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Human signal transducer and activator of transcription 3 (STAT3) is one of many genes containing a tandem splicing site. Alternative donor
splice sites 3 nucleotides apart result in either the inclusion (S) or exclusion (AS) of a single residue, Serine-701. Further downstream, splicing
at a pair of alternative acceptor splice sites result in transcripts encoding either the 55 terminal residues of the transactivation domain (a)

or a truncated transactivation domain with 7 unique residues (f3). As outlined in this manuscript, measuring the proportions of STAT3's four
spliced transcripts (Sa, SB, ASa and ASB) was possible using absolute gPCR (quantitative polymerase chain reaction). The protocol therefore
distinguishes and measures highly similar splice variants. Absolute gPCR makes use of calibrator plasmids and thus specificity of detection is
not compromised for the sake of efficiency. The protocol necessitates primer validation and optimization of cycling parameters. A combination
of absolute gPCR and efficiency-dependent relative qPCR of total STAT3 transcripts allowed a description of the fluctuations of STAT3 splice
variants' levels in eosinophils treated with cytokines. The protocol also provided evidence of a co-splicing interdependence between the two
STAT3 splicing events. The strategy based on a combination of the two qPCR techniques should be readily adaptable to investigation of co-
splicing at other tandem splicing sites.

Video Link

The video component of this article can be found at https://www.jove.com/video/54473/

Introduction

Short-range (;andem) alternative splicing, where alternate acceptor or donor sites are in close proximity to one another, is common in mammals1,
invertebrates” and plantss. It is estimated that 20% of mammalian genes contain alternative splice sites 2-12 nucleotides apart4. Many of these
sites are 3 nucleotides apart and result in inclusion or exclusion of a single codon. There is debate about the nature of splicing regulation at
these sites>® with some arguing that the splicing motif differences are so subtle that selection is stochastic’, while others infer regulation based
on tissue specificitys.

Tandem splice site selection has been analyzed semi-quantitatively using modified capillary electrophoresis7, and high-resolution gel
electrophoresisg. RNA-Seq (RNA sequencing) reads can be used to quantify the splicing ratios at each splice site. In this way, RNA-Seq data has
provided insight into the regulation of tandem splice sites®. It has also enabled prediction of expected splice variant ratios based on nucleotide
motif'®. Most of the emphasis on splicing that includes or excludes a single codon has been on the more commonly occurring tandem acceptor
splice sites, known as NAGNAGs (where N = any nucleotide).

Tandem donor alternative splice sites including or excluding a single codon (GYNGYN recognition motif, where Y = pyrimidine) are less
common than tandem acceptors. Signal transducer and activator of transcription 3 (STAT3) is a key gene undergoing tandem donor alternative
splicing1’11. The tandem donor splice sites join exons 21 and 22 and result in the inclusion or exclusion of the codon for Serine-701 (S or AS
respectively)1’”. Downstream alternative acceptor sites (40 nucleotides apart from each other) joining exons 22 and 23a/b result in the inclusion
of either the 55 terminal residues of the transactivation domain (a) or a truncated transactivation domain with 7 unique C-terminal residues (B)”.
Therefore, four splice variants are possible.

STATS3 protein is a transcription factor and major signal integrator in numerous cell typ(—zs12 and when mutated its constitutive activation
contributes to several cancer phenotypes (reviewed in reference13). Job's S}/ndrome, an immunodeficiency disorder characterized by high

levels of IgE, is also caused by mutations in STAT3 (reviewed in reference’ ). Distinct roles for STAT3 a and 8 splice variant proteins have been
previously described ™. Initially, STAT3 8 was thought to act in a dominant-negative manner’ , antagonizing STAT3 a's transcriptional activity, but
subsequent work suggested it has independent target genes”. Despite the subtlety of tandem splicing, there is reason to believe the absence
or presence of Serine-701 (Ser701) influences function. Not only is Ser701 in close proximity to Tyrosine-705 (the residue phosphorylated in
STAT3 activation18), but a recent study suggests that STAT3 S and AS splice variants are both necessary for viability of STAT3-addicted Diffuse
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Large B Cell Lymphoma (DLBLCL) cells. The biological relevance remains to be explored. Given that splice variant composition could influence
function, we endeavored to discover whether the ratio was perturbed by cytokine stimulation in eosinophils.

We initially attempted to explore the linkage between the two splicing events by using PCR specific for STAT3 a and [ splice variants, followed
by cleavage of products with a restriction enzyme specific for the S splice variants, Afel. Densitometry of products indicated inclusion of Ser701
was roughly ten times more common than its omission (AS) in both STAT3 a and B (data not shown). However, this semi-quantitative approach
was not sufficiently reproducible, and could not be used effectively to measure all four splice variants simultaneously. To analyze proportions of
each of the four splice variants, it was necessary to establish a quantitative PCR (QPCR) protocol that yielded tight technical (several assays of a
given sample) replicates.

Relative gPCR relies on comparison of a gene of interest to a standard or housekeeping gene known to be expressed at a particular level®

and is appropriate when the gene of interest and housekeeg)ing gene are amplified with similar efficiency. A double stranded (ds) DNA-

binding fluorescent (cyanine) dye binds to PCR amplicons2 , and after a certain number of cycles, sufficient amplification has occurred for
fluorescence to be detectable. The higher the initial level of the transcript, the lower the threshold cycle (Ct) value. Since the concentration of
cDNA preparations differs, one needs to compare the transcript's concentration with the concentration of a transcript known to be expressed at a
consistent level in all samples, like glucuronidase-f§ (GUSB) in eosinophilszz.

Relative gPCR is not feasible for highly similar sequences, as seen in splice variants resulting from tandem splicing. The stringent conditions
required to specifically amplify the splice variants result in decreased efficiency. Instead, absolute quantification must be used 3. This entails
preparing a standard curve with known concentrations of the spliced transcript of interest, and ensuring PCR conditions optimize specificity24. As
described, absolute and relative gPCR data for a particular gene can be merged to inform understanding of the gene's expression in a particular
cell type, in this case STAT3 in variously stimulated eosinophilszs.

Herein, STAT3 splice variant quantification is described with the expectation that the method can be adapted to targeted studies of other tandem
splicing events. Optimization was a lengthy process, where several primer pairs at various concentrations and numerous iterations of cycling
parameters were tested over the course of a few months. The key features of the protocol are primer specificity validation and quantification
based on standard curves with known concentrations of the splice variants. Relative gPCR in conjunction proved helpful for our application but is
not necessary.

NOTE: Peripheral blood eosinophils were received without identifying information in accord with a protocol approved (#2013-1570) by the
University of Wisconsin-Madison Center for Health Sciences Institutional Review Board. Signed informed consent from the donor was obtained
for the use of each sample in research.

1. Creating Plasmids as Template Standards

1. Create primers for an amplicon spanning both STAT3 splice sites, with 5'- Kpnl and Nhel restriction sites (and 5'-extensions) as per Table 1a.
NOTE: Kpnl and Nhel sites were chosen to enable inserts to be ligated into a modified pET-28a vector with kanamycin resistance”™ . Kpnl
site had been added into the multiple cloning site.

2. Using freshly donated eosinophils, prepare duplicate samples of 2.5 x 10° cells/ml in cell culture medium (Roswell Park Memorial Institute
(RPMI)1640 medium). Incubate for 1 hr at 37 °C under 5% CO, and 10% humidity.

1. Prepare complementary (c)DNA from samples (at least 1 x 10° cells per preparation) as per manufacturer's instructions using the RNA
extraction and cDNA synthesis kits.

3. From template cDNA prepared in step 1.2.1, amplify STAT3 splice variants using amplification PCR as per Table 2a.

4. Resolve amplicons in 2% agarose Tris-acetate-ethylenediaminetetraacetate (TAE) geI27. Excise bands from the gel and purify according to
gel excision kit instructions.

5. Cut amplicons and plasmid with appropriate restriction enzymes (overview of restriction in reference”), using volumes, incubation times
and temperatures recommended by enzyme provider; and purify as in step 1.4. Ligate restricted amplicons into plasmid under provider-
recommended conditions.

6. Prepare a negative control (restricted plasmid DNA without insert but with ligase) and a positive control (unrestricted plasmid with kanamycin
resistance). Perform standard plasmid transformations of competent E. coli DH50%® using ligation mixtures?’.

7. Incubate transformed E. coliin 1 ml Luria-Broth (LB) medium (prepared as instructed27) shaking for 1 hr at 37 °C. Spread transformants on
LB plates containing 50 pg/ml kanamycin and incubate at 37 °C overnight.

8. Pick several colonies from the STAT3 a and STAT3 B plates using sterile toothpicks”. Transfer each to 2 ml LB. Grow cultures overnight at
37 °C in a shaking incubator.

9. Purify plasmids from bacterial cultures by following instructions provided in a DNA purification kit. Store plasmids at -20 or -80 °C.

10. Sequence plasmids from several colonies by preparing 20 pl sequencing reactions. Pipette 3 pl sequencing reaction buffer, 2 pl sequencing
reaction mix, 12 pl ultrapure water, 1 pl plasmid as template and 2 pl sequencing primer.

NOTE: If using pET-28a vector, use sequencing primer 5'-TAA TAC GAC TCA CTA TAG GGG-3'".
1. Assess electrophoretograms of plasmids encoding each variant: Sa, SB, ASa and AS[325.

11. Measure concentration of pure plasmid DNA in ng/pl. If reading absorbance at 260 nm using a spectrophotometer, calculate DNA
concentration using the Beer-Lambert law?:
c = AfsL
Where ¢ = concentration, A = absorbance, ¢ (extinction coefficient) = 0.02 (pg/ml)’1 cm’" for double-stranded DNA and L = path length of light
(usually 1 cm).

12. Using the molecular weights of STAT3 splice variant cDNA amplicons and the vector, calculate the copy number per pl.

Copyright © 2016 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported October 2016 | 116 | 54473 | Page 2 of 12
License


https://www.jove.com
https://www.jove.com
https://www.jove.com

L]
lee Journal of Visualized Experiments www.jove.com

NOTE: Molecular weight per base pair (bp) is estimated as 650 Da.
copy number ng 6.022 x 1072

ul ul : (number bp vector + STAT3 amplicon bp) * 1 X 10% = 650

2. Analyzing Primer Specificity for Absolute qPCR

1. Prepare 1 in 10 dilution series of STAT3 plasmids, with ~10%t0 10° copies per pl (20 yl) using ultrapure water. Measure concentration of most
concentrated (~108 copies per pl, see step 1.11).

2. Use diluted plasmids to prepare four "non-target" mixes (i.e., STAT3AS negative control containing equal concentrations of STAT3 Sa, ASa,
SB but no ASB) at 10° copies per pl each. Prepare a "target" mix with equal concentrations of all four templates each at 10° copies per pl.

3. Prepare primer pair solutions for each splice variant (see Table 1b and Figure 1) by making ~60 pl of primers each at a 7 uM concentration
(final concentration in sample will be 560 nM).

4. Dilute DNA polymerase/dsDNA-binding dye mix 7:5 with pure H,0.

5. Setup Assay 1 in a 96-well PCR plate as shown in template (Table 3).

1. Add 21 pl diluted DNA polymerase/dsDNA-binding dye mix, then 2 pl of primer mix and 2 pl of template (as per Table Zbg. Instead of
template, add 2 pl filtered H,O to the no template control (NTC) well. Set up reactions in duplicate to assess repeatability 0

6. Seal gPCR plate with adhesive cover and centrifuge for 5 min at 1,200 x g at 12 °C.
7. If using software listed on Materials, set up experiment as described.
1. Turn on gPCR machine and insert sealed qPCR plate. Click File > New > Next > Select "New detector", choose reporter, quencher and
provide name. Set up a "new detector" for each splice variant.
2. Select Next and set up standards as prompted on the Set Up Sample Plate page, ensuring quantities are entered into the table and
appropriate detectors are selected. Click finish.
3. Set up cycling as per Table 2b. Ensure that fluorescence reading (to determine Ct) occurs during the 72 °C step of each cycle. Select
Run.
4. When run is complete, click the Results tab > Amplification plot tab. Evaluate output amplification plot to assess data quality (look for
an exponential plot, as in Figure 2).
NOTE: Ensure amplification plots are mostly exponential and that the cycle threshold can be set at the exponential part of the plot.
Ensure NTCs are not amplified and other standard points demonstrate a low Ct value with a high ARn.
5. To export results to spreadsheet software, click File > Export > Results.

3. Assessing Absolute qPCR Assay Specificity and Repeatability

1. Repeatability
1. Use the data from Step 2.7.5 to calculate standard deviation of Ct (threshold cycle for fluorescence) values.
N
_ |t
= v
i=1
Where N = number of samples (2 if done in duplicate), x; = sample's Ct and i = sample Ct mean. Check that the standard deviation of
Ct values of duplicates is <0.2. Check that Ct values in all but NTC wells are smaller than 38.
2. If repeatability is poor optimize cycling parameters by either increasing or decreasing annealing time.

5

(x;— %)*

2. Plot log copy number (as determined in Step 1.12 and prepared in Step 2.1) vs Ct value to create a standard curve; yielding the following
equation:
y=mx+b
Where y is Ct, m is the gradient, x is log(copy number) and b is the intercept value.
NOTE: The R? value of the linear regression will be 20.95 for good data.
3. Calculate amplification efficiency using standard curve and the equation:

% ef Ficiency = 100 * (10=m — 1)
NOTE: Aim for efficiency 275%.
4. Calculate specificity from qPCR assay 1 using Too's formula:

specificity factor = log((lﬂa_‘“‘nu]
Where ACt™ = Cfa"9°! _ of"*™a98t | yescribing the difference in threshold cycle number for specific and non-specific amplification
NOTE: Specificity should exceed four orders of magnitude (i.e., specificity factor 24).
1. If specificity is poor, optimize by lowering primer concentration. Set up assays (as described in steps 2.5-2.7) with final primer
concentrations ranging from 100 nM to 500 nM.

4. Performing Relative qPCR Assays

1. Treat Cells with Cytokines to Promote Transcription.
1. For freshly donated eosinophils, prepare duplicate samples of 2.5 x 10° cells/ml in cell culture medium (RPMI 1640 medium) and treat
with 50 ng/ml interleukin-3 (IL3) and/or 50 ng/ml tumor necrosis factor a (TNFa) for periods of 3, 6, 9 and 20 hr at 37 °C under 5% CO,
and 10% humidity.
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Prepare cDNA from eosinophil samples (at least 1 x 10° cells per preparation) as per manufacturer's instructions using the RNA extraction
and cDNA synthesis Kits.
Prepare serial dilutions of two sample cDNA aliquots (control or resting samples), with a dilution range from "1" to "1 in 1024" dilution.

1. For the 1 in 4 dilution, pipette 1 pl cDNA and 3 pl ultrapure water.

2. Forthe 1in 16 dilution, pipette 1 pl of the 1 in 4 dilution and 3 pl ultrapure water, etc.

Set up PCR in 96-well plate with 25 pl reactions as described steps 2.3-2.5 but with several primer concentrations for pan-STAT3 and GUSB
(see template in Table 4).

Add "new detector" for GUSB and follow steps 2.6-2.7, using the cycling parameters described in Table 2c.

Generate standard curves (see steps 3.2 and 3.3) to determine which primer concentrations result in 95-100% amplification efficiency.

Set up plate with prepared cDNA samples (from Step 4.2) and optimized primer concentrations (see Table 2¢ for cycling parameters,
reagents and Table 5 96-well plate template).

Perform steps 2.6-2.7. Repeat assay at least once and check data quality.

Calculate the average Ct value of duplicate sample Cts for both STAT3 and housekeeping gene GUSB.

. Obtain ACt values for each sample.

ACtsympie x = Clsrars — Clayse
Designate resting sample (usually has lowest concentration of transcript of interest) as Sample 0. Calculate AACE" for each sample (here
designated as sample X):
&&Ct_?am'pls X = ﬁcrj‘ﬂm‘plsk‘ . alCtj‘rzn’l‘,z:ts o
Calculate fold-increase for each sample:
fold increase = 27 44Ctsample X
Reproducibility
1. Calculate the coefficient of variation (CV) of copy number for pan-STAT3 and GUSB.
—_—
1 ] 2
NI|§E‘§\:1(X:' —x)
cv=‘

x
Where N = number of samples, = sample's calculated copy number and = sample mean. Check that CV of each sample (multiple
assays) is <10%.

5. Analyzing Absolute qPCR Data for Unknown Samples

1.

10.

1.

Compare Ct values obtained in relative qPCR (as described in step 4.9) for housekeeping gene GUSB to ensure samples' cDNA
concentrations are within one order of magnitude.
1. Dilute cDNA accordingly (e.g., if sample 1 has a Ct value of ~17.5, and other samples' Ct values are ~21, sample 1 is roughly 2t
= 11 times more concentrated. Perform a 1:1 dilution with ultrapure water within the same range without diluting more than necessary).
NOTE: Vastly different starting concentrations will bias the linear regression analysis (step 4.12).

21-17.5)

Set up absolute gPCR assay of samples. Prepare assay 2a template plate for Sa and S as per Table 6; and prepare assay 2b for ASa and
ASB as per Table 7. Carry out assays as described in steps 2.6-2.7.3 (and Table 2b). Repeat assays at least once.
Check data quality and export as described in steps 2.7.4-2.7.5.
Set up absolute gPCR 96 well plate with 25 pl reactions using pan-STAT3 primers (primers in Table 1c, template in Table 8) at 400 uyM and a
mix of all four plasmids or a single plasmid at listed total concentrations.
NOTE: Efficiency does not matter for absolute gPCR, but optimizing efficiency of these primers is important for relative gqPCR (Step 4).
Seal qPCR plate with adhesive cover and centrifuge for 5 min at 1,200 x g at 12 °C.
Set up "new detector" for pan-STAT3 as in steps 2.7.1-2.7.3.
Set up cycling for pan-STAT3 as per Table 2c (same conditions as relative gqPCR). Ensure that fluorescence reading (to determine Ct) occurs
during the 72 °C step of each cycle. Repeat assay at least once to ensure reproducibility.
Check data quality and export (see steps 2.7.4-2.7.5).
1. If amplification plots are not exponential (see Figure 2), dilute sample cDNA (1:10) and repeat assay as described (step 5.7).

Using the equation of the standard curve (see 3.2, Figure 3) and the Ct values of samples, calculate the copy number of each splice variant
and of pan-STAT3 in each sample.
Ct-b
CN=10m
Plot log (absolute gPCR copy number values obtained for pan-STAT3) vs log (cumulative absolute gPCR copy number values for STAT3
splice variants).
NOTE: Ideal linear regression and slope values would both be ~1.
Calculate repeatability (Step 3.1) and reproducibility (Step 4.13).

6. Merging Absolute and Relative qPCR Data

N =

Multiply the proportion of variant with the total STAT3 fold-increase to calculate fold-increase of each splice variant.
Calculate the standard deviations (see Step 3.1.1) of the absolute and relative values to account for propagation of error. Determine standard
error of measurement (SEM) as shown:

-
VDL + 5D,

SEM =
x
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Representative Results

Good quality gPCR data will generate a sigmoidal amplification plot (Figure 2a), signifying exponential increase in transcripts over the course
of cycling. The presence of too much template can result in a high fluorescence background, meaning an inappropriate baseline is established
in the first few cycles. If the data do not provide an exponential curve (Figure 2b), further optimization is necessary (outlined in steps 3.1 and
3.4). For further information about troubleshooting qPCR results, refer to reference3 The standard curves generated for the template calibrator
plasmids will indicate the efficiency of amplification (curve for STAT3 Sa shown in Figure 3). Efficiencies between 83 and 95% were observed
under the conditions described. The equation for specificity (Step 3.4) assumes equal efficiency, which is unllkely2 so the specificity is likely to
be greater than specificity factor suggests.

In order to evaluate the congruency of STAT3 levels, the absolute values of each of the four splice variants were measured as well as the level of
total STATS3, the latter using primers amplifying a region common to all four splice variants (Figure 4). Ideally the linear regression (indication of
correlation) and slope (ratio of pan-STAT3 to summed splice variants) should both be close to 1.

The absolute qPCR data are presented as pie charts to show the proportions of the four splice variants over time post-stimulation with cytokines
(Figure 5a). Resting eosinophils (0 hr) had the smallest proportion of STAT3 Sa, although this variant was always the most abundant. Multiplying
the fraction of STAT3 B splice variants (SB+ASB) by the fraction of STAT3 AS splice variants (ASa+AS) consistently gave a value lower than
the experimentally-recorded value for ASB. If the splicing events were independent, one would expect that multiplying fraction of AS variants

by the fraction of B variants would give a value that agrees with the experimentally-determined value. Higher levels of ASB than expected from
independent splicing events suggests a co-splicing bias exists.

Merging absolute and relative qPCR data demonstrated that levels of all STAT3 splice variants increased post-stimulation with cytokines

IL3 and TNFa, with levels peaking 6 hr post-stimulation (Figure 5b-e). For three of the four splice variants, transcript levels were roughly 3
times higher in IL3+TNFa treated eosinophils (6 hr) compared to eosinophils in media at the same time point. STAT3 Sa levels were 3.5 times
higher in IL3+TNFa treated eosinophils compared to eosinophils in media at this time point. The greatest uncertainty (largest standard error of
measurement) was seen in ASB (Figure 5e), which comprises the smallest fraction of total STAT3 in all samples. This was not surprising, as
lower levels are associated with higher Ct values. Requiring more cycles to reach the threshold cycle will compound uncertainty due to cycle-to-
cycle variation in efficiency of amplification.

GAGCATCCTEARGCTEACCCAGETAGCECTECCCCATACCTGAAGACCARETTTATCTCTET GACACCARCEACCTGCAGCARTACCATTGACCTGCCEATETCC
Sa U t t 1 t t t t t 1 t 1 1 t t t t 1 t t 1
s e ——

E H P E A D P G & A A P ¥ L KT K F I € ¥v T P T T € & N T I b L P M 8

GAGCATCCTGARGC TGACCCAGGTAGCGC TGCCCCATACCTGAAGACCARGT T TATCTGTGTGACACCATTCATTGATGCAGTTTGGARATAR

Sp + t 1 t t i t t t t L t t t t t t t

E W FEADPG S AKNKPY L ETKE!I BV T PAF | 0K Y WK

GAGCATCCTGARGCTGACCCAGGCGCTGCCCCATACCTGARAGACCARGTTTATCIGTGTGACACCAACGACCTGCAGCAATACCATTGACCTGCCGATGTCCCC

ASa - t t : t } - } . 4 t t t b - } . 4 + t t
5 duita s o vaem
E H P E A D P G A A P Y L K T K F | C v T P T T c s N T 1 +] L P M 5 s
GRAGCATCCTGARAGL TGACCCAGGCGCTGCCCCATACCTGARGACCARGT T TATCTGTGTGACACCATTCATTIGATGCAGTTTGGARAATAR
ASB ] } ' i ' 4 i ¢ i ¢ § i i ‘ i ; i }
soeias A e

E H P E A DP G A & P ¥ L KT KPF I €V T P F | D &YV W K

TTCACT GACATCAGCGGTAAGACCCAGATCCAGTCC! F'lI }Jn’[mh‘“ck"GGA"CCIR"‘L‘M"‘&TCCTGG:GTC"‘CCAL‘TGL‘TCT]\TC'_‘CTA

— e ———————

Figure 1: Schematic of primer pairs used to perform qPCR of STAT3 splice variants and pan-STAT3. Primers used to specifically amplify
each of the STAT3 splice variants (Sa, SB, ASa and ASP respectively) are shown. Forward primers (STAT3 "S" and "AS") span the junction
between exons 21 and 22. Please click here to view a larger version of this figure.
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Figure 2: Amplification plots of gPCR data. (a) Sigmoidal amplification plots means reliable amplification. These data were obtained from
gPCR of two serial dilutions of plasmid containing STAT3 Sa, with each pair of colored lines representing the fluorescence levels of duplicate
diluted samples over the course of 40 cycles (x-axis). The most concentrated sample (green-grey) was sufficiently amplified by cycle 17 (with
dsDNA-binding dye proportional to fluorescence, shown on the y-axis) to exceed the threshold fluorescence value (baseline shown as green
arrow). Its Ct value would be 17. (b) Non-exponential plots suggest that the background-fluorescence threshold was not correctly established
in the first few cycles. This could be due to the presence of an inhibitor, or highly-concentrated template or primers. Please click here to view a
larger version of this figure.
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Figure 3: Standard curve of log (copy number of STAT3 Sa) vs Ct. There is a linear relationship between the log of each STAT3 splice
variant's copy number and threshold cycle (Ct). Creating a standard curve from plasmid DNA imitates the cDNA of samples and thus provides
a better measurement than a curve created from diluted PCR amplicons. The data presented are Ct values obtained from qPCR of two serial
dilutions of plasmid containing STAT3 Sa. From this curve, the copy number present in each sample can be interpolated, and amplification
efficiency calculated (83.9%). Although y-intercepts are less reproducible than slope, the intercept suggests 42.2 cycles would be necessary
to be certain no target DNA is present. Error bars indicate SEM, n = 3. Comparable curves were constructed for STAT3 SB, ASa and ASB (not
shown). Please click here to view a larger version of this figure.
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Figure 4: Comparison of quantified pan-STAT3 vs cumulatlve STAT3 splice variants. The regression of added STAT3 splice variants vs
total STAT3 should have slope (ratio of pan- to cumulative) and R? value (correlation) close to 1. Values from 17 samples (eosinophils and
DLBCL) included. Error bars indicate SEM of x-to-y determinations, n = 2 for each. Figure adapted from reference % Please click here to view a
larger version of this figure.
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Figure 5: STAT3 splice variant levels fluctuated over the course of cytokine treatment. (a) Pie charts indicating percentages of each
STAT3 splice variant in eosinophils during treatment with IL3 and TNFa. (b-e) Changes in STAT3 splice variants in eosinophils treated with
various combinations of cytokines, measured by combining relative and absolute gPCR data. STAT3 Sa (b), SB (c), ASa (d), and ASB (e)
levels fluctuated over time post-stimulation. Levels initially increased, peaking 6 hr post-stimulation. The IL3+TNFa combination elicited higher
expression of all four STAT3 splice variants than IL3 alone. SEM calculated for each data point accounting for propagation of error. Please click
here to view a larger version of this figure.

a)

Transcripts amplified Forward primer Reverse Primer Ay n size (b

STAT S-uand A0 S ATC C1G GGT AL TGE AAL GAA GGG TAL ATE ATG GG 3 TLGTT CTC GLT AGE T0A CAT GG G6A GET ABE GL3 527/550
5-GCA CCT GCT ABC TTA TIT O0A AL TGC ATC AAT GAATE-3' 453456

STATZ S-fand A5-B SLATE CTE GGT ACC TEE AAC GAM GEG TAC ATC ATS 6G-3'
B}

Transcript amplifled Forward primer Rewverse Primer Amplicon size (bp)

STATS S-u 5+ GAM BT GAC CCA GGT AGC -1 5 -CAT 0GG CAG GTC AAT GGT A-3' a3 Pair 1
5TAT3 5-f 5 GAAGLT GAC CCAGGT AGC 37 5 -CALACT GCA TCA ATG AAT GGT GTC- 3 7 Pair 2
STATS AS-a 5-TGAAGC TGA COC AGG (G -3 5 -CAT CGG CAG GTC AAT GGT A -3 a1 Fair 3
STATS AS-B 5 TGAAGC TEA COC AGG (G 3 5 CALACT GCA TCA ATG AT GGT GTC 3 75 Fair 4
<l

Transcript amplified  Forward primer Reverse Primer Amplican size {bp}
Pan-5TAT3 5 GAG AAG GAC ATC AGE GGT AAG -3 5 - AGT GGA GAC ACC AGG ATATTG -3 137 Fair 5
GUSE 5 - CTC ATT TGGE ANT TTT GOC GAT T-3° 5 - CCGAGT GAAGAT CCCCTT TIT A -3 a1 Fair &

Table 1: Primers used for amplification (a), absolute (b) and relative (c) quantitative PCR. Cloning primers have restriction sequences and 5'-
extensions for efficient cutting. Kpnl and Nhel restriction sites are indicated in bold. Please click here to view a larger version of this table.

s} a per 50 il tube {in
Tamparatura €] T (see) Volume (] Tiral corcentration Comparant
ey 1 finitis! deratiratior) [ 180) 1 Srits per 50l N polymersss
Sep 2 {denaturation) us ) 1= 1 ONA polymeraze buffer
stap 3 fanneaing) &2 30{rapeat steps 2.4.20 times 1 300 uM 10 b cemrscisatide mi
St6p 4 faatensian} 7 220 13 48000 20 M farward geimar
16 5 (il extonsicn) 2 43| 13 48000 20 A pives privs
cOfA beenplate from eusinophils, conoentration
Step § jooobng) 4 indefivitely 1 unknawn
6 ultrapure water
|E k] per 25 ul i adutied)
Temperature |°C| Tiene {sec) Wolume (ul]  Final corcentration Conponent
S1ep 1 Ipre-heating] 120) DA polymerase/ds DA birding dye
steq 2 {inklz! denaturation) L) 220) 2 5000 each 7 b each farward and reverse primers
COMA temmplate from eesinoatils, concentration
Steq 3 (denaturation) -3 e 2 unkeown
Step 4 {anneaing| [ Y0 repeat steps 55 o0 times 875 ultrapure water
Sep 5 {estension) i 0|
step & {mefting curee) £ 15
16 7 {maling curva) w0 E
16 A {meling e} L3 15)
la o per 29 S & ndvised):
Tamparatara |'C| Tina {sec) Volume (wl]  Firal coctntration Componan:
Step 1 {pre-heating] Ll 155 Dl sy ase s DMA-Lirding dye
516 2 finkial danansration) s 2 100-500 1M fach Pearwiarid and rauerss prisies (pach stock 20 M)
ot Tecen g
Stop 3 finati ation) 3 2 rre—
step 4 fannealing and extension} ) 573 ultrapurz water
sten B melting curve} 3
s1cp 7 {melting curee) ]
s10p 8 {malting curea) )

Table 2. PCR cycling parameters (left) and reagent volumes (right) for amplification (a), relative (b), absolute (c) quantitative PCR.
Please click here to view a larger version of this table.
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1 2
A 3 1.00F+06 ]
B L00E406 =
¢ 1.006+05 | 1.00E+04 | 100E<03 | wic 1.0DE+0& ;
o [ 1.00E+07 | LOUE+06 | LOUEAUS | LOUEFD4 | LODE-03 1.00E+06 il
E 1.00E+08 1.00E206 | 1.00E+05 | 1.006+08 | 1.00E-03 .
B — Pair 3
¥ 1.00£+08 1,00E+06 | 1.00E+05 | 1.00E+04 | 1.00E-03
J 100408 | 1.00E407 | 1.00ee06 | 100ev0s | 1.00ev04 | 1.00Ee03 Paird
K 1.00E+08 1.006+05 | 1.00E+04 | 1.00E-03 1.00E+06

MTC = no template control

Table 3: Template for absolute gPCR plasmid calibration assay. This assay is necessary to assess reproducibility and efficiency, as well
as generating standard curves from which to interpolate data. The "non-target" mixes will give an estimate of specificity. Optimization may be
necessary to achieve consistency. Please click here to view a larger version of this table.

1 2 3 4 5 [ 7 8 9 10 11 12
A 1024 256 G4 16 4 1 NTC 350 niM Pair 5
B 1024 256 54 16 4 1 400 ni Pair 5
C 1074 256 64 16 4 1 450 nh Pair 5
n 1024 256 64 16 4 1 NTC 500 rh Pair 5
E 1024 256 G4 16 4 1 NTC 350 n Pair &
F 1024 256 64 16 4 1 400 i Pair &
J 1024 256 bd 16 4 1 450 ni Pair &
K 1024 256 64 16 4 1 NTC 500 rh Pair &

EDS Sample cOMA
[varlaus dilutians) NTC=na template contral

Table 4: Template for relative qPCR (pan-STAT3 and housekeeping gene GUSB) calibration assay. Unlike absolute qPCR, the point of this
assay is to determine conditions at which amplification efficiency is ~100%. Please click here to view a larger version of this table.

b 3 4 5 3 7 £ 9 10 11 12

A 1034 155 64 16 4 1 KTC
B sampel | samak 1 sample & sampls 2 saTple 3 samphe 3 samale 4 sampls 4 PairS
< sampes | samole s sample & sample & sample 7 sample 7 sample B sample 3
o samped | samale 9 sample 10 sample 10 sampledl sampla 11 | sampde 12 | sample 12
E 1024 255 &4 16 4 1 KTC
F sampel | samale 1 sample 2 sample 2 sample 1 sarnphe 3 sample 4 sample 4 balr s
1 sampes | samak 5 sample 6 sample & sample ¥ sampie 7 sample & sample &
K samped | samaled sample 10 sample 10 sample 11 semale 11 | sample 12 | samplel2

standard cuna ineluded for consistency (see Table 4) MTC = no template contrsd

EQS cONA sample used in

Table 4 Up o 12 samples can be analyzed in paraliel

Table 5: Template for relative qPCR sample assay for measuring pan-STAT3 and housekeeping gene GUSB. Standard curves are
repeated together with samples to ensure comparable efficiency of the assays. Please click here to view a larger version of this table.

1 2 El 4 5 & 7 g El 10 11 12

A sample 4 NTC

B samplal | sampled | sample 2 sample 2 sampla 3 sample 2 sample 4 NTC Paird
c sample 5 sample 5 sample & samphe & sample 7 sample 7 sample 11 sample 12

o wanple d | sample® | smpled | sample® | sample 10 | sample 10 | sample 19 | sample 17

E 1.00E+08 1.00E+07 1.O0E+0G 1.D0E+05 1.00E+04 1.00E+23 sample 4 NTC

F sarniple 1 sample 1 sarnple 2 sample 3 sarnple 3 sanmple 3 sarmple 4 NTC i 2
1 sample 5 | samples sarnple & sample 6 sarnple 7 sample 7 sample 11 | sarmple 12

K tampled | sample s carmnple 9 sampled | sample10 | sarmple 10 | sample 11 | sample 12

| sa standard curve includzd far cansistency (see Table 3)
5B NTC = no termplate control

Up te 12 samples can be analyzed in parallel
“externa welks can be used, but Calumns 1 and 12 wend to be less consistent

Table 6: Template for absolute qPCR sample assay for measuring S variants. Standard curves are repeated together with samples to
ensure comparable efficiency of the assays. Please click here to view a larger version of this table.

1 2 3 4 5 3 7 a 9 10 11 12

A 1.00E+02 1.00E+0T 1.00E+06 1.00E+05 1.00E+04 1.00E+03 samala 4 NTC
B sampla } sample 1 sample 2 sample 2 sample 3 sample 3 samsla 4 W Pair 3
C sample 5 sample 5 smple 6 sample § sample 7 sample? | samplell | sampell
o sample & sarnple & cample 9 sample 9 sample 10| sample 10 | sample 11 | sampe 12
£ L00E=08 100506 | 100EWS | T00Ewed | LOOEWS | samdzd HIC
F samplz 1 sample 1 sample 2 sample 2 sample 3 sample 3 samgla 4 NIC Pair 4
] sample 5 arple 5 armple 6| sample 6 sampie 7| sample 7 | sample 11 | sampe 12
K sample 8 sarnple B carnpled | sampled | sample 10 | sample 10| sample 11 | sampe 13

A5 standard curve included for consistency (see Tanle 3)

As-i MTC = no template contral

Up te 12 sarnples can be analyzed in parallel
*eaternal wels car be used, but Columng 1and 12 tend to be less consistent

Table 7: Template for absolute qPCR sample assay for measuring AS variants. Standard curves are repeated together with samples to
ensure comparable efficiency of the assays. Please click here to view a larger version of this table.
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NTC
NTC

sarnple L sample 1 sarnale 2 sampie2 | sample 3 sample 3 sample 4 sample 4 Pairs

sarnple 5 sample 5 sarnale & sample & | sarnple 7 sample 7 sample B sample 2

sample § sample 8 sariple 10 sample 10 | sample 11 sarmnple 11 sarmple 12 sarnphe 12

re e included far cansictency (see Table 4] MNTC = na tamplate contral
pla Up to 24 sampics can be analyzed in aarallel

Table 8: Temple for absolute gPCR sample assay for measuring pan-STAT3. Please click here to view a larger version of this table.

We developed this protocol in order to assess the levels and proportions of STAT3 splice variant transcripts in eosinophils and lymphoma cells
and learn whether cytokine stimulation affected the levels and proportions. STAT3 is of particular interest because of its pIeiotro&)ic and uncertain
functionality, with conflicting reports on whether it acts as an oncoprotein or tumor suppressor in cancer (reviewed in reference® ). Differences in
STAT3 a and B splice variant function had been characterized previously™ 5, and our protocol facilitated a knock-down/re-expression analysis
that suggests a need for an optimal ratio of S and AS transcripts19.

Accurate quantification of distinct splice variants will facilitate further investigations of relating heterogeneous STAT3 function to splice variant
composition. The protocol integrates absolute and relative gPCR data, combining the ability of absolute qPCR to calculate splice variant
proportions, and relative gPCR to measure changes in overall STAT3 expression. This approach allows one to distinguish subtle differences in
sequence and simultaneously measure splicing ratios at two alternative splice sites more than 50 nucleotides apart. Determining the ratios of
the splicing events individually would not have yielded the remarkable finding that a co-splicing bias existed such that ASB levels are higher than
anticipated if uses of the two sites are randomly spliced25.

Critically, absolute qPCR with the use of plasmid calibration curves enables quantification (at sub-optimal efficiency) of splice variations that
result in highly similar sequences. We anticipate a novel subtle splicing gPCR assay should take roughly two months to optimize. Key steps

in assay development are the creation of STAT3 plasmids used in generating standard curves for absolute gPCR; experimentally determining
optimal primer sequences and cycling parameters to ensure specificity and reproducibility; and the integration of relative gPCR data derived from
quantifying pan-STAT3 expression relative to GAPDH expression. The correlation of copy number quantified by pan-STAT3 versus cumulative
quantification (Sa+ASa+SB+ASB) shows that the protocol produces reliable results.

A caveat of the technique is the extensive validation process. It is necessary to assess intra-assay variability (repeatability), interassay variability
(reproducibility) and specificity. The protocol outlines ways to get numeric outputs for these parameters. We deemed efficiency 275%, specificity
factor 24, coefficient of variation (reproducibility) <10% and Ct standard deviation (repeatability) <0.2 as suitable thresholds®®. Mutations

or deletions in the STAT3 sequence amino acids 1-690 will not be discovered by this protocol, although they may influence splicing ratios.
Transcript proportions might not be proportional to proteoform proportions36.

Since samples have differing starting amounts of total cDNA, absolute gPCR is suitable for comparing copy numbers of splice variants within a
sample but not for inter-sample comparison unless couopled with relative gPCR using an established housekeeping gene. The method described
conforms to MIQE gqPCR guidelines for reproducibility3 . PCR cycling parameters and primer concentrations may need to be modified to obtain
reproducible data if other equipment is used. Perfect specificity is not possible without drastically compromising efficiency, but the target was
amplified more efficiently by greater than four of orders of magnitude.

Linear DNA is more easily amplified than circular. If an alternate plasmid does not provide satisfactory standard curves (R2 < 0.95), consider
linearizing the plasmid by single site restriction prior to quantification. Optimizing qPCR is crucial for obtaining good quality data (Figure 1). Most
gPCR protocols rely on two-step cycling, and machines are optimized accordingly. Non-uniform heating of the heating block may be exacerbated
in three-step cycling, contributing to poor repeatability. Assays must be set up under sterile conditions with filter pipette tips and ultrapure water,
ideally in a dedicated laminar flow hood. Because contaminants can lead to inconsistent results, assays should be set up under sterile conditions
with f;lzter pipette tips and ultrapure water, ideally in a dedicated laminar flow hood. For more information about gPCR optimization, refer to Bustin
etal.

Quantifying STAT3 may lead to greater insight in a number of contexts. STAT3 auto-regulates its own expression37, and the protocol described
above may help to elucidate whether ratios of STAT3 splice variants contribute to regulating this positive feedback loop. The protocol could be
used to study shifts in splice variant ratios as observed in cells at differing densities® or over the course of development: it is known that the
STAT3 ao/B ratio changes at the protein level during hematopoiesis16. Sundin et al. found that an intronic single nucleotide polymorphism biased
splicing of exon 12 in STAT3 of a patient with Job's syndrome39. It is conceivable that one of the many SNPs present in the introns between
exon 21 and 22, or exon 22 and 23 may contribute to splicing ratios of AS/S and ao/f respectively. The assay could be used to quantify STAT3
transcripts in cancerous cells, where mutations or changes in splicing re%ulation may introduce bias to the splicing process™ . Mutations in
splicing factors (like SF3B1), as observed in myelodysplastic syndromes ! may also lead to changes that can be measured by this protocol.

More broadly, this approach specifically detects co-association in splicing, which is not feasible with conventional RNA-Seq, nor standard qPCR.
While the phenomenon of mutually exclusive exon splicing demonstrates coordination of splicing decisions, the co-association of other splicing
events has not been well-researched. A recently described alternative method, in which RNA-Seq was modified so as to interrogate full-length
cDNA, suggests distant splicing events are more co-dependent than previously thought42.

STAT3 contains a donor tandem splice site. Acceptor tandem splice sites are more frequent43 and the principles of the outlined protocol could
serve as a starting point for developing assays for coincidence detection of NAGNAG splicing and other splicing events within 200 nucleotides.
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Other potential applications include quantification of coincidence of other subtle sequence differences, like indels or double/triple nucleotide
polymorphisms44.
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