°hc from the A allele. The other line generates p52°h< from the A allele and p66°5hc
from the G allele. Chromatin was sheared with Apol digestion instead of sonication.
With this chromatin-shearing method, the p66°h< promoter and the SNP site localize to
the same DNA fragment, and therefore allelic association of specified histones with the
p66°h< promoter can be measured through genotyping of the SNP in PCR products. The
Apol digestion efficiency is shown in Fig. 2B. Enrichment of H3K4me3, H3K4me2, and
H3K9acetyl showed bias toward the active p66°"< promoter, whereas H3K9me2 and
H3K36me3 were evenly distributed in the two alleles in both HUVEC lines evaluated by
quantitative, allele-specific, and nanofluidic digital PCR (dPCR) (Fig. 2C). This result
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further confirms the observation that p66°"c was transcribed monoallelically and
suggests that the differential alleles might be marked by histone modifications.

Changes of chromatin configuration associate with allele-specific transcription
of SHC1. We next explored whether chromatin higher-order organization, which plays
a critical role in establishing imprinting of genes such as Igf19/H19 (28-30), is involved.
We examined the chromatin configuration of SHCT in HUVECs and Ramos cells, the
latter of which express p525h< only (Fig. 3A), using chromosome conformation capture
(3C) technology. The cross-linked chromatin was digested with Apol, diluted, and
religated. Cross-linking frequencies were examined by semiquantitative PCR with 0.1
g, 0.3 ug, and 0.9 ug DNA as the template, followed by Southern blotting with a
biotin-labeled DNA segment complementary to common sequences adjacent to the
anchor primer as a probe. The representative 3C assay results are shown in Fig. 3B and
C, top panels. HUVEC-specific promoter-promoter interactions were detected with
either the p525h< promoter as an anchor fragment or the p665"< promoter as an anchor
fragment but were not seen with the hematopoietic-derived Ramos cell line (Fig. 3B
and C). Then, we performed 3C again using another restriction enzyme, Dpnll, to
achieve higher resolution. Consistently, HUVEC-specific promoter-promoter interac-
tions were also detected in Dpnll-digested chromatin (Fig. 3D and E). In addition,
interactions between two tandem promoters with the three enhancers (E1, E2, and E3)
were observed in HUVECs (Fig. 3D and E). Except for the E1-p66°h< promoter, the other
interactions did not appear in the Ramos cell line (Fig. 3D and E).

We next disrupted the physical interactions in HUVECs by two distinct interventions
to see whether p525h< and p66°h< were still transcribed in an allele-specific pattern.
First, transient expression of Aiolos, a hematopoietic lineage-restricted transcription
factor, in HUVECs purified from monoallelic umbilical tissue (p66°h< from the G allele
and p52°h< from the A allele) disrupted the chromatin looping of SHCT (Fig. 3F), similar
to its function in transformed epithelial lung cancer cells (31). We then genotyped
p525h<c and p66°he transcripts in Aiolos-expressing HUVECs. In contrast to the control
group, which transcribed p525< and p663h< from separate alleles, the Aiolos-expressing
HUVECs transcribed p525h< and p66°h< from both alleles (Fig. 3G). Accompanying the
change of this monoallelic transcription pattern, p6635h< expression was downregulated
(Fig. 3H). Second, transforming growth factor B2 (TGF-B2) signaling, which converts
endothelial cells to stemlike cells and whose related family member, TGF-B3, can
downregulate p66°"< in transformed epithelial lung cancer cells (32, 33), also resulted
in the disruption of chromatin looping (Fig. 3I), monoallelic-to-biallelic switching of
p52°h< and p66°he transcription (Fig. 3J), and downregulation of p66°h< in HUVECs (Fig.
3K). These results indicate that the mutually exclusive transcription of p525h< and
p665"< correlates with the chromatin configuration of SHCT.

Physical interaction between two tandem promoters occurs in the p66sh<
transcribing allele only. A promoter-promoter interaction has been found in the
INTS1-MAFK locus, in which case the INTST promoter functions as an enhancer of the
MAFK promoter (34). We then asked whether the tandem promoters that showed
strong interaction in HUVECs regulate monoallelic transcription. We examined whether
the colocalization of two tandem promoters is allele specific. We performed 3C using
Apol in two HUVEC lines as indicated in the allele-specific ChIP assay. Apol digestion
allows the p66°"< promoter and the SNP site to reside in the same restriction enzyme-
cutting DNA fragment. Thus, the allele-specific cross-linking frequency between the
p665"c promoter with upstream fragments can be measured by genotyping the SNP in
PCR products. The allele-specific cross-linking frequencies were analyzed by quantita-
tive, allele-specific, nanofluidic digital PCR using the primers indicated in Fig. 4A, top
panel. Interestingly, while the adjacent interactions were evenly distributed at the two
alleles, interactions between the two tandem promoters and interactions between the
p66°h< promoter and the enhancer E2 exhibited bias toward the p66°h< transcribing
allele in both HUVEC lines (Fig. 4A and B). Thus, interactions between tandem promot-
ers and between the p66°" promoter and E2 occur predominantly in the p663hc
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FIG 3 Changes of higher-order chromatin organization associate with allele-specific transcription. (A) Western blot shows the expression of Shc1 isoforms in
HUVECs and Ramos cells. (B and C) The 3C assay was used to calculate the cross-linking frequency between chromatin segments to assess proximity in HUVECs
and Ramos cells. Vertical lines represent Apol restriction sites. Arrows indicate PCR primer sites and directions. Anchor symbols mark the anchoring primer for
each data set. Cross-linking frequencies between the p52sh< promoter and other Apol-defined segments (B) and between the p665"< promoter and other
Apol-defined segments (C) are shown. Error bars indicate means = SD for three 3C experiments. (D and E) 3C in HUVECs and Ramos cells using restriction enzyme
Dpnll to cut the chromatin. Vertical lines represent Dpnll restriction sites. Arrows indicate PCR primer sites and direction. Anchor symbols mark the anchoring
primer for each data set. Cross-linking frequencies between the p525" promoter (D) or the p66°"c promoter (E) and other Dpnll-defined segments are shown.
Error bars indicate means * SD for three 3C experiments. (F) Cross-linking frequencies between different Dpnll fragments were assessed by 3C assay in
Aiolos-overexpressing HUVECs. Error bars indicate means =+ SD for three 3C experiments. (G) Representative traces of Sanger sequencing of p52%h< and p66°h<
RT-PCR products containing the informative exonic SNP (arrow) in Aiolos-overexpressing HUVECs. (H) Immunoblots of Shc1 and actin in Aiolos-overexpressing
HUVEGs. (1) Cross-linking frequencies between different Dpnll fragments were assessed by 3C assay in TGF-B2-treated HUVECs. Error bars indicate means = SD
for three 3C experiments. (J) Representative traces of Sanger sequencing of RT-PCR products of p525h< and p66sh< containing the informative exonic SNP (arrow)
in TGF-B2-treated HUVECs. (K) Immunoblots of Shc1 and actin in TGF-B2-treated HUVECs.
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FIG 4 Physical interaction between two tandem promoters occurs in p66sh<-transcribing allele. (A) Allele-specific 3C shows allele-specific
promoter-promoter interactions. The positions of the restriction enzyme cutting sites and primers used in the assay are shown (top panel); also
shown are the percentages of genotype of 3C products in HUVECs generating p525"< from G allele and p66s"< from A allele (middle panel) and
HUVECs generating p525h< from the A allele and p66°h< from the G allele (bottom panel). Quantitative, nanofluidic, and allele-specific digital PCR
was used to evaluate the percentages of genotype of 3C products. Error bars indicate means = SD for three different 3C experiments. (B) Scheme

showing the correlation between promoter-promoter interaction and alternative promoter activity.

transcribing allele. This allele-specific interaction is independent of the genotype of
the SNP.

Deletion of the p665"< promoter in HUVECs results in biallelic transcription of
p52sh<, We then utilized the clustered regularly interspaced short palindromic repeat(s)
(CRISPR)/Cas9 system to delete the p66°h< promoter in HUVECs, and we evaluated the
transcription pattern of p525h<. Two small guide RNAs (sgRNAs) targeting the flanking
sequences located upstream of the TSS of p66°h< and Cas9 cDNA were transfected into
HUVECs. After screening, we identified one clone in which the p66°h< promoter was
deleted in both alleles (Fig. 5A). This clone exhibited the expected absence of p66°he
expression (Fig. 5B). Notably, deletion of the p66°h< promoter abolished all of the
physical interactions among the DNA fragments harboring two tandem promoters and
the three enhancers, suggesting that the p66°"< promoter may act as an organizer to
establish DNA interactions of SHCT (Fig. 5C and D). Then, we sequenced the p52shc
mRNA. While control cells monoallelically transcribed p52°h<, HUVECs harboring the
p66°"c promoter deletion transcribed p52°5h< from both alleles (Fig. 5E). This result was
confirmed by a single-cell experiment, which showed biallelic transcription of p52°h<in
15 of 20 single HUVECs (Fig. 5F). Accordingly, a 1.6-fold enhancement of p52shc
transcription was detected by quantitative nanofluidic digital PCR in HUVECs harboring
the p66°h< promoter deletion (Fig. 5G). These data indicate that deletion of the p66°h<
promoter leads to a monoallelic-to-biallelic transcriptional switch of p525h<. Thus, the
p66°"c promoter can repress the activity of the p525h< promoter in cis.

Physical interaction between tandem promoters represses upstream promoter
activity. To examine whether the p66°"< promoter functions as a silencer of the p525h<
promoter, we performed luciferase reporter gene assays, a commonly used method for
promoter and cis-regulatory element (enhancer or silencer) characterization (34, 35).
The p525h< promoter was inserted into a construct containing a luciferase reporter
gene. The p66°"< promoter and the three enhancers, E1, E2, and E3, were placed side
by side upstream of the p525h< promoter. In contrast to our expectations, the p66°hc
promoter in forward or reverse orientation had no effect on the activity of the p525h<
promoter and neither did the three enhancers (Fig. 6A). As a control, the three
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FIG 5 Deletion of the p66°h< promoter results in a monoallelic-to-biallelic transcriptional switch of p52sh<. (A, top) Positions of sgRNAs used in CRISPR/Cas9 and
PCR primers used for the PCR assay; (bottom) PCR products generated with the indicated primers. WT, normal HUVECs; Ap66P/Ap66P, HUVECs harboring
homozygous p66s"< promoter deletions. (B) Immunoblots of Shc1 and actin in normal HUVECs and p66s"< promoter-deleted HUVECs. (C and D) 3C was
performed to assess the change of chromatin configuration of SHC7 when the p66°h< promoter was deleted, with the DNA fragment harboring the p52she
promoter (C) or the p66s"< promoter (D) as anchor. Error bars indicate means = SD for three 3C experiments. (E) Representative traces of Sanger sequencing
of RT-PCR products of p525h< containing the informative exonic SNP (arrow) in normal HUVECs and p66°h< promoter-deleted HUVECs. (F) Quantitative analysis
of Sanger sequencing of RT-PCR products of p525h< containing the informative exonic SNP revealing alleles transcribing p525h< in single HUVECs with the p66shc
promoter deletion. (G) Transcription of p525h< in HUVECs and HUVECs with p66°h< promoter deletion, evaluated by quantitative and nanofluidic digital PCR

assay.

enhancers increased the p66°hc promoter activity 2- to 3-fold in HUVECs (Fig. 6A). Thus,
the p66°"< promoter may not have silencer properties.

To more carefully evaluate the effect of juxtaposition of two tandem promoters on
promoter activity in chromatin environment, we performed stable-transfection exper-
iments. We inserted the p525"< promoter, E1, E2, and E3 side by side upstream of
the p66°h< promoter, which mimics the native chromatin configuration of the p663h<-
expressing allele, in the pGLbasic luciferase vector. We then introduced LoxP sites
flanking the p66°h< promoter (Fig. 6Ba). The vectors were transfected into HUVECs. Two
clones that contain single-copy transgenes were identified using the TagMan copy
number assay kit and confirmed by DNA FISH (Fig. 6Bb). Then, Cre recombinase
adenovirus (Ad-Cre) was added to delete the p66°h< promoter. The efficiency of the
p66°h< promoter deletion is shown in Fig. 6Bc. p66°h< promoter deletion results in a
striking increase in p525h< promoter activity, as evaluated by reverse transcriptase
quantitative PCR (RT-gPCR) and semiquantitative RT-PCR (Fig. 6Bd and Be), indicating
that the p66°h< promoter can impose repressor activity on the p525"< promoter in cis
when juxtaposed to the p525h< promoter.
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FIG 6 Juxtaposition of two tandem promoters inhibits upstream promoter activity. (A) Luciferase assay shows the effects of three enhancers and the p66sh<
promoter on p52°h< promoter activity. Green arrows, p525"< promoter; red arrows, p66°< promoter; black boxes, enhancers E1, E2, and E3; blue boxes, luciferase
gene. Error bars indicate means =+ SD for a representative experiment performed in triplicate. (B to D) (a) Relative positions of the two tandem promoters and
the three enhancers in the constructs and the positions of indicated primers used in PCR or RT-PCR assay; (b) DNA FISH showing the copy number of transgene;
(c) PCR products (generated with the indicated primers) separated on agarose gels, where TG and TG+Cre refer to the transgene genotypes before and after
CMV-Cre transduction, respectively; (d) results from RT-qPCRs showing the relative transcription initiated from the p525"< promoter (B and C) or initiated from
the p66sh< promoter (D) (error bars indicate means = SD for a representative experiment performed in triplicate); (e) results from semiquantitative RT-PCRs with
the indicated primers, in which RT was performed with 1 ug RNA as a template, and 1, 3, or 9 ul of cDNA was used as the template in the following PCRs.

To explore whether the suppressive influence of the p66"< promoter on p525h<
promoter activity requires the three enhancers, we replaced the three enhancers with
a nonrelevant sequence, green fluorescent protein (GFP), and performed the same
experiments. Similarly, p66°h< promoter deletion enhanced p525"< promoter activity
(Fig. 6Q), indicating that the repressor activity of the p66°h< promoter is independent of
the three enhancers.

To test whether the repressor activity is promoter specific, we swapped the two
promoters and placed the p66°"< promoter upstream of the p525"< promoter. Interestingly,
transcription initiated from the p66°"< promoter was inhibited by the p525h< promoter (Fig.
6D), suggesting that the repressive activity of the downstream promoter is indepen-
dent of the specific promoter. Transcription from the downstream promoter can inhibit
upstream promoter activity when the two promoters physically interact with each
other. These results indicate that physical interaction between the two tandem pro-
moters represses transcription initiation from the upstream promoter and thereby
controls promoter choice.

DISCUSSION
Using SHCT as a model, we studied the mechanism by which alternative promoters
are regulated. We found that p66°"< and p52°h< are generated from separate alleles in
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single cells in a heritable fashion. This distinct monoallelic transcription pattern is
established by allele-specific physical interactions between two tandem promoters.
Disruption of chromatin looping derepresses the p525h< promoter in cis and leads to
the monoallelic-to-biallelic transcriptional switch of p525he.

The SHCT gene is the first known example of separate alleles generating different
isoforms from a single gene in single cells in a heritable fashion. A large number of
genes are known to be transcribed monoallelically, such as Igk in B lymphocytes (36),
Albumin in hepatocytes (37), olfactory receptor genes in neurons (38), and interleukin
genes in T lymphocytes (39). However, cells accomplish monoallelic expression of these
genes through silencing of one allele. In contrast, SHCT encodes two proteins that are
both required for individual endothelial cells to maintain their normal function, raising
the problem of how the two promoters are coordinately regulated. Our findings that 70
to 80% of single HUVECs transcribe p52°hc and p66°h< in separate alleles suggest that
endothelial cells use this distinct mechanism of allele-specific promoter activation to
avoid transcriptional interference and express comparable levels of p66°h< and p523he.
This transcription pattern is cell type specific because PBL that do not express p66°5hc
transcribe p525h< biallelically. In addition to SHCT, a significant number of other genes
produce different proteins from alternative promoters in single cells, including WEET,
which encodes Wee1 tyrosine kinase and the kinase domain from tandem promoters in
single primary fibroblast IMR90 cells (40). Whether such genes also generate different
proteins from separate alleles will be worth investigating.

Notably, this study demonstrates that physical interactions between alternative
promoters repress transcription initiation from the upstream promoter. DNA interac-
tions occur at numerous gene loci and reflect a widespread organizing principle of the
chromatin fiber (41-46). Although many reports have shown that chromatin loops are
highly dynamic and tightly correlate with gene function, whether these long-range
interactions are a cause or consequence of dynamic changes in transcription initiation
is still an open question. A report by Deng et al. showed that an enforced loop between
the promoter and enhancer caused transcriptional activation of B-globin, indicating
that chromatin looping causally underlies gene regulation (47). In our study, deletion of
the p66°"< promoter in the native position caused derepression of the p525h< promoter
in cis, and ectopic placement of the p6635"< promoter adjacent to but downstream of
the p525h< promoter inhibited the p52°h< promoter activity in a transgene assay.
However, two pieces of evidence support the view that the p66°"< promoter is not an
intrinsic silencer of the p525"< promoter. First, the p66°"< promoter had no effect on
p525hc promoter activity when it was placed upstream of the p525h< promoter in the
luciferase assay. Second, when we swapped the two promoters in a transgenic plasmid,
the p66°"c promoter lost its silencer activity and, in contrast, the p525h< promoter
inhibited the p66°h< promoter. Therefore, the p52°h< promoter may not be repressed by
the p66°h< promoter itself but may be repressed by promoter-promoter interaction,
providing another example of chromatin looping underlying transcriptional change.
How downstream promoters repress the interacting upstream promoter remains to be
determined. Presumably, the colocalization of two tandem promoters sequesters the
p525h< promoter into a small loop, which may impair the association of transcriptional
initiation complex with the p525h< promoter or impede trafficking of the RNA poly-
merase |l during elongation.

The finding that promoter-promoter interaction influences transcription is consis-
tent with previous reports (34, 48). However, the interacting promoters identified in the
present study are tandem and intragenic, which differs from the interacting intergenic
promoters reported by Ruan and colleagues (34), therefore exhibiting different func-
tions in transcriptional regulation. While the interacting intergenic promoters act as
enhancers and positively regulate transcription (34), we found that the interacting
tandem and intragenic promoters of SHCT negatively regulate transcription initiating
from the upstream promoter, expanding the functional diversity of promoter-promoter
interactions.

CpG methylation and/or histone modification are two well-known epigenetic mark-
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ers to distinguish differential alleles (49, 50). In this study, we found that three active
histone modifications (H3K9acetyl, H3K4me3, H3K4me2) specifically occupied the ac-
tive p66°h< promoter region. Histone modifications are mitotically heritable and have
been reported to mark monoallelically expressed genes, including X-inactivated genes
by promoter-restricted H3K4me2 (51) and olfactory receptor genes by H3K9me3 and
H4K20me3 (52). Therefore, the two alleles of SHCT might be specified by differential
histone modifications.

In summary, this study demonstrates that intragenic promoter-promoter inter-
actions control promoter usage through inactivation of the upstream promoter,
revealing a new mechanism of alternative promoter regulation. This mechanism
may allow heritable allelic control of bifunctional eukaryotic genes as a way of
preventing asymmetric expression of functionally disparate proteins. Further inves-
tigation is warranted to understand how the allele-specific loop interactions are
established, whether epithelial cells that also express both p525h< and p66°h< in
single cells use this mechanism to regulate SHCT transcription, and how generally
this mechanism of transcriptional regulation is used to control alternative promoter
activity.

MATERIALS AND METHODS

Human tissues. Human umbilical tissues and blood samples were collected from the Second
Hospital, Tianjin Medical University, in accordance with the Internal Review and the Ethics Boards of
Tianjin Medical University. Informed consent was obtained from all sample providers.

HUVEC cell purification and single-cell RT-PCR. HUVECs were purified from umbilical tissues as
described in a previous report (53). HUVECs were trypsinized, and the single cell was picked up and
transferred into a 0.2-ml thin-wall PCR tube containing 4.9 ul of freshly prepared cell lysis buffer (1X PCR
buffer containing 1.35 mM MgCl,, 0.45% NP-40, 4.5 mM dithiothreitol [DTT], 0.36 U RNase inhibitor, and
0.045 mM deoxynucleoside triphosphate [dNTP] mix). To pick up the single cell, we used a mouth tube
to control an attached micropipette under a dissection microscope, which permits swift and efficient
control of individual cell collection and release. The single cell was incubated at 70°C for 90 s in lysis
buffer and then immediately transferred to liquid nitrogen, and all mRNAs were released from the single
cell and subjected to subsequent RT-PCR. Then, 15 ul RT mix was added to each tube, so that the total
volume for each RT reaction was 20 ul per tube. The tube was incubated at 42°C for 60 min in order to
synthesize first-strand cDNAs, and then the reverse transcriptase was inactivated at 70°C for 15 min. A
10-ul volume of cDNA was added to a new PCR tube containing 10 ul of PCR mix to amplify p663"<, and
the other 10 ul of cDNA was added to another tube to amplify p52sh<. The PCR was carried out at 95°C
for 3 min followed by 60 cycles of 95°C for 30 s, 60°C for 30 s, and 72°C for 1 min. Sequences of primers
used are provided in Table 1.

RNA FISH and RNA-DNA sequential FISH. RNA probes for RNA FISH were prepared as follows (54).
PCR-amplified regions of SHC1 were generated from genomic DNA. The products were subcloned into
PGEM vector and were used to provide probes when transcribing from the T7 promoter. The plasmids
were linearized by restriction enzyme digestion and labeled using a digoxigenin (DIG)-RNA kit (Roche
Molecular Biochemicals, Mannheim, Germany).

RNA FISH was performed as described previously (55). HUVECs were cultured in poly-lysine-coated
slides and fixed with 4% formaldehyde. After washing, permeabilization, and dehydration, cells were
hybridized overnight with probes.

After RNA FISH, cells were treated with RNase and subsequently denatured and hybridized overnight
with probes labeled with green fluorescence. In this analysis, chromosomal DNA was denatured by
incubating the slides at 70°C for 5 min. After being counterstained with DAPI (4',6-diamidino-2-
phenylindole), cells were examined with a Leica TCS-4D confocal system.

Chromosome conformation capture. 3C assays were performed as described previously (41). Cells
(10°) were cross-linked and lysed, and nuclei were digested with 100 U of Dpnll or Apol at 37°C or 50°C
for 16 h. After ligation and subsequent DNA purification, the cross-linking frequencies between the
anchor and test fragments, as measured by the amount of corresponding ligation product, were
estimated by PCRs relative to standards. The PCR product spanning a 6-kb DNA fragment upstream of
p66°he promoter was digested with Apol or Dpnll to completion and ligated at high concentration to
generate equimolar mixtures of all possible ligation products and was used to generate standards. The
cross-linking and ligation efficiencies between different samples and different experiments were also
normalized by setting the highest cross-linking frequency for each experimental series to 1.0.

CRISPR/Cas9-mediated p66sh< promoter deletion. sgRNAs specific for the p66°h< promoter region
were designed from http://crispr.mit.edu, and two sgRNAs with minimized off-target effects were
selected and are shown in Table 1. The sgLacZ sequence was used as a control. DNA oligonucleotides
were synthesized and ligated into Bbsl-digested pX330 (Addgene 42230) after annealing as described
previously (56). Then, the two U6-sgRNA cassettes were amplified by PCR and integrated into one pX330
plasmid to subclone a two-in-one U6-sgRNA cassette and a CBH-Cas9 cassette into a lentiviral vector
named lenti-sgp66 1-2 Cas9. HUVECs were transfected with lentivirus containing the two-in-one p663"<-
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TABLE 1 Primers used for genotyping SHC1 DNA, p66°h< mRNA, and p525h< mRNA

Use and/or name of oligonucleotide

Sequence

SHC1-DF

SHC1-DR
SNPrs8191981-DF1
SNPrs8191981-DF2
SNrs8191981-DR

Primers for RNA FISH
p52Shc probe-F
p52Shc probe-R
p52/p66 probe-F
p52/p66 probe-R

Primers for 3C assays
3C-1
3C-2
3C-3
3C-4
3C-5
3C-Apol-DNA-F
3C-Apol-DNA-R
Apol-SouthernProbe1
Apol-SouthernProbe2
3C-6
3C-7
3C-8
3C-9
3C-10
3C-11
3C-12
3C-13
3C-14
3C-15
3C-Dpnll-DNA-F
3C-Dpnll-DNA-R
Dpnll-SouthernProbe1
Dpnll-SouthernProbe2

sgRNAs for p66°h< promoter deletion
sglacZ
Sgp66P-1
sgp66P-2
sgp66P-Cas9-DF
sgp66P-Cas9-DR

Primers for promoter activity assay

in transgene

GAPDH-DF

GAPDH-DR

Luci-1

Luci-2

Luci-3

Luci-4

Luci-5

GAPDH-RealTime-F

GAPDH-RealTime-R

E123-RealTime-F

E123-RealTime-R

GFP-RealTime-F

GFP-RealTime-R

Primers for copy no. analysis
of transgene
Luci-CNV-F
Luci-CNV-R
MGB-probe

5'-CATGACAAAGAGCCTGGAGTGCC-3’
5'-TCCTCCTTCCCTACTGGTCTCCT-3’
5'-AATGAGTCTCTGTCATCGCTGGAG-3’
5'-CTGGCAGTGGCGTGATCCGGCAC-3’
5'-GAGACGGTGAGAGTGATTGGCATT-3'

5'-GGCCCTGGTGAGTCTTGACT-3'
5'-AGAAGTCCTGGGGAGGGAGA-3’
5'-TCCTCTGCCTGGGGACGATA-3’
5'-TGGATTAAGCCTGAGGCTGA-3’

5'-GCAACGATCCTCGGCTAACTCCTGTC 3>’
5'-CTACACCCAATCACCTGGACTTCCAG-3'
5'-TCTCTCTATGCCCGAGAGCTGGCTGG-3'
5'-GCTGCTGTAGCAGAGGATGCTAATGGC-3'
5'-TGTGTGAGGCTGTGCCGGGTGCTAAG-3'
5'-CGACACGTTCCAAGCCCTACTACG-3’
5'-GTCCGTCTGCCCACCTTCACCAAC-3’
5'-BIOTIN-CCTATCTCCCAAAAGGCAAAACC-3’
5'BIOTIN-TCCTTGGGGATAGGGATGCTGCTG-3'
5'-GAGGGCAGTTCTCACGCTTCTCAAG-3’
5'-TAAAGTTTCTCCAGGGAGGCAGGG-3’
5'-GACACGTTCCAAGCCCTACTACGAG-3'
5'-CGTCAATCCCTGAAACTCCACCTGC-3'
5'-CGGAGTTTCGCTCTTATCGTCCAGG-3'
5'-TTTGCTCTTGTCACCTAGGCTGGAG-3'
5'-CAGGGTTTCACCATGTTGACCAGG-3’
5'-TCAACCCATCTTCTCCTGACACCC-3’
5'-GTAGCAGAGGATGCTAATGGCCCAG-3’
5'-CCACAGAGGTCCAACCAGGCTAAGG-3’
5'-GGGACACCTCTACTTTCAAGCCTCC-3'
5’-GGCAGCAGCAACCTTCCATCTACCC-3'
5'BIOTIN-GGCGTCTTATTGGCCACCACTGCC-3’
5'BIOTIN-GCAGCAGCCCCTCTTTCACCTCAAC-3'

5'-CGCGATCGTAATCACCCGAGTGT-3'
5'-CCTGCTCCAGTTCGAGGTTG-3’
5'-CAGGCTGGACCCAGCGCTTC-3'
5'-GACCCAGACCTCCTATCTCCTTCC-3’
5'-CTTAGCCTGGTTGGACCTCTGTGG-3'

5'-GTCAACGGATTTGGTCGTATT-3’
5'-AGTCTTCTGGGTGGCAGTGAT-3’
5'-TCCCCCTAACCAGAGTTCTTG-3'
5'-GGAAGAGCAAAGCTGGTGAA-3’
5'-GGAACCAGGGCGTATCTC-3'
5'-GACCATGTGATCGCGCTTCTC-3'
5'-GGCAAGCTGACCCTGAAGTTC-3'
5'-GGTGGTCTCCTCTGACTTCAACA-3'
5'-GTTGCTGTAGCCAAATTCGTTGT-3'
5'-GAGACAGGACAGTGCTTGGC-3’
5'-GGAAGAGCAAAGCTGGTGAA-3’
5'-GACCATGTGATCGCGCTTCTC-3'
5'-CGACCACTACCAGCAGAACAC-3’

5'-GTAGCCATCCATCCTTGTC-3'
5'-CGCTGGGCGTTAATCAAAG-3’
5'-FAM-CTCTCACACACAGTTCG-Q-MGB-3'
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TABLE 1 (Continued)

Use and/or name of oligonucleotide Sequence

Primers for digital PCR
GAPDH-DF 5'-ACGGATTTGGTCGTATTGGGC-3’
GAPDH-DR 5'-TTGACGGTGCCATGGAATTTG-3’
GAPDH-probe 5'-FAM-CCTGGTCACCAGGGCTGCTTTTAA-TAMRA-3'
p52Shc-DF 5'-GTTAGTGAGGCCGGAAGTG-3’
p52Shc-DR 5'-GGTTACCGCTCCAACTTTCT-3’
p52Shc-probe 5'-FAM-AAAGTTTCTCCAGGGAGGCAGGG-Q-MGB-3’
rs8191981-DF 5'-AGTCTGGTGTGTGAGGCTGTG-3’
rs8191981-DF 5'-ATTTCCCAGCAGCATCCC-3’
rs8191981-Gprobe 5'-FAM-CCTCCTTGTCGCCC-Q-MGB-3’
rs8191981-Aprobe 5'-VIC-CCTCCTTGTCACCC-Q-MGB-3’

Primers for ChIP assays
SHC1-1F 5'-GAGGCGGGACACCTCTACTTTCAAG-3’
SHC1-1R 5'-AGCCAATGGCAGCGCGAGAT-3’
SHC1-2F 5'-GTGACTCACTCTTTCACCCCG-3’
SHC1-2R 5'-GTGGGGTCGGAGACAAAA-3’
SHC1-3F 5'-TTTCGCTCTTATCGTCCAGG-3’
SHC1-3R 5'-CGCCTGTAATCCTAACACTTAAGG-3’
SHC1-4F 5'-TCCCCCTAACCAGAGTTCTTG-3’
SHC1-4R 5'-TAGGGGAAAAGCTGTGTGTG-3’
SHC1-5F 5'-GAGACAGGACAGTGCTTGGC-3’
SHC1-5R 5'-GGAAGAGCAAAGCTGGTGAA-3’
SHC1-6F 5'-TGAGTCAGCACTGTCCTCACGATT-3’
SHC1-6R 5'-AACGTGGAGCCTCTTCTCTGGCT-3’
SHC1-7F 5'-TTCTAATGCTCACTCCAGCTTGGC-3’
SHC1-7R 5'-GGGAAGGGATGAGAAAGGTTTAGG-3’
SHC1-8F 5'-ATCAGTCTGGTGTGTGAGGCTGT-3’
SHC1-8R 5'-CACATTTCCCAGCAGCATCCCTAT-3’
SHC1-9F 5'-ACAGCCGAGTATGTCGCCTATGTT-3'
SHC1-9R 5'-TACTCACCTCCTCAAACAGCCAGA-3’
SHC1-10F 5'-ACAATACCTCAGGAACCCACCCAA-3’
SHC1-10R 5'-TCCTAATCCAAGAGCTGCTCCACA-3’
SHC1-11F 5'-ACCTTTCTACTTGGTTCTGGCCCT-3’
SHC1-11R 5'-AACACACACCCAAGACCCAGACTT-3’
SHC1-12F 5'-AGGACTCAGACCACTGTGCTTTCT-3’
SHC1-12R 5'-TGAACCACCACACCTGGCTAAACA-3’
SHC1-13F 5'-TGATCAGGATTGACAGGCCAC-3’
SHC1-13R 5'-TCCAAGGTGGAAGAGGGTGAAACA-3’

promoter-specific sSgRNAs or sglLacZ, and the GFP-positive cells were selected with FACS after 3 days of
transfection.

dPCR. Digital PCR amplifications were carried out on a QuantSudio 3D Digital PCR system (Thermo
Fisher Scientific, USA). Reactions were conducted in a 15-ul reaction mixture containing QuantStudio 3D
Digital PCR master mix v2 (Thermo Fisher Scientific, USA), 800 nM each primer, 200 nM each TagMan
probe, and template. The primers and TagMan probes used in this study are listed in Table 1. Positive and
negative controls were added in each run. Reaction mixtures of 14.5 ul for each sample were added into
QuantStudio 3D Digital PCR 20K Chip (Thermo Fisher Scientific, USA), and the dPCR program of
amplifications was developed and carried out according to the manufacturer’s user guide. The Quant-
Studio 3D Digital PCR instrument (Thermo Scientific, USA) was used to determine the number of positive
wells among the total number of wells per chip, and the Applied Biosystems QuantStudio 3D Analysis-
Suite Cloud software was used to analyze and refine the data derived from the QuantStudio 3D Digital
PCR instrument. A Poisson distribution was used to estimate the average number of copies per chip.

Allelle-specific ChIP. Briefly, 107 HUVECs were cross-linked with 2% formaldehyde for 10 min and
quenched with glycine at a final concentration of 0.125 M for 5 min. After washing with ice-cold
phosphate-buffered saline (PBS) three times, the cells were lysed with lysis buffer (10 mM Tris-Cl [pH 8.0],
10 mM Nacl, 0.2% NP-40, and 1 mM DTT) on ice for 1 h. The nuclei were harvested and resuspended in
Apol buffer containing 0.3% sodium dodecyl sulfate (SDS) and incubated at 37°C for 1 h while shaking.
Triton X-100 was added to 1.8% to sequester the SDS, and samples were incubated at 37°C for another
1 h. Samples were then digested with Apol at 50°C for 16 h. SDS was added to 1.6%, and the samples
were heated at 80°C for 20 min to inactivate Apol. Triton X-100 was added to 1.8% to sequester the SDS
again. Samples were then diluted into NET buffer (50 mM Tris [pH7.4], 150 mM NaCl, 5 mM EDTA, 0.5%
NP-40), and the resulting chromatin fragments were immunoprecipitated with anti-acetyl-histone H3
(Lys9), anti-dimethyl-histone H3 (Lys4), anti-trimethyl-histone H3 (Lys4), anti-dimethyl-histone H3 (Lys9),
and anti-trimentyl-histone H3 (Lys36) antibodies (Millipore). Purified rabbit IgG (Sigma) was used as a
control. We reversed the cross-linking of ChIP samples with proteinase K digestion and subjected the
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samples to phenol-chloroform extraction before ethanol precipitation with glycogen. Immunoprecipi-
tated DNA and input DNA were quantified using a NanoDrop. The p66°h< promoter and the SNP site
rs8191981 belonged to the same DNA fragment; PCR products carrying C/T at SNP rs8191981 were
amplified from input or IP. The allelic association of specified histones with the p665h< promoter and
p52she promoter was measured through SNP frequency in the PCR products by digital PCR. The primers
used in this study are listed in Table 1.
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