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ARTICLE INFO ABSTRACT

Keywords: Background: CFTR nonsense alleles generate negligible CFTR protein due to the nonsense muta-
CFTR tion: 1) triggering CFTR mRNA degradation by nonsense-mediated mRNA decay (NMD), and 2)
PTBP1

terminating CFTR mRNA translation prematurely. Thus, people with cystic fibrosis (PwCF) who
carry nonsense alleles cannot benefit from current modulator drugs, which target CFTR protein.
In this study, we examined whether PTBP1 and HNRNPL, two RNA binding proteins that protect a
subset of mRNAs with a long 3’ untranslated region (UTR) from NMD, similarly affect CFTR
mRNA.

Silencing RNAs were used to deplete PTBP1 or HNRNPL in 16HBE14o- human bronchial
epithelial cells expressing WT, G542X, or W1282X CFTR. CFTR mRNA abundance was measured
relative to controls by quantitative PCR. PTBP1 and HNRNPL were also exogenously expressed in
each cell line and CFTR mRNA levels were similarly quantified.

Results: PTBP1 depletion reduced CFTR mRNA abundance in all three 16HBE140- cell lines;
HRNPL depletion reduced CFTR mRNA abundance in only the G542X and W1282X cell lines.
Notably, decreased CFTR mRNA abundance correlated with increased mRNA decay. Exogenous
expression of PTBP1 or HNRNPL increased CFTR mRNA abundance in all three cell lines;
HNRNPL overexpression generally increased CFTR to a greater extent in G542X and W1282X
16HBE14o0- cells.

Our data indicate that PTBP1 and HNRNPL regulate CFTR mRNA abundance by protecting CFTR
transcripts from NMD. This suggests that PTBP1 and/or HNRNPL may represent potential ther-
apeutic targets to increase CFTR mRNA abundance and enhance responses to CFTR modulators
and other therapeutic approaches in PwCF.

HNRNPL
Nonsense-mediated mRNA decay
mRNA abundance

1. Introduction

Modulator drugs target defective cystic fibrosis transmembrane conductance regulator (CFTR) protein to rescue its proper
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localization and function, providing potential therapeutic benefits in ~90 % of people with cystic fibrosis (PwCF) [1]. Most of the
remaining ~10 % of PWCF carry a nonsense mutation that abrogates CFTR expression, and thus, are unresponsive to modulators. A
nonsense mutation generates an in-frame premature termination codon (PTC) in the CFTR mRNA, leading to negligible CFTR protein
expression/function by: 1) triggering nonsense-mediated mRNA decay (NMD), and 2) ending translation before a full-length, func-
tional protein is produced.

CFTR mRNA expression from PTC-containing alleles is generally reduced to 5-30 % of normal due to NMD [2], a cellular pathway
that degrades mRNAs harboring a PTC. By significantly reducing CFTR mRNA abundance, NMD limits the effectiveness of therapeutic
strategies aimed at rescuing CFTR protein expression/function from PTC-containing alleles, including nonsense suppression therapies
using small molecules or suppressor tRNAs, or mRNA-targeted allele specific oligonucleotide (ASO) or mutation repair methodologies
[3,4]. Inhibiting NMD to maintain CFTR mRNA abundance is potentially one way to enhance therapies that target PTCs. However,
little is known about how CFTR mRNAs are targeted for NMD.

It was recently shown by the Hogg group that mRNA binding proteins polypyrimidine tract binding protein 1 (PTBP1) [5,6] and
heterogeneous nuclear ribonucleoprotein L (HNRNPL) [7] can displace the UPF1 NMD factor from the 3’ UTR of certain mRNAs,
protecting those transcripts from NMD. In this study, we examined whether PTBP1 and HNRNPL similarly regulate CFTR mRNA.

PTBP1 and HNRNPL knockdowns led to significant decreases in CFTR mRNA abundance in G542X and W1282X 16HBE14o-
(16HBE) cells. PTBP1 depletion also decreased CFTR mRNA in wild-type (WT) 16HBEs, but HNRNPL depletion had no effect. mRNA
half-life studies showed decreases in CFTR mRNA abundance correlated with increased rates of mRNA turnover. Exogenous expression
of PTBP1 and HNRNPL led to significant increases in CFTR mRNA abundance in all three cell lines, with HNRNPL expression yielding a
more pronounced effect in G542X and W1282X 16HBEs than in WT cells. Together, our data suggest that PTBP1 and HNRNPL regulate
CFTR mRNA abundance by protecting CFTR transcripts from NMD, but likely via different mechanisms.

2. Materials and methods

Cell culture: Immortalized, human bronchial epithelia cell lines 16HBE140- (16HBE) expressing WT, G542X, or W1282X CFTR
were generated by the Cystic Fibrosis Foundation Therapeutics (CFFT) Lab [8] and distributed to the UAB CF Research Center. The
cells were authenticated and tested for mycoplasma prior to use (IDEXX BioAnalytics). 16HBEs were maintained in culture at 37 °C
with 6.5 % CO in minimum essential medium containing Earle’s balanced salt solution non-essential amino acids, 2 mM r-glutamine,
1 mM sodium pyruvate, 1500 mg/L sodium bicarbonate (ATCC 30-2003), 100 units/mL penicillin/streptomycin (Corning Cellgro
30-002-Cl), and 10 % (v/v) fetal bovine serum (Atlanta Biologicals S11150). Cells were seeded into plates precoated with FNC (Athena
Enzyme System 0407). PET Cold Trypsin Cell Release Reagent (Athena Enzyme System 0405) was used to detach cells.

Generation of 16HBEs stably expressing the PTBP1 or HNRNPL isoforms: Isoforms of PTBP1 and HNRNPL carrying a C-ter-
minal hemagglutinin (HA) epitope tag from the pcDNA3.1(+) vector were purchased from GenScript Biotech Corporation. DNA
fragments containing HA-tagged PTBP1 or HNRNPL were isolated after BamHI/Niil digestion and cloned into the BamHI/Nsil sites of
the pLenti-puro vector (Addgene 39481) [9]. The resulting transfer vectors were packaged into lentiviral particles after transfecting
pMD2.G (pMD2.G was a gift from Didier Trono, Addgene 12259), pMDLg/pRRE (Addgene 12251) and pRSV-REV (Addgene 12253)
(10) into HEK293T cells using Lipofectamine 3000 transfection reagent (Invitrogen L3000008). The lentiviral particles were then
transduced into 16HBEs [10]. 48 h post-transduction, selection medium (growth medium containing 1 pg/ml puromycin) was used to
select for stably transduced cells.

Transfection of siRNAs: Silencing RNAs (siRNAs) were transfected into 16HBEs using Lipofectamine RNAiMAX Reagent (Thermo
Fisher Scientific 13-778-150) according to manufacturer instructions. Between 60 and 90 pmol of each siRNA was used to obtain
efficient knockdowns while minimizing cell death (Supplementary Fig. 7). siRNAs were obtained from Thermo Fisher Scientific:
scrambled control (4390844); PTBP1 (s11435); HNRNPL (s6741); UPF1 (s11927); UPF2 (s24948); UPF3B (s535067). 72 h after
transfection, cells were harvested for assay.

Cell viability: Cell viability was monitored using the Cell Titer Glo Luminescent Cell Viability Assay (Promega G2943). 16HBE
cells were seeded per well into a FNC (Athena Enzyme System 0407) coated, black, clear-bottom 96-well culture plate (Corning 3603)
and assayed after treatment according to manufacturer instructions using a GloMax Multi-Detection System (Promega).

Reverse Transcription (RT) and Quantitative PCR (qPCR): Total RNA was extracted from 16HBEs using a Ribopure RNA Pu-
rification Kit (Ambion PR-M9004) and then DNase-treated using the Turbo DNA-Free Kit (Thermo Fisher Scientific AM1907). Poly-
adenylated RNA was reverse transcribed into cDNA in a 50 pL reaction containing 2 pg of total RNA; 0.5 pg/pL oligo dT; 10 mM dNTPs;
40U/pL RNasin (Promega N2511); 10 pL of 5X AMV RT buffer and 40 U/uL AMV reverse transcriptase (Promega PR-M9004). Reverse
transcription (RT) reactions were incubated at 42 °C for 1.5 h and then heat inactivated at 65 °C for 15 min cDNA was subjected to
gPCR in a 25 pL reaction containing 12.5 pL iQ SYBR Green Supermix (Bio-Rad 1708882); 10 pM of each forward and reverse primer;
and 2 pg of cDNA. qPCR was performed with a Bio-Rad CFX96 Real-Time PCR Detection System using a program that included an
initial 3-min denaturation step at 95 °C followed by 40 repeated cycles of a 10 s denaturation step at 95 °C and a 30 s annealing/
extension step at 60 °C. Melt curve analysis was initially performed with each primer set to verify that only one gene product was
generated from the PCR reactions; a standard curve was performed using each primer set to ensure PCR efficiency ranged between 90
and 110 %. Average quantification cycle (Cq) values were used for quantification using the Livak (AACq) method [11], where KRT18
or PPIA were used as normalization controls. qPCR primer sequences used include: ALX: Forward = 5-CAGCGAAGCCTGCATGT-3,
Reverse = 5-TTGGCGTTATGGGCTTCG-3’; BCL2: Forward = 5-GGAGGATTGTGGCCTTCTTT-3/, Reverse = 5 GTTCAGGTACT-
CAGTCATCCACAGG-3’; CFTR: Forward = 5-GAGGGTA

AAATTAAGCACAGT-3', Reverse = 5-TGCTCGTTGACCTCCA-3’; HNRNPL: Forward =
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5-CAATCTAAGATGAACTGTGACC-3/, Reverse = 5-TCATGAATTTCACCTTCTCC-3’;
KRT18: Forward = 5-AGTCTGTGGAGAACGACATCC-3/, Reverse = 5-TGGTGCTCTCC
TCAATCTGC-3’; PPIA: Forward = 5-GGCAAATGCTGGACCCAACACA-3, Reverse = 5-TGCTGGTCTTGCCATTCCTGGA-3’; PTBP1:

Forward = 5-GTTGGGAGAGCTGTCGGT

CTT-3', Reverse = 5-~ACCAGGCCTTCATCGAGAT-3’; UPF1: Forward = 5-ACCTATTAC
ACGAAGGACCT C-3/, Reverse = 5-ACGTCCGTTGCAGAACCAC-3’; UPF2: Forward =
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Fig. 1. Characterizing NMD of CFTR mRNAs carrying different PTCs in 16HBE140- (16HBE) cells. (A) gPCR data quantifying human CFTR mRNA
abundance in G542X and W1282X 16HBEs relative to wild-type (WT) 16HBEs (=100 %). (B) qPCR data quantifying the mRNA abundance of the
human NMD factors UPF1, UPF2, and UPF3B after their knockdown (KD) in WT, G542X, or W1282X 16HBEs. The mRNA abundance for each
depleted factor is expressed relative to the scrambled control for each cell line (=100 %). (C) qPCR data quantifying CFTR mRNA abundance in each
16HBE cell line after NMD factor knockdown relative to the scrambled siRNA control (=100 %). For panels A-C, each column represents the mean
+ SD of the change in mRNA. For panel A, 4-6 experiments were performed in quadruplicate and normalized to KRT18 and PPIA; each symbol
indicates a single data point (n = 36-48); for panels B & C, two independent experiments were performed in quadruplicate and normalized to KRT18
and PPIA (n = 16). Statistical analysis was performed using the Welch’s unpaired t-test; **** indicates p < 0.0001 when comparing an experimental

cohort with its associated control (WT control in panel A, and the scrambled control for each cell line in panels B and C).
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5-GTCCTGGGTCACATAATG-3/, Reverse = 5-CTCCTTGCTGCTCACTG-3’; UPF3B:

Forward = 5-CAGGATCGCAACAAGGAGAAG-3/, Reverse = 5-TCAGGCATAGGTTGA AGATGTTC-3'.

Western blotting: Cell lysates were generated using M-Per Mammalian Protein Extraction Reagent (Thermo Fisher Scientific
P178501). 25 pg of total protein per sample was subjected to SDS-PAGE and transferred to 0.45 pm Immobilon FL Transfer Membrane
(Thermo Fisher Scientific IPFL00010). After blocking, blots were incubated with the following antibodies according to manufacturer
instructions: UPF1 (Abcam 109363), UPF2 (Thermo-Fisher Scientific PIPA577128), UPF3 (Thermo-Fisher Scientific PA541903),
PTBP1 (Thermo Fisher Scientific 12582-1-AP), HNRNPL (Abcam ab6106), HSP90 (Thermo Fischer Scientific 13171-1-AP), Hemag-
glutinin (HA) 11 epitope (Covance Research Products 901515). Bands were visualized using fluorescently labelled LI-COR Goat anti-
Mouse IgG (LI-COR Biosciences 925-32210) or Goat anti-Rabbit IgG (H + L) (LI-COR Biosciences 925-32211) secondary antibodies.
Protein bands were detected and quantitated using the LI-COR Biosciences Odyssey CLX Imaging System.

mRNA decay assay: 16HBEs were seeded into 6-well dishes, grown to around 30-40 % confluency, and transfected with a control
or knockdown siRNA as described above. 48 h after transfection, 10 pg/mL of actinomycin D was added to the cultures. Total RNA was
harvested at times =0, 1, 2, 4, 8, and 24 h after actinomycin D addition, purified, reverse transcribed into cDNA, and subjected to qPCR
as described above, where equal cDNA amounts were used. KRT18 served as a control RNA. RNA levels were plotted where the amount
of RNA at t = 0 was set to 100 % and the RNA remaining for each subsequent time point was expressed as the % of the time = 0 control.
Linear regression analyses were performed with semi-log plots to calculate the rate of decay.

Statistics: All statistical analyses were performed using GraphPad Prism.
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Fig. 2. CFTR mRNA abundance in 16HBEs after knockdown (KD) of PTBP1 or HNRNPL. (A) qPCR data quantifying PTBP1 mRNA abundance in WT,
G542X, or W1282X 16HBEs after transfection with a scrambled control siRNA (—) or a PTBP1 KD siRNA (+). (B) qPCR data quantifying HNRNPL
mRNA abundance in WT, G542X, or W1282X 16HBEs after transfection with a scrambled control siRNA (—) or an HNRNPL KD siRNA (+). (C) gPCR
data quantifying CFTR mRNA abundance in WT, G542X, or W1282X 16HBEs after transfection with a scrambled control siRNA () or a PTBP1 KD
siRNA (+). (D) qPCR data quantifying CFTR mRNA abundance in WT, G542X, or W1282X 16HBEs after transfection with a scrambled control siRNA
(=) or a HNRNPL KD siRNA (+). For panels A-D, each column represents the mean + SD of changes in expression; each symbol represents an
individual data point normalized to KRT18 or PPIA from at least three independent experiments (n = 36-54). Data in panels A & B are expressed
relative to the scrambled control for each cell line = 100 %. Data in panels C & D are expressed relative to the scrambled control for the WT cell line
= 100 %. Statistical analysis was performed for panels A & B using the Welch’s unpaired t-test. In panels C & D, statistical analysis was performed
using one-way ANOVA. **** indicates p < 0.0001 when comparing the control with an experimental cohort.
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Fig. 3. CFTR mRNA decay rates in 16HBEs after knockdown (KD) of PTBP1 or HNRNPL. 16HBEs expressing WT or G542X CFTR were
transfected with 90 pmol of a scrambled, control siRNA or siRNAs to knockdown PTBP1 or HNRNPL. 48 h after siRNA transfection, 10 pg/mL of
actinomycin D was added to the media and RNA was harvested at the indicated times and subjected to RT-qPCR using equal cDNA amounts to
quantify the amount of: (A) CFTR or (B) KRT18 remaining after actinomycin D addition relative to the control at time = 0. The data shown are the
mean + SD of the percent of mRNA remaining at each time point, where each experiment was performed twice in quadruplicate (n = 8). (C) Linear
regression was performed using semi-log graphs to determine the rate (slope) and half-life of each decay curve, which were tested to determine
whether they differed among the cohorts. In the legend, the p values in black font indicate values compared to the WT control; the p values in orange
font indicate values compared to the G542X control. p values < 0.05 indicate significant differences between slopes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Results
3.1. Validating NMD of CFTR mRNA in 16HBEs

A previous study by Hogg & Goff [12] showed that in addition to binding at PTCs, the NMD factor UPF1 also becomes enriched on
long 3' UTRs to trigger NMD. The Hogg group recently showed a subset of transcripts with long 3’ untranslated regions (UTRs) are
protected from NMD by the RNA binding proteins PTBP1 [5,6] and HNRNPL [7], which displace UPF1 from these mRNAs. We
observed that the human CFTR mRNA has features similar to transcripts protected from NMD by PTBP1 and HNRNPL, including: 1) a
1.6 kb 3' UTR, considered to be long relative to the median 0.6 kb 3' UTR length among human transcripts [13], and 2) multiple CU-
and CA-sites in its 3’ UTR that normally reside in PTBP1 or HNRNPL RNA recognition motifs, respectively (15) (Supplementary Fig. 1).
Based on these features, we hypothesized that PTBP1 and/or HNRNPL may regulate NMD of CFTR mRNAs.

We chose to use 16HBE140- (16HBE) cells to monitor the effect of PTBP1 and HNRNPL on CFTR mRNA abundance. 16HBE cells are
immortalized human bronchial epithelial cells that express wild-type (WT) CFTR, or were modified by CRISPR-Cas9 gene-editing to
harbor a G542X or W1282X nonsense mutation in a CFTR allele [8]. Consistent with previous characterization of the 16HBE cell lines
[10,14], qPCR showed steady-state CFTR mRNA abundance was reduced to 27 % and 46 % in G542X and W1282X 16HBEs,
respectively, relative to the CFTR level in WT 16HBEs (Fig. 1A).

We next confirmed that the decrease of CFTR mRNA in the G542X and W1282X 16HBEs was a consequence of NMD. We transfected
WT, G542X, and W1282X 16HBEs with either a scrambled control silencing RNA (siRNA) or siRNAs to knockdown (KD) the core NMD
factors UPF1, UPF2, or UPF3B. After verifying KD efficiency at the mRNA level using qPCR (Fig. 1B) and the protein level using western
blotting (Supplementary Fig. 2), we quantified CFTR mRNA abundance by qPCR in NMD factor depleted 16HBEs. We found that in all
three 16HBE cell lines, depletion of UPF1, UPF2, or UPF3B led to significant 1.3- to 2.9-fold increases in CFTR mRNA abundance
compared to the same cell line transfected with a scrambled control siRNA (Fig. 1C). This confirms work from previous reports that
showed the G542X and W1282X nonsense mutations trigger NMD of the CFTR mRNA [14]. Notably, WT CFTR mRNA was also
increased by each NMD factor KD, which was also observed in previous studies when certain NMD factors were depleted in WT 16HBEs
[14,15]. This suggests that WT CFTR mRNA may also be subject to NMD, possibly through an EJC-independent branch of NMD that
utilizes long 3’ UTRs to trigger mRNA turnover.

Also consistent with previous studies [14], we observed that KD of different NMD factors had varying effects on CFTR mRNA
abundance (Fig. 1C). For example, UPF2 KD yielded a greater increase in WT and W1282X CFTR mRNA abundance than KD of UPF1 or
UPF3B. In contrast, KD of UPF1 and UPF3B generated a greater increase of G542X CFTR mRNA than UPF2 KD. These changes in CFTR
mRNA abundance did not consistently correlate to NMD factor knockdown efficiency among the three cell lines (Fig. 1B), suggesting
that the identity of the depleted NMD factor had a greater impact on rescue of CFTR mRNA than the modest variations in expression
among NMD factors. These results are consistent with CFTR mRNAs being targeted to different branches of NMD based on the position
of the PTC.

3.2. Knockdown (KD) of PTBP1 and HRNPL1 reduces CFTR mRNA abundance

After validating NMD of CFTR mRNAs in our 16HBE cell lines, we next examined the effect of depleting PTBP1 and HNRNPL on
CFTR mRNA abundance in WT, G542X, and W1282X 16HBEs. 16HBEs were transfected with either a scrambled control siRNA or
siRNAs to knockdown PTBP1 or HNRNPL. Knockdown (KD) of PTBP1 and HNRNPL1 was verified by qPCR (Fig. 2A and B) and by
western blotting (Supplementary figs. 3 and 4). CFTR mRNA abundance in WT, G542X, and W1282X 16HBEs transfected with KD
siRNAs was compared to cells transfected with the control siRNA. KD of PTBP1 resulted in a significant 4- to 6-fold decrease in CFTR
mRNA abundance in all three 16HBE cell lines (Fig. 2C). Knockdown of HNRNPL resulted in a significant 1.9- to 2.2-fold decrease in
CFTR mRNA abundance in G542X and W1282X 16HBEs but did not mediate a significant change in CFTR mRNA in WT 16HBEs
(Fig. 2D). These results suggest that both PTBP1 and HNRNPL regulate the abundance of PTC-containing CFTR transcripts; PTBP1 also
regulates WT CFTR mRNA abundance. Notably, the level by which PTBP1 and HNRNPL were depleted in 16HBEs via knock-down was
sufficient to also increase the expression of AXL [16] and BCL2 [17] mRNAs, whose abundance are normally down-regulated by PTBP1
and HNRNPL, respectively (Supplementary Fig. 5). PTBP1 has been shown to bind to the 5 UTR of the AXL mRNA to reduce its stability
(18), while HNRNPL destabilizes BCL2 by binding to CA repeats in its 3’ UTR (19). Unlike AXL and BCL2, PTBP1 and HNRNPL increase
CFTR mRNA abundance, suggesting CFTR is regulated through different mechanisms than AXL or BCL2.

To determine whether PTBP1 and HNRNPL alter CFTR mRNA abundance by altering its stability, we examined the rate of CFTR
mRNA decay in WT and G542X 16HBEs in which PTBP1 or HNRNPL were knocked down compared to control cells (Fig. 3A). Linear
regression of semi-log decay curves was performed to determine the rate of decay and half-life of CFTR mRNA (Fig. 3C). We found that
the rate of CFTR mRNA decay was significantly increased in WT and G542X 16HBEs when PTBP1 was depleted. HNRNPL depletion led
to a significant increase in CFTR mRNA decay in the G542X cell line, but not WT. Increases in mRNA decay corresponded to decreases
in mRNA half-life (Fig. 3C). Neither PTBP1 nor HNRNPL depletion significantly altered the decay rate or half-life of the control mRNA,
KRT18 (Fig. 3B) in WT or G542X 16HBESs. These results suggest that the changes in CFTR mRNA abundance mediated by PTBP1 and
HNRNPL stem from changes in mRNA turnover, which is consistent with these proteins protecting CFTR mRNA from NMD.

3.3. Exogenous expression of PTBP1 and HNRPL1 increases CFTR mRNA abundance

We next examined whether exogenous expression of PTBP1 and HNRNPL affected CFTR mRNA abundance. Alternative splicing
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events produce several isoforms of PTBP1 and HNRNPL. These variant proteins have been shown to have different mRNA binding
specificity and possess non-redundant functions [18-20]. We therefore stably expressed each of the three main isoforms of PTBP1 and
the two main isoforms of HNRNPL in the WT, G542X, and W1282X 16HBE cell lines. Each PTBP1 or HNRNP isoform carried a
C-terminal HA epitope-tag and was expressed under strong CMV promoter control. Expression of each variant was verified by western
blotting using an antibody to the HA epitope tag (Fig. 4A; Supplementary Fig. 6).

We next quantified CFTR mRNA abundance in the WT, G542X, and W1282X 16HBE cell lines expressing each mRNA binding
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Fig. 4. CFTR mRNA abundance in 16HBEs exogenously expressing PTBP1 and HNRNPL isoforms. (A) Western blots of PTBP1 and HNRNPL
isoforms in WT, G542X, or W1282X 16HBEs using an antibody to the C-terminal HA epitope tag. Full, non-adjusted blots are shown in Supple-
mentary Fig. 6. (B) gPCR data quantifying CFTR mRNA abundance in WT, G542X, and W1282X 16HBEs stably expressing PTBP1 and HNRNPL
variants. The data is expressed relative to the scrambled control for each cell line = 1. Each column represents the mean + SD of changes in
expression; each symbol represents an individual data point normalized to KRT18 or PPIA from at two independent experiments performed in
quadruplicate (n = 16). Statistical analysis was performed using the Welch’s unpaired t-test; **** indicates p < 0.0001 when comparing the control
with the experimental cohort for each cell line.
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protein isoform compared to the same cell lines expressing vector alone (Fig. 4B). We found that expression of each PTBP1 and
HNRNPL variant led to 1.8- to 11.2-fold increases in CFTR mRNA abundance among the three cell lines compared to controls. Because
expression of the RNA binding protein isoforms varied among the various cell lines, we were unable to quantitatively correlate the
expression of specific isoforms with increases in CFTR mRNA abundance. However, qualitative examination of this data suggests that
exogeneous expression of all PTBP1 and HNRNPL variants led to increases in CFTR mRNA abundance in all three cell lines. However,
expression of HNRNPL variants generally had a greater impact on CFTR mRNA abundance in the G542X and W1282X cells compared
to WT. This data supports our claim that PTBP1 and HNRNPL normally protect CFTR mRNAs from degradation by NMD.

4. Discussion

NMD is a conserved, eukaryotic cellular mRNA surveillance pathway. NMD not only degrades mRNAs harboring a PTC formed by a
genomic mutation, but also targets physiological transcripts containing PTCs generated by alternatively spliced exons or upstream
opening reading frames (uORFs), as well as transcripts with a long 3’ UTR, for decay. NMD plays an important role in controlling gene
expression, regulating ~10 % of the mammalian transcriptome [21].

PTC-containing transcripts are primarily degraded by the classical, exon junction complex (EJC) dependent branch of NMD that is
mediated by a set of NMD factors bound to a PTC (UPF1 and the SMG complex) as well as additional NMD factors bound to EJCs (UPF2
and UPF3B), which are deposited onto transcripts 20-24 nucleotides upstream of each exon-exon junction during splicing [22].

(A) WT CFTR
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(B) PTC-containing CFTR
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Fig. 5. Model of how PTBP1 and HNRNPL may regulate NMD of CFTR mRNAs. (A) PTBP1, but not HNRNPL, regulates WT CFTR mRNA
abundance, likely by protecting these transcripts from EJC-independent NMD that is mediated by the accumulation of UPF1 on the long 3' UTR. (B)
Both PTBP1 and HNRNPL regulate PTC-containing CFTR mRNA abundance, suggesting that PTC-containing CFTR transcripts may be subject to both
EJC- and long 3' UTR-mediated NMD. We speculate that PTBP1 may protect CFTR mRNAs from 3' UTR mediated NMD, while HNRNPL may protect
CFTR mRNAs from EJC-mediated NMD that likely recruits different NMD-associated factors based on the location of the PTC. CU and CA represent
binding motifs for PTBP1 and HNRNPL, respectively.
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Normally, EJCs are removed from mRNAs by transiting ribosomes during the first round of translation, leading to remodeling and
subsequent stabilization of the mRNA. However, if a PTC is present in an mRNA, translation will end at the PTC and any EJCs
downstream of the PTC will remain bound to the mRNA. In this event, the interaction between PTC-bound NMD factors and down-
stream EJC-bound NMD factors leads to the recruitment of decay factors that degrade the mRNA.

The degradation of transcripts triggered by long 3' UTRs is not as well characterized as EJC-mediated NMD. It has been shown that
the NMD factor UPF1, an ATP-dependent RNA helicase, not only associates at PTCs, but also binds nonspecifically throughout the body
of an mRNA [12]. Due to its displacement from the mRNA by ribosomes during translation, UPF1 rebinds and accumulates on 3' UTRs.
UPF1 becomes especially enriched on long 3' UTRs, enabling decay factors to be recruited independently of EJCs. The Hogg group
found that in HEK293 cells, the mRNA binding proteins PTBP1 and HNRNPL protect thousands of mRNAs from NMD by displacing
UPF1 from the 3’ UTR [5]. Because CFTR is not expressed in HEK293 cells, it could not have previously been identified by the Hogg
study as a protected transcript.

PTBP1 and HNRNPL belong to the heterogenous nuclear ribonucleoprotein (HNRNP) family of mRNA binding proteins that shuttle
between the nucleus and cytoplasm to regulate multiple stages of mRNA processing, transport, and metabolism (15). These proteins
are best known for their ability to associate with pre-RNAs in the nucleus to control alternative splicing of specific mRNA substrates.
However, PTBP1 and HNRNPL also function in the cytoplasm, where they affect mRNA localization, stability, and translation of
specific mRNA substrates (15). To our knowledge, no role for PTBP1 or HNRNPL has previously been reported pertaining to the
regulation of CFTR mRNA abundance or decay. One previous study did show PTBP1 may control alternative splicing of CFTR exon 9 as
its overexpression led to increased exon skipping of exon 9 in vitro (25). The G542X and W1282X mutations are in CFTR exons 11 and
23, respectively. We tested several CFTR qPCR primer sets and did not observe evidence of alternatively spliced forms of CFTR when we
performed qPCR melt curves in 16HBEs with or without altered PTBP1 or HNRNPL expression (data not shown). However, we did not
test for each possible splice site variant and thus, cannot rule out the possibility that CFTR splicing may be altered by PTBP1 and/or
HNRNPL.

Our data suggest PTBP1 and HNRNPL protect human CFTR PTC-containing mRNAs from being degraded by NMD. We base this
conclusion on the following results: 1) human CFTR mRNA possesses similar features as NMD substrates protected by PTBP1 and/or
HNRNPL, including a long 3’ UTR that contains potential PTBP1 and HNRNPL binding motifs; 2) depletion of PTBP1 or HNRNPL both
reduced G542X and W1282X CFTR mRNA abundance, consistent with PTBP1 and HNRNPL protecting CFTR transcripts from NMD; 3)
mRNA half-life studies show that loss of PTBP1 or HNRNPL increased the rate of CFTR G542X mRNA decay, suggesting that they
influence CFTR mRNA abundance specifically via the rate of mRNA turnover; 4) exogenous expression of PTBP1 or HNRNPL signif-
icantly increased G542X and W1282X CFTR mRNA abundance, again supporting our hypothesis that these mRNA binding proteins
protect CFTR mRNA from NMD. Together, this evidence strongly suggests that PTC-containing CFTR transcripts are protected from
NMD by both PTBP1 and HNRNPL.

Notably, we also found that WT CFTR mRNA appears to be subject to NMD since its abundance increased with depletion of the core
NMD factors UPF1, UPF2, or UPF3B. In addition, we found that depleting PTBP1, but not HNRNPL, reduced WT CFTR mRNA
abundance and increased its decay rate. Moreover, exogenous expression of HNRNPL mediated a more robust impact on CFTR G542X
or W1282X transcripts relative to WT. Together, these results suggest that PTBP1 and HNRNPL may protect different CFTR mRNAs
based on how they are targeted to NMD (Fig. 5). PTC-containing transcripts could potentially undergo EJC or 3' UTR mediated NMD
(Fig. 5B), while WT CFTR would be expected to primarily by subject to 3' UTR mediated NMD since it does not contain a PTC (Fig. 5A).
PTBP1 affected both WT and PTC containing CFTR transcripts, suggesting that it may function in the 3' UTR mediated NMD pathway.
In contrast, HNRNPL mainly affected PTC-containing transcripts, suggesting that it may mediate how CFTR mRNAs are targeted to
EJC-mediated NMD. It should also be noted that the presence of a uORF in the 5’ UTR of the CFTR mRNA has also been shown affect its
abundance (26). Although this feature has not been shown to trigger NMD directly, we cannot rule out the possibility that it might
influence the targeting of CFTR mRNAs to NMD and/or could influence how PTBP1 and HNRNPL regulate NMD of CFTR transcripts.
Based on the ability of PTBP1 and HNRNPL to regulate mRNAs at multiple stages during their lifespan, we also cannot discount the
possibility that PTBP1 and/or HNRNPL, in addition to protecting CFTR from turnover by NMD, may also regulate CFTR mRNA
abundance through other mechanisms, such as transcription or mRNA localization.

Our data also suggest that CFTR transcripts are likely targeted to different branches of NMD depending on the position of the PTC.
For example, we found that depletion of UPF1 and UP3B has a greater impact on G542X mRNA abundance, while UPF2 KD has a
stronger effect on W1282X and WT CFTR mRNAs. This may also be related to the accumulation of UPF1 on regions downstream of the
PTC, which is thought to create a faux 3’ UTR that initiates NMD of transcripts lacking introns, such as most transcripts expressed in
yeast [23]. Overall, our results suggest that different CFTR mRNAs are likely targeted for decay by several branches of NMD, which are
mediated by different sets of factors. Notably, we attempted to better understand how PTBP1, HNRNPL, and UPF1 interact to modulate
CFTR mRNA decay by simultaneously co-transfecting siRNAs into 16HBEs to perform double knockdowns (KDs) of PTBP1 and
HNRNPL, PTBP1 and UPF1, or HNRNPL and UPF1; however, the double KDs led to cell inviability (data not shown). Future experi-
ments are warranted to better understand how different PTBP1 and HNRNPL isoforms coordinate protection of various CFTR mRNAs
from NMD.

NMD represents a potential therapeutic target for increasing the pool of PTC-containing mRNAs and subsequently, increasing the
abundance of functional truncated proteins or enhancing the efficiency of therapies aimed at rescuing full-length, functional protein
from PTC-containing mRNAs. However, implementing NMD inhibition as a therapeutic strategy has been hindered by a lack of NMD
inhibitors with drug-like properties and concerns for whether global NMD can be inhibited for long periods without harmful side-
effects. Apprehension toward the safety of NMD inhibition stems from studies showing: 1) knockout mutations of several core
NMD factors is embryonically lethal in mice [24-26]; 2) attenuation of NMD during embryonic development prevents normal immune
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system formation in mice [27]; and 3) neurodevelopmental disorders are associated with mutations in core NMD factors [28]. More
recently, a mouse model in which NMD was attenuated after completion of embryonic development showed that after one month of
NMD inhibition: 1) moderate NMD inhibition did not cause overt abnormalities; 2) strong NMD inhibition caused immunological
abnormalities, and increased bone density in female mice; and 3) NMD substrates in neurological tissues are more sensitive to NMD
perturbation than other somatic tissues [29]. Together, these findings suggest that globally inhibiting NMD is unlikely to be a feasible
long-term therapeutic strategy. Rather, more targeted approaches to inhibit NMD for a subset of substrates, or for a specific substrate,
will likely be required for safe implementation of NMD inhibition as a therapy. A better understanding of how mRNAs are targeted to
NMD is needed to find safe and effective ways to inhibit their decay. The current study found that the mRNA binding proteins PTBP1
and HNRNPL help regulate the targeting of CFTR mRNAs to NMD. PTBP1 and HNRNPL may therefore represent therapeutic targets
that can be manipulated to increase CFTR mRNA abundance. One can envision identifying/designing small molecules that allow
PTBP1 and HNRNPL to protect CFTR mRNAs to a greater extent. Future experiments will be required to determine how PTBP1 and
HNRNPL protect CFTR mRNAs from NMD.
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