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Abstract: Inter-individual variation in CCAAT/enhancer binding protein gamma (CEBPG) transcript expression in normal human
bronchial epithelial cells (NBEC) is associated with predisposition to lung cancer. We hypothesize that this inter-individual variation
is in part explained by cis-acting genetic variation in CEBPG. To test this hypothesis we measured transcript expression derived from
each parental copy of CEBPG (ie, allele-specific expression; ASE). There was a significant 2.9-fold higher cell cycle-specific variation
in ASE of CEBPG rs2772 A compared to C allele (P < 0.001). In 20% of NBEC samples, CEBPG rs2772 A allele was expressed on
average 2.10 fold greater than rs2772 C allele. These data support the hypothesis that genetic variation in linkage disequilibrium with
rs2772 influences regulation of CEBPG transcript expression through a trans-effect downstream of RNA polymerase II transcription
and confirm that cis-acting genetic variation contributes to inter-individual variation in CEBPG transcript expression in NBEC, which
is associated with variation in lung cancer risk.
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Introduction

The CCAAT/enhancer binding protein (CEBP)
family of transcription factors is integral to normal
functioning of a wide variety of cellular processes in
numerous tissues.! Dimerization of CEBP transcrip-
tion factors is required for recognition and binding of
palindromic cytidine-cytidine-adenosine-adenosine-
thymidine (CCAAT) box DNA motifs.'? Once
dimerized and bound to DNA, CEBP family mem-
bers regulate transcription of nearby genes through
recruitment of co-regulatory and basal transcriptional
machinery.! Regulation is achieved through a trans-
regulatory domain shared by all but one CEBP family
member, CCAAT/enhancer binding protein gamma
(CEBPQG). Because it lacks this trans-domain, under
certain conditions CEBPG serves as a regulator and
buffering reservoir against the transcriptional activi-
ties of the other CEBP family members.'?

Previous studies support the conclusion that
CEBPG is the primary transcription factor respon-
sible for regulating key antioxidant and DNA repair
transcript levels in normal human bronchial epithelial
cells (NBEC),*” and that transcriptional regulation
by CEBPG is dysregulated in NBEC of those indi-
viduals predisposed to lung cancer.** In other stud-
ies, mice without CEBPG exhibit emphysematous
lung histology, abnormally low type II pneumocyte
density and early death, which suggests that expres-
sion of CEBPG is in part responsible for the promo-
tion of normal airway epithelial cell development
and proliferation.® Targeted disruption of only one
other CEBP family member, CCAAT/enhancer bind-
ing protein alpha (CEBPA), results in abnormal lung
histology.”® However, in contrast to mice who lack
CEBPG, mice without CEBPA display hyperprolif-
eration of type II pneumocytes. These contrasting
effects on pneumocyte development and proliferation
may be a manifestation of the co-regulatory relation-
ship between CEBPG and CEBPA.? It is likely that
regulation of CEBPG transcript expression affects
airway epithelial proliferative patterns indirectly by
modulating CEBPA function and JNK/JunD activity
through heterodimerization.”!° In turn, this relation-
ship regulates E2F1 transcript levels, and both E2F1
and JNK/JunD activity directly participate in the
control of cell proliferation.”!° Recently, a haplotype
comprising a polymorphic cluster (rs10518275 and
rs4805877) in strong linkage disequilibrium with

polymorphic site rs2772 in Exon 2 of CEBPG was
found to be associated with altered severity of cystic
fibrosis lung disease.!' These findings, in conjunction
with previous reports from our lab and others, sug-
gest that cis-acting genetic variation is in part respon-
sible for altered CEBPG transcript expression levels,
which in turn may modify severity and risk for a vari-
ety of lung pathologies including lung cancer; pos-
sibly through dysregulation of airway epithelial cell
proliferation and development, as well as antioxidant
and DNA repair capacity.®®

In this study, we sought to determine if genetic vari-
ation at cis-acting sites contributes to inter-individual
variation in CEBPG transcript expression in normal
human bronchial epithelial cells (NBEC). The effect
of cis-acting genetic variants typically is not observ-
able as variation in total mRNA expression due to
often more pronounced trans-effects.!> Thus, to test
this hypothesis we measured allele-specific expres-
sion (ASE); that is, the transcript expression derived
from each parental copy of CEBPG within individual
samples.'? Because each cis-acting allele within the
same cell is subject to exactly the same trans-effect
at all times, allele-specific expression differences
become more apparent.'>!

To better isolate the effect of cis-acting genetic vari-
ation on CEBPG expression using ASE we sought to
establish an experimental cell-culture system in which
substantial variation in trans-factors regulating CEBPG
could be induced experimentally. We reasoned that
variation in one or more of the trans-factors regulating
CEBPG transcript levels would act through cis-regula-
tory sites and that genetic variation (heterozygosity) at
those regulatory sites would result in a different level
of transcript produced from each parental chromosome.
Using this approach we could narrow down which cis-
acting genetic variant(s) influence CEBPG transcript
expression, and then derive their general mechanism
of action. In previous studies we determined that cell-
cycle specific trans-effects regulate CEBPG transcript
levels.>!* Therefore, for these studies we employed a
cycle-synchronized cell line model and, as trans-effects
varied during the cell cycle, we measured CEBPG ASE
using allele-specific competitive PCR.'* We also inves-
tigated whether observed RNA polymerase I (RNAPII)
activity exhibited bias in transcription between the
parental copies.'> This approach was designed to answer
whether any ASE resulting from trans-effects on cis-act-
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ing genetic variation was due to effects on transcription
rate, which would be measurable as RNAPII activity,
or effects on a mechanisms downstream of RNAPII
activity (ie, post-transcriptional; eg, micro-RNA con-
sensus site modification). We applied this same ASE
analysis to NBEC complementary DNA (cDNA) from
15 human subjects to also assess whether cis-acting
genetic variation alters transcript expression derived
from each parental copy in primary normal human air-
way epithelium.

Materials and Methods
Design of allele-specific competitive

template internal standards

A competitive template internal standard was pre-
pared for each allele at the rs2772 polymorphic
site in Exon 2 of the CEBPG gene according to
previously described ASE measurement methods

A

rs17530508

(Fig. 1A and B)." Each internal standard was designed
to include: (1) a small internal sequence deletion to
permit electrophoretic size separation from the co-
amplified native template (Fig. 1B) and (2) the same
forward and reverse priming sites as the correspond-
ing native template to ensure equivalent amplification
upon use of the same primers.'® The only differences
between competitive templates for each allele were:
(1) the 3’-terminus sequence of the priming site
directly overlying the polymorphic site of interest
and (2) a difference in the size of the small internal
deletion allowing for electrophoretic size separation
between each competitive template (Fig. 1B). Newly
synthesized allele-specific internal standards were
individually quantified on an Agilent 2100 Bioana-
lyzer using DNA Chips with DNA 1000 Kit reagents
for visualization according to manufacturer’s pro-
tocol (Agilent Technologies Deutschland GmbH,
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Figure 1. CEBPG allele-specific competitive PCR primer design and performance. (A) Schematic of CEBPG gene including location of polymorphic site
rs2772 (A/C alleles) used for allele-specific priming and seven nearby putative cis-functional polymorphic sites. (B) Schematic of native template and
internal standard template for each allele at rs2772, with position of forward and reverse primers. The internal deletions in A allele and C allele internal
standards were generated through PCR using reagents presented in supplementary materials online. (C) Plot of the ratio of Native Template to Internal
Standard Peak area versus number of Internal Standard Molecules loaded for Electropherograms that were within a 1:10 to 10:1 ratio of peak areas.
(D) Representative electropherograms of PCR reaction products. Top row of electropherograms = A allele-specific primers (CEBPG rs2772 F1 with
CEBPG rs2772 R-A3) and internal standard. Bottom row = C allele specific primers (CEBPG rs2772 F1 with CEBPG rs2772 R-T3) and internal standard.
Numbers below electropherogram peaks are in units of base-pairs. Amplicon sizes: A and C allele native amplicons each = 141 bp; A allele internal
standard amplicon = 118 bp; C allele internal standard amplicon = 107 bp.
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Waldbronn, Germany). Quantified internal standards
were then combined in a known stochiometric molar
ratio (1:1) to create a stock concentrated standardized
mixture of internal standards (SMIS). This mixture of
allele-specific internal standards was serially diluted
to working concentrations,'® then used in all subse-
quent experiments as a reference mixture of standards
for quantifying absolute and/or relative allelic levels
in native DNA samples. Further details regarding the
design and use of allele-specific internal standards
in competitive PCR are available as supplementary
material online.

Measurement of allele-specific CEBPG

expression

Total RNA was extracted from A549 cell-line and
NBEC using TriReagent and reverse transcribed using
M-MLYV reverse transcriptase and oligo-dT primers as
previously described.* Genomic DNA was extracted
as previously described. In order to maximize infor-
mation obtainable from the very small NBEC cDNA
samples, the region used for allele-specific measure-
ment of CEBPG Exon 2 was pre-amplified using a non
allele-specific primer pair (Supplementary Materials
Online). CEBPG transcript abundance in terms of
transcript copy number/uL. cDNA was determined
previously for each of the samples used in this study.**
Based on these results, it was possible to determine the
necessary volume of each cDNA sample to ensure at
least 1,000 copies of transcript in each reaction in order
to eliminate effect of stochastic sampling variation.'”
The presence of genomic material in cDNA before
pre-amplification was controlled for by using commer-
cially available reagents for measurement of genomic
DNA contamination (Accugenomics, Wilmington,
NC). Following pre-amplification, Exon 2 amplicons
were quantified by densitometry using an Agilent 2100
Bioanalyzer, and subsequently diluted to 10~"* molar
concentration. Allele-specific competitive PCR was
then performed by combining a 1 pL aliquot of pre-
amplified Exon 2 from either cDNA or gDNA with
a 1 uL aliquot of 107"* molar standardized mixture of
allele-specific internal standards in parallel PCR reac-
tions with a primer set specific to each allele. After
allele-specific amplification, products were electro-
phoretically separated and quantified on an Agilent
2100 Bioanalyzer. Each CEBPG allele was measured
in triplicate from a single pre-amplification of each

cDNA or gDNA sample. Allele-specific measurement
of polymorphic site rs2772 in CEBPG Exon 2 of A549
ChIP DNA was done as described for measurement of
allele-specific CEBPG expression in A549 and NBEC
cDNA. Sequence information for pre-amplification
and allele-specific primers is reported in supplemen-
tary materials online.

Cell-line samples

In order to measure transcript expression from each
parental copy of CEBPG in a single sample (also
known as allele-specific expression; ASE), a genetic
marker informing from which parental copy the tran-
script was derived must be present. Polymorphic site
rs2772 (A and C alleles) was chosen as the transcribed
marker for these studies, as it is the only known poly-
morphic site with a minor allele frequency >10%
that is present in CEBPG processed mRNA (Fig. 1A).
Based on Hardy-Weinberg Equilibrium assumptions,
it was anticipated that ~20%-30% of samples would
be heterozygous, and thus usable for measuring tran-
script expression from each parental copy of CEBPG
with ASE measurement approach. 8 human lung car-
cinoma cell-lines were genotyped using traditional
sequencing methods for heterozygosity at polymor-
phic site rs2772 (University of lowa DNA Sequencing
Facility). Of the 8 cell-lines, only A549 cell-line was
heterozygous at rs2772, and hence could be used for
these studies.

A549 cell culture and cell-cycle

synchronization model

A549 was cultured using RPMI 1640% + 10%
FBS. A double thymidine block (DTB) was used to
achieve cell-cycle synchronization in A549 cell-line
as previously described.'”® Cells were seeded into
T-75 flasks (no double thymidine block control, 0,
2,4, 6,8, 10 and 12 hours post double thymidine
block time points) at a predetermined density such
that they were 60% confluent at the time of the first
thymidine block. Cells were harvested at appropriate
time points; no block and 0 hour time points were
harvested immediately. For each time point, follow-
ing cell counting, aliquots were taken for RNA, flow
cytometric analysis and Chromatin Immunoprecipita-
tion analysis (ChIP). Total RNA was extracted from
500,000 cells using TriReagent. 1.5 million cells
were resuspended and flash frozen in citrate buffer
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for flow cytometric analysis, and at least 4 million
cells were processed for ChIP. Cell-cycle phase dis-
tribution was monitored using propidium iodide for
nuclear staining, followed by subsequent detection
using a Beckman/Coulter EPICS Elite flow cytom-
eter as previously described.” The resulting data
were analyzed by Multicycle software (Phoenix Flow
Systems) and reported as the percentage of cells in
S, GI or G2/M phase. Complete details regarding
chromatin immunoprecipitation (ChIP) methodol-
ogy using normal rabbit polyclonal 1gG sc-2027 con-
trol (Santa Cruz Biotechnology, Santa Cruz, CA), or
rabbit polyclonal to RNA polymerase II CTD repeat
YSPTSPS phospho-S2 (Abcam Inc., Cambridge,
MA) antibodies can be found in supplementary mate-
rials online. For both E2F1 (cell-cycle biological
positive control), ACTB (cDNA loading control) and
CEBPG genes, total expression as well as total DNA
pull down from ChIP was measured using previously
described reagents.* E2F1 was chosen as a biological
positive control for our cell-cycle experiments as its
expression is regulated to some extent at the level of
transcription.*

Subjects

Normal bronchial epithelial cell (NBEC) samples
from forty subjects were included in this study.
Subjects were recruited at University of Toledo

Table I. Patient sample information.

Medical Center (UTMC) according to a protocol
approved by the UTMC institutional review board.
Inclusion criteria for the subjects were: willingness
and ability to give informed consent, scheduled
for diagnostic bronchoscopy, and age between 18
and 90. Exclusion criteria were: HIV, Hepatitis B
or C, TB infection, or medical instability. Pregnant
women and prisoners were also excluded. For each
participating subject, a NBEC sample was obtained
by 3-5 cytology brush biopsies of grossly nor-
mal bronchial epithelium according to previously
described methods.* For patients with known lung
cancer diagnosis, sampling of NBEC was performed
in the lung not involved with cancer. There were
no patient adverse events resulting from collecting
NBEC. All 40 patient samples were genotyped using
traditional sequencing methods for heterozygos-
ity at polymorphic site rs2772 (University of lowa
DNA Sequencing Facility). Of these subjects, 15
were heterozygous at polymorphic site rs2772, and
subjected to additional genotyping at polymorphic
sites in and around CEBPG representing the most
common haplotype pairings representing greater
than 95% of individuals: rs736682, rs17530479,
rs17530508, rs1469084, rs16968029, rs3745968,
and rs36101103. Genotyping data and biographical
characteristics of the 15 individuals are presented in
Tables 1 and 2.

Sample ID Demographics

Age (years) Gender Lung cancer (histology) Smoking Hx (pack years) Race
261 73 F No 0 w
287 65 F Yes (NSCLC) 50 W
389 55 M No 80 w
521 63 F Yes (NSCLC) ? ?
532 80 F No 36 w
572 74 M Yes (AC) 1 w
648 80 F No 45 w
247 75 F Yes (SQ) 50 w
298 48 M No 12 w
670 66 M Yes (NSCLC) 30 w
289 68 F Yes (AC) ? w
574 63 M Yes (NSCLC) 10 AA
262 52 M Yes (SQ) ? w
443 41 M No 15 w
271 58 M Yes (AC) 94.5 w
Note: Demographic patient information for the fifteen individuals heterozygous at CEBPG rs2772.
Abbreviations: NSCLC, Non-Small Cell Lung Cancer; SQ, Squamous Carcinoma; AC, Adenocarcinoma; W, Caucasian; AA, African-American.
Gene Regulation and Systems Biology 2013:7 129
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Table 2. Genotyping data and CEBPG rs2772 A:C allelic ratio measurement results.

Sample Genotyping results Genomic DNA rs2772 A:C NBEC cDNA rs2772 A:C
ID allelic ratio (exon 2 allelic ratio (exon 2 pre-
pre-amplification) amplification)
o 0 o e« Allelic STDev CV Allelic STDev CV

~ 5 3 3 S 3 S ratio ratio

(] o o (=1 [+0] [=2] -

g 3 8 8 § g8 p g

e = E I 2@ 5 5 8

2 2 2 & e 2 2 2
247 C GIT C G C/IT AG AC G 0.80 0.07 0.09 2.90 0.29 0.10
261 C/lG GIT CT AG C A AIC G 0383 0.07 0.09 0.74 0.08 0.1
262 C GIT C G CIT A AIC G 1.02 0.14 0.14 1.13 0.29 0.25
271 CIG G C G CIT A AlC G 1.04 0.22 0.22 0.98 0.16 0.16
287 C/G G/T CIT AG C A AIC G 1.22 0.18 0.15 1.25 0.12 0.10
289 CiG GIT C AIG C A AlC G 1.04 0.19 0.18 1.87 0.31 0.17
298 C GT C G C/IT AG AC G 098 0.18 0.18 1.03 0.21 0.21
389 CiG GIT CT AG C A AIC G 1.10 0.33 0.30 1.15 0.26 0.23
443 C GT C G CiIT A AIC G 1.01 0.07 0.07 1.13 0.03 0.03
521 CiG GIT CT AG C A AIC G 1.02 0.12 0.12 1.54 0.27 0.18
532 C/G G/IT CIT AG C A AIC G 1.01 0.31 0.30 1.05 0.10 0.10
572 CiG GIT CT AG C A AIC G 0.96 0.10 0.11 0.79 0.05 0.06
574 C/iG GIT C AIG C A AIC G 0.98 0.08 0.09 0.98 0.08 0.09
648 CiG GIT CT AG C A AIC G 1.00 0.13 0.13 1.03 0.1 0.10
670 C GT C G C/IT AG AC G 1.01 0.09 0.09 0.87 0.03 0.03

Notes: Summary of CEBPG rs2772 A:C allelic ratio measurement results from gDNA and cDNA with genotyping data for seven polymorphic
sites (rs736682, rs17530479, rs17530508, rs1469084, rs16968029, rs3745968, rs36101103) from 15 individuals studied. STDev = Standard
Deviation of triplicate measurements of CEBPG rs2772 A:C allelic ratio for gDNA or NBEC cDNA; CV, (STDev)/(average of triplicate allelic ratio

measurements).

Statistical analysis

Bartlett’s test was used to assess homogeneity of
variances between log-transformed ASE measure-
ments performed in all gDNA and cDNA.?! Fisher’s
distribution test (F-test) was used to assess inter-
group variation in allele-specific CEBPG tran-
script expression in cDNA samples compared to
allele-specific CEBPG products from correspond-
ing gDNA samples. Student’s T-test was performed
to assess significance of deviation in central ten-
dency of individual NBEC c¢cDNA total and ASE
measurements relative to corresponding gDNA
controls, as well as measurements obtained from
individual time points in A549 cell-cycle synchro-
nized samples. Bonferroni correction for multiple
hypothesis testing was applied when appropriate.
Pearson’s correlation was used to evaluate signifi-
cance of correlation between total and allele-specific
measurement of CEBPG in A549 cDNA and ChIP
samples.

Results
Performance testing of allele-specific

competitive PCR reagents

4 allele-specific primer sets were designed for each
allele at the reporter polymorphic site rs2772, each
with a 3" mismatch over the polymorphic site and
3/4 that contained 1 of 3 possible mismatches at
the 3’ penultimate base (Fig. 1A, B and supplemen-
tary materials online).?? All 4 primer sets for each
allele were assessed for allelic specificity in paral-
lel PCR reactions with homozygous, heterozygous,
or no native template DNA controls in the presence
of allele-specific internal standards as previously
described (Fig. 1D)."* Out of the 4 primer sets tested
for each allele, only the primer sets combining CEBPG
rs2772 F1 primer with either CEBPG 152772 R-A3
primer (A allele primer) or CEBPG rs2772 R-C3
primer (C allele primer) met allele-specificity per-
formance criteria of less than 5% non-targeted allele
amplification,' as demonstrated in electropherograms
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depicted in Figure 1D. As described before, to assess
linearity of signal response, we titrated heterozygous
native template relative to allele-specific internal
standards over a 16-fold range in the presence of a
constant amount of allele-specific internal standard
mixture.'* The acceptable threshold performance cri-
terion for each allele was a signal-to-analyte response
associated with an R? = 0.95 in triplicate (Fig. 1C).
Importantly, A and C alleles exhibited nearly identi-
cal slopes of signal-to-analyte response (R* = 0.9877
and R? = 0.9849, respectively; Fig. 1C). Performance
observations for each primer set tested are anno-
tated in supplementary materials online. Analytical
variation was low both for replicate log-transformed
measurements of cDNA samples (average analytical
CV =12.7%) as well as gDNA samples (average ana-
lytical CV = 14.9). Importantly, each gDNA sample
assessed did not deviate significantly from a 1:1 rela-
tionship between A and C alleles at rs2772, indicating
absence of genomic copy number variation among all
samples assessed.

Cell-cycle synchronization

A549 cells were successfully synchronized using
double thymidine block (Fig. 2A and B). The major-
ity of cells (67.4%) in the no-block condition were
observed to be in the G1 phase of the cell-cycle.
Following synchronization, a majority of cells
(60.1%, 63.8%, 77.1% and 60.0%) were in S phase
during the 0, 2, 4 and 6 hour time points respectively,
while most cells (82.5% and 89.5%) were in G1
during the 10 and 12 hour time points respectively.
Notably, 80.0% of cells were evenly split between
G1 and G2/M during 8 hour time point, which is con-
sistent with an observed doubling of the number of
cells harvested between 8 and 10 hour time points
[data not shown].

Total expression throughout cell-cycle

E2F1 and CEBPG transcript are at their maximum
expression during G1/S transition (No Block and
0 hour time points) and decrease shortly thereaf-
ter (Fig. 2B and C). E2F1 total transcript displayed
significantly higher expression during no block and
0 hour time points compared to 2, 6, 8 and 10 hours
(P < 0.05), (Fig. 2C). CEBPG total transcript expres-
sion during the block and 0 hour time points was

significantly higher than all other time points assessed
(P <0.01), (Fig. 2C).

RNAPII activity throughout cell-cycle
Cell-cycle dependent changes in expression of
E2F1 transcript are, in part, regulated at the level of
transcription.?® For this reason we chose to use RNA
polymerase II phosphorlyated at serine 2 (RNAPII)
bound to a transcribed portion of E2F1 locus as a
biological positive control for changes in transcrip-
tional activity throughout the cell-cycle. In these
studies we compared positive control ChIP mea-
surements of level of RNAPII bound to E2F1 gene
(E2F1-RNAPII) and RNAPII bound to CEBPG gene
(CEBPG-RNAPII). RNAPII bound to E2F1 genomic
locus for No Block, and 10 and 12 hour time points
were significantly higher than all other time points
(P < 0.05), (Fig. 2D). In contrast, there was no sig-
nificant deviation in total number of CEBPG-RNAPII
molecules between all time points (P > 0.05),
(Fig. 2D). Importantly, E2F1-RNAPII molecules
trended throughout the cell-cycle (Fig. 2D) similarly
to total E2F1 transcript expression (Fig. 2C), as well
as percentage of cells in G1 phase of the cell-cycle
(Fig. 2B). CEBPG-RNAPII molecules did not dis-
play a similar trend to CEBPG total expression that
we observed for E2F1 (Fig. 2C and D).

CEBPG allele-specific expression

and RNAPII allele-specific activity

In cell-cycle synchronized A549 cells, CEBPG
exhibited allele-specific expression ratios at poly-
morphic site rs2772 (A:C) ranging from 1.24 to
1.75 (normalized to A549 gDNA; average of 0.94)
(Fig. 2E). Meanwhile, control measurement of
actively transcribing RNAPII bound to CEBPG
locus (CEBPG-RNAPII) was not significantly dif-
ferent than the null hypothesis of measuring a ratio
of 0.94 (P = 0.09). On average, the measured ASE
A:C ratio was 1.49 (Fig. 2E). Of note, for time
points 0 through 12 hours post DTB (removing no-
block control from analysis) the slope of CEBPG
rs2772 A allele total expression relative to overall
total CEBPG expression (y = 0.742x; R* = 0.998)
was nearly 2.9-fold higher (P < 0.001) higher than
that for rs2772 C allele (y = 0.258x; R* = 0.993)
(Fig. 2F).
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Figure 2. Cell-cycle results in A549 cell-line model. (A) Cell-cycle phase frequency distributions for no block and all time points post DTB. (B) Line plot
reporting percentage of cells in G1, S and G2/M phases for results depicted in panel (A). (C) CEBPG and E2F1 transcript expression per 108 ACTB.
(D) Total actively transcribing RNAPII molecules fixed to CEBPG or E2F1 transcribed region per 1000 input molecules. (E) Ratio of CEBPG transcript
derived from parental chromosome with rs2772 A versus C allele. Ratio of actively transcribing RNAPII molecules fixed to CEBPG parental chromosome
with rs2772 A versus C allele. (F) Allele-specific CEBPG expression per 108 ACTB of rs2772 Aand C alleles as a function of total CEBPG cDNA molecules

per 108 ACTB.

Allele-specific expression measurement
of CEBPG transcript in NBEC samples

CEBPGallele-specifictranscriptexpressionwasmea-
sured in NBEC ¢cDNA samples from 15 individuals
heterozygous at transcribed reporter polymorphic
site 1s2772 and with varying allelotype at other
putative regulatory polymorphic sites rs736682,
rs17530479, rs17530508, rs1469084, rs16968029,
rs3745968 and rs36101103 (Figs. 1 and 3, and
Table 2). To control for potential genomic copy
number variation, CEBPG allelic ratio was measured

in gDNA samples from the same 15 individuals.
Observed allele-specific expression ratios accord-
ing to genotype are displayed in Figure 3. There
was significantly higher (P < 0.001) inter-sample
variation in allelic ratio measured at polymorphic
site 152772 for the group of fifteen NBEC cDNA
(biological CV = 44.2%) compared to correspond-
ing gDNA controls (biological CV = 9.8%). On an
individual basis, the A:C ratio (allelic imbalance)
was significantly higher (P < 0.05; after Bonferroni
correction) relative to gDNA control ratios for
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Figure 3. Measurement of CEBPG transcript rs2772 A:C allelic ratio in normal bronchial epithelium. Summary results from allele-specific competitive
PCR measurement of CEBPG allelic ratio (ie, ASE) at polymorphic site rs2772 A and C alleles in NBEC gDNA (black triangles) and matched cDNA (grey
symbols) for 15 individuals. Table below scatter plot indicates genotype of samples plotted above. For All gDNA and All cDNA, the group of samples
comprising all allelotypes at polymorphic sites rs736682, rs17530479, rs17530508, rs1469084, rs16968029, rs3745968 and rs36101103 were compared
together. For cDNA Sorted by Genotype, groups of samples with varying genotypes at seven putative cis-acting polymorphic sites were compared sepa-
rately (results for individual samples in Table 2). ¥ = sample 247, 1+ = sample 289 and f = sample 521 A:C allelic ratio measurements were significantly

different than gDNA controls.

3 subjects (247, 289 and 521) (Fig. 3 and Table 2).
Importantly, only polymorphic site rs2772 was
heterozygous in each of these 3 individuals, indi-
cating it is the most likely candidate influencing
CEBPG ASE.

Discussion

Traditional causes ofallele-specific expression (ASE),
such as genomic imprinting or X-chromosome inac-
tivation are associated with complete silencing of
expression from an allele or an individual parental
chromosome.'® In contrast, it is now known that a
large percentage of non-imprinted autosomal genes
exhibit a more subtle type of ASE,>*25 such as that

observed with CEBPG in this study (Figs. 2 and 3).
In this latter form of ASE, inter-allelic difference in
expression typically varies approximately 1.2- to
1.6-fold away from an expected 1.0 ratio of expres-
sion between parental chromosomes.'*!* Importantly,
ASE from these non-imprinted autosomal genes
exhibit Mendelian patterns of inheritance.”** These
observations suggest that subtle inter-allelic variation
in expression is at least in part explained by varia-
tion in proximal (ie, cis-acting) sequences, differen-
tially affecting the transcript expression abundance
of alleles derived from each parental chromosome,
and is a separate entity from classical imprinting
phenomenon.
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CEBPG total expression exhibited a cell-cycle
specific profile similar to that of E2F1 (Fig. 2C).
Yet, active RNAPII varied minimally at the CEBPG
genomic locus compared to E2F1 measured RNAPII
activity (Fig. 2D). In addition, although significant
CEBPG ASE was observed, RNAPII allele-specific
transcriptional activity was not (Fig. 2E). This sug-
gests that regulation of both total and allele-specific
CEBPG transcript expression is partly regulated at
the post-transcriptional level. Further, during the
course of the cell-cycle there was a 2.9-fold difference
between rs2772 A and C alleles in responsiveness to
factor(s) that regulate CEBPG total transcript levels
(Fig. 2F). Accumulating evidence indicates that in
order for cis-acting genetic variants to differentially
regulate ASE, they must respond differently to trans-
acting factors.'>?%?7 If the trans-effect is constitutive
in the tissue assessed, ASE should tightly associate
with specific cis-genotypes in the population.'4?%
Conversely, if there is inter-individual variation in
trans-acting factor function, for example throughout
the cell-cycle or in response to other environmental
effects, ASE that is mechanistically important may
be associated with cis-acting genetic variants in only
some individuals.?” In the cell cycle model presented
here, cis-regulatory elements were constant, and
hence the cause of variation in total and allele-specific
CEBPG expression must have been due to variation
in the total level of trans-factor activity operating
downstream of RNAPII transcription of CEBPG (e,
post-transcriptional; Fig. 2F).

In order for cis-acting genetic variation to influ-
ence the post-transcriptional regulation of CEBPG,
the polymorphic cis-element must be transcribed
and present in the mRNA. Thus, the most plausible
polymorphic cis-element that would explain the
phenomenon observed here is rs2772 (3’'UTR), and
less likely rs17530479 (promoter region). As has
been described for other genes,*® genetic variation
at a miRNA regulatory motif within the transcribed
portion of CEBPG could alter post-transcriptional
levels of CEBPG. Inputting CEBPG 3’UTR poly-
morphic site rs2772 into MirSNP database reveals
that the C allele, but not the A allele, is a target site
for miRNA hsa-miR-1248.3! This finding is consis-
tent with our observations that rs2772 C allele is on
average expressed 2-fold lower than rs2772 A allele.
Based on the literature, miRNA hsa-miR-1248 is

upregulated during de-differentiation as well as epi-
thelial inflammation,*3* which is consistent with
known effects of perturbing CEBPG expression.*®

Normal human bronchial epithelial cells in vivo are
typically quiescent.**** This information, combined
with the fact that CEBPG total and allele-specific
expression is regulated post-transcriptionally by a
trans-effect(s) that is variable in activity (Fig. 2C
and D), may explain why only 20% of primary
NBEC samples assessed in this study, heterozygous
for rs2772, exhibited allele-specific CEBPG expres-
sion (Fig. 3). Specifically, we observed that CEBPG
rs2772 A allele was expressed 2.10-fold higher than
Callelein 3 of 15 (20%) NBEC samples heterozygous
for polymorphic site rs2772. This finding is interesting
in light of a previous report by Lo et al, who observed
that the CEBPG polymorphic site rs2772 A allele was
expressed 2.42-fold higher than the C allele in 20% of
fetal kidney tissues.?*

Numerous approaches for allele-specific tran-
script measurement have been described,'® and many
of these techniques rely upon the intrinsic quality
control inherent in measuring relative allelic levels
within a single reaction vessel. Despite this built-in
quality control step, numerous additional known
and unknown sources of analytical variation remain
uncontrolled by this method alone and can poten-
tially result in inaccurate and low precision of ASE
measurement.!”*%® In this study we implemented
multiple additional quality control measures to
address some of the potential sources of analytical
error encountered in ASE association studies. Key to
this effort was adaption of competitive PCR to allele-
specific quantification. Properly designed competi-
tive PCR offers highly reproducible measurement of
DNA template copy numbers, wide linear dynamic
range, superb target analyte specificity, and relatively
low cost.'*!” Allele-specific competitive PCR com-
bines competitive PCR with previously described
allele-specific PCR priming* to precisely and accu-
rately quantify alleles (Fig. 1).

In summary, we report that (a) rs2772 A allele
expression varied approximately 2- to 3-fold more
than rs2772 C allele during cell-cycling, (b) there
was no significant correlation between RNAPII
activity and observed CEBPG ASE in the cell-cycle
synchronized A549 cell-line model, and (c) poly-
morphic site rs2772 in Exon 2 of CEBPG exhibited
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allele-specific expression in adult NBEC samples
from some subjects, but not others. Thus, there
is support for the hypothesis that cis-acting variants
participate in regulation of CEBPG transcript levels
and this partly explains inter-individual variation in
CEBPG expression in NBEC. Importantly, the data
suggest that a mechanism other than RNAPII medi-
ated transcription regulation is responsible for this
observed variation in ASE. Because CEBPG is an
important regulator of airway epithelial prolifera-
tion and development, cis-acting genetic variation
that alters the expression of CEBPG at the cusp of
G1 and S phase has a high likelihood of involvement
in the manifestation of a variety of lung patholo-
gies, possibly through effects on CEBPA regulation
of E2F1 activity,’ or as a downstream modulator of
JNK/JunD mediated proliferation.!® Future work
towards mechanistic understanding, including the
responsible trans-acting factor, for association of
genetic variant rs2772 with post-transcriptional
regulation of CEBPG ASE in NBEC may result in
improvement in screening and treatment for a vari-
ety of lung diseases. Prior data from this laboratory
support the hypothesis that CEBPG coordinates
regulation of key DNA repair and antioxidant genes
in NBEC, and in other human epithelial cell models
CEBPG plays a key role in regulation of cell prolif-
eration.’® Based on these observations, additional
studies are justified to further understand the exact
mechanistic relationship between rs2772 genetic
variation and inter-individual variation in CEBPG
expression contributing to variation in the vitally
important coordination of DNA repair with cell
cycling.
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Supplementary Methods Text
Controls in allele-specific
competitive PCR

By measuring the transcript expression of a gene rela-
tive to a known number of internal standard molecules
within a standardized mixture of internal standards,
all known sources of variation during PCR can be
controlled. This generates data that are directly com-
parable across multiple experiments and institutions
[39]. This method prevents false negatives because
if the PCR fails, the internal standard product is not
observed and there are no data to report. Likewise,
false positives are eliminated by using internal stan-
dard only (no native allele) (Fig. 1D 1) and water only
controls. The experimental design used to measure
the abundance of alleles present in a mixture of native
template DNA relative to a known number of Allele-
Specific Internal Standard DNA template molecules
is show to the left. Actual electropherograms of PCR
reaction products from experiment, are depicted in
Figure 1D.

Chromatin immunoprecipitation cell

preparation

Following cell-cycle synchronization, an aliquot of
cells from each time point was processed for ChIP
analysis. These cells were incubated in 1% formal-
dehyde solution, gently rocking, at room tempera-
ture for 15 minutes, followed by incubation in 2.5 M
glycine solution for 5 minutes to quench unreacted
formaldehyde. Cross-linked cells were then pelleted
and resuspended in 1x PBS. Next, cells were pelleted
and resuspended in SDS lysis buffer (50 mM Tris-

1.65 ug A549
input chromatin

2645 bp — ™)

1605bp— )
1196 bp — K 4

Native
Template DNA

676 bp — [

e it 350 bp —
222 bp —
126 bp —

HCI pH 8.0, 10 mM EDTA, 1% SDS, 5 uM AEBSF,
1.5 uM Aprotinin, 10 nM E-64, 10 nM Leupeptin,
0.1 mM Sodium Fluoride, 2 nM Sodium Ortho-
vanidate, 20 nM Sodium Pyrophosphate and 20 nM
B-Glycerophosphate). Samples in SDS lysis buffer
were sonicated on ice using a Cole Palmer Sonicator
(Model CPX130) at 80% amplitude for 3 minutes at
30 second intervals with at least one minute to cool
between intervals. To achieve a median fragmenta-
tion length of 300 bp, sonicated cell lysates were then
centrifuged at 4 °C for 10 minutes at 12,000 g to pel-
let unsonicated cellular debris. The supernatant was
recovered, measured for chromatin DNA concentra-
tion (NanoDrop 2000 Spectrophotometer, Thermo
Scientific, using dsDNA measurement tab) and dis-
tributed into 50 g chromatin aliquots in 1 mL of IP
buffer (15 mM Tris-HCI, 165 mM NaCl, 1 mM EDTA,
1.0% Triton X-100, 5 uM AEBSF, 1.5 uM Aprotinin,
10 nM E-64, 10 nM Leupeptin, 0.1 mM Sodium Flu-
oride, 2 nM Sodium Orthovanidate, 20 nM Sodium
Pyrophosphate and 20 nM B-Glycerophosphate).
Purified input sonicate DNA was run on 2% aga-
rose gel to asses fragmentation using NIH Image J
software.

Chromatin immunoprecipitation

100 uL aliquots of Protein G Dynabeads for each
immunoprecipitation (Dynabeads Protein G, Invit-
rogen Dynal AS, Oslo, Norway) were washed three
times in Block Solution (1x PBS, 0.5% bovine serum
albumin), followed by addition of 10 pg of antibody of
interest (normal rabbit polyclonal IgG sc-2027, Santa
Cruz Biotechnology; or rabbit polyclonal to RNA
polymerase II CTD repeat YSPTSPS phospho S2,
Abcam Inc.), and incubated on a rotator overnight
at 4 °C. Next, Dynabeads were washed three times
in Block Solution to remove unbound antibody and
resuspended in 100 UL of Block Solution. At this
time, 50 pg aliquots of chromatin cell lysate in 1 mL
of IP buffer was added and mixed together followed
by incubation on a rotator overnight at 4 °C. Beads
were collected using magnetic particle concentrator
to allow removal of unbound chromatin, followed by
individual consecutive washes with 150 mM NaCl
(20 mM Tris-HCI, 150 mM NaCl, 2 mM EDTA, 1.0%
Triton X-100, 0.1% SDS), 250 mM LiCl (10 mM Tris-
HCI, 250 mM LiCl, 1 mM EDTA, 1.0% NP-40, 1.0%
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Na-Deoxycholate) and TE + 50 mM NaCl (10 mM
Tris-HCI, 1 mM EDTA, 50 mM NaCl) respectively.
Next, solution was spun at 960xg to remove any
residual TE + 50 mM NaCl buffer. Elution buffer
(50 mM Tris-HCL, 10 mM EDTA, 1.0% SDS) was
added and samples were vortexed at 5 minute inter-
vals while incubating at 65 °C for 30 minutes. Next,
elution buffer with beads was spun at 16000xg and

Table S1. PCR and competitive PCR primer sequences.

supernatant containing eluted and enriched DNA-
protein complexes was removed from pelleted beads
and incubated at 65 °C for 6 hours to reverse formal-
dehyde cross-linking. Next, samples were Proteinase
K treated overnight at 37 °C, followed by heat-stop
reaction and purification using QIAEX II DNA puri-
fication kit (Qiagen, Inc., USA) to recover enriched
DNA.

Primer # Primer name Sequence (5’ to 3)

Notes

1 CEBPG rs2772 R AGATCT AAC AGC TGC AGAATG G Reverse primer for pre-amplification of both A
common and C allele at rs2772.
2 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG GA  Matches A allele at rs2772. Did not meet
R-A1 allele-specificity criteria.
3 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG AA Matches A allele at rs2772 with 3’ pen-ultimate
R-A2 mismatch. Pen-ultimate mismatch decreased
overall PCR efficiency, however it did achieve
allele-specificity criteria.
4 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG TA Matches A allele at rs2772 with 3’ pen-ultimate
R-A3 mismatch. Good PCR efficiency and met
allele-specificity criteria. Used with CEBPG
rs2772 F1 primer for ASE of CEBPG.
5 CEBPG rs2772 AGATCT AACAGC TGC AGAATG CA Matches A allele at rs2772 with 3’ pen-ultimate
R-A4 mismatch. Pen-ultimate mismatch decreased
overall PCR efficiency, however it did achieve
allele-specificity criteria. Artifact peaks present.
6 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG GC  Matches C allele at rs2772. Good PCR
R-C1 efficiency and met allele-specificity criteria.
7 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG AC Matches C allele at rs2772 with 3" pen-ultimate
R-C2 mismatch. Good PCR efficiency and met
allele-specificity criteria.
8 CEBPG rs2772 AGATCTAACAGC TGCAGAATGTC Matches C allele at rs2772 with 3’ pen-ultimate
R-C3 mismatch. Good PCR efficiency and met
allele-specificity criteria. Used with CEBPG
rs2772 F1 primer for ASE of CEBPG in order
to maintain consistency of 3’ pen-ultimate
mismatch between both allele-specific primers.
9 CEBPG rs2772 AGATCT AACAGC TGC AGAATG CC Matches C allele at rs2772 with 3’ pen-ultimate
R-C4 mismatch. Pen-ultimate mismatch decreased
overall PCR efficiency, however it did achieve
allele-specificity criteria. Artifact peaks present.
10 CEBPG rs2772 TTT CCC AGT CCC CAT TAG AGG Forward primer used for general pre- and
F1 allele-specific amplification.
11 CEBPG rs2772 AGATCT AAC AGC TGC AGAATG GAA  Primer coupled with CEBPG rs2772 F1 to
IS Aallele AAC AAAACAATT CTC CTAAGG C create A allele competitive template.
12 CEBPG rs2772 AGA TCT AAC AGC TGC AGAATG GCT  Primer coupled with CEBPG rs2772 F1 to
IS C allele TCT CCT AAG GCATCAGA create C allele competitive template.
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