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ABSTRACT One of the primary mechanisms of post-transcriptional gene regulation is
the modulation of RNA stability. We recently discovered that LINC00675, a transcript anno-
tated as a long noncoding RNA (lncRNA), is transcriptionally regulated by FOXA1 and enc-
odes a highly conserved small protein that localizes to the endoplasmic reticulum, hence
renamed as FORCP (FOXA1-regulated conserved small protein). Here, we show that the
endogenous FORCP transcript is rapidly degraded and rendered unstable as a result of
3’UTR-mediated degradation. Surprisingly, although the FORCP transcript is a canonical
nonsense-mediated decay (NMD) and microRNA (miRNA) target, we found that it is
not degraded by NMD or miRNAs. Targeted deletion of an evolutionarily conserved
region in the FORCP 3’UTR using CRISPR/Cas9 significantly increased the stability of the
FORCP transcript. Interestingly, this region requires the presence of an immediate down-
stream 55-nt-long sequence for transcript stability regulation. Functionally, colorectal
cancer cells lacking this conserved region expressed from the endogenous FORCP locus
displayed decreased proliferation and clonogenicity. These data demonstrate that the
FORCP transcript is destabilized via conserved elements within its 3’UTR and emphasize
the need to interrogate the function of a given 3’UTR in its native context.

KEYWORDS ARE, AU-rich, mRNA stability, mRNA decay, NMD, miRNA, lncRNA,
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Despite sharing an identical genetic code, cells differentiate and attain specialized
functions through shifting patterns of gene expression. At the post-transcriptional

level, differential gene expression is regulated and fine-tuned by RNA binding proteins
(RBPs) and regulatory RNAs that modulate RNA processing, stability, localization, and
translation (1). Post-transcriptional gene regulation plays well-established roles in diverse
cellular processes, such as cell proliferation, differentiation, metabolism, apoptosis, and se-
nescence, and aberrant post-transcriptional gene regulation has been implicated in
numerous human diseases, including cancer (1–4). One of the primary mechanisms con-
trolling gene expression post-transcriptionally is the regulation of mRNA stability.
Intriguingly, multiple studies have demonstrated that mRNA steady-state levels do not
always directly correlate with transcription rates (5–10), suggesting a critical role for mRNA sta-
bility in the regulation of gene expression.

Several RNA decay pathways and features are essential for mRNA quality control and pre-
vent the translation of aberrant transcripts. One example is nonsense-mediated decay (NMD),
a translation-dependent mechanism that primarily serves to prevent the translation of
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transcripts containing premature translation-termination codons (PTCs) (11, 12). Additional fea-
tures that sensitize mRNAs to NMD include an upstream open reading frame (uORF), a splice
site .50 nucleotides (nt) downstream of a stop codon, a long 39-untranslated region
(3’UTR), and a short ORF (sORF) (13–16).

The 3’UTR is a key feature in controlling mRNA stability, which is exemplified by the
established correlation of 3’UTR length with mRNA instability (17). One mechanism through
which 3’UTRs influence mRNA stability is through interaction with microRNAs (miRNAs), a class
of conserved, small noncoding RNAs that promote RNA degradation or translation inhibition
through direct interaction with complementary sequences within the 3’UTRs of targeted tran-
scripts (18, 19). miRNAs regulate diverse biological processes, including those involved in tu-
morigenesis, and aberrant expression of miRNAs contributes to cancer progression (20–22). In
addition to miRNA target sites, AU-rich elements (AREs) represent another principal 3’UTR reg-
ulatory element (23, 24). These elements are regulated by a class of RBPs called ARE-binding
proteins (ARE-BPs), which have heterogeneous functions in promoting the degradation or sta-
bility of mRNAs (23, 24). Importantly, AREs and ARE-BPs have significant implications for the
post-transcriptional regulation of genes governing various hallmarks of cancer (25). For exam-
ple, the expression of HuR, an ARE-BP that promotes RNA stability, is increased in many cancer
types, and correlates with reduced patient survival (25–29). In contrast, the RNA decay-promot-
ing ARE-BP TTP (tristetraprolin) is frequently deficient in human cancers (30–32). Because of
this intrinsic association between AREs and cancer, understanding the role of AREs in cancer-
related genes may help elucidate the regulatory pathways that contribute to tumorigenesis
and cancer progression.

RNA processing is also integral for regulation at the post-transcriptional level. Noncoding
RNA processing is often distinct from mRNA processing. For example, miRNA maturation
depends on cleavage and processing by specific factors, such as Dicer and Drosha (33). In
contrast, mRNAs and long noncoding RNAs (lncRNAs), a class of noncoding RNAs.200 nu-
cleotides long, share similar patterns of biogenesis. Like mRNAs, many lncRNAs undergo
splicing, polyadenylation, and 7-methylguanylate (m7G) capping, processes which regulate
transcript stability (34, 35). Despite their similar structure, mRNAs are exclusively cytoplasmic,
whereas lncRNAs can be nuclear and/or cytoplasmic (36), and subcellular localization is typi-
cally directly linked to lncRNA function (37). The major differentiating factor between
mRNAs and lncRNAs is the ability to code for protein, however, this barrier may not be so
easily defined as previously thought (38–41).

Emerging evidence has revealed that many cytoplasmic lncRNAs containing sORFs are
translated to produce micropeptides, or small proteins less than 100 amino acids in length,
many of which have important biological functions (41, 42). The presence of a sORF can
lead to targeted regulation of these RNA transcripts by specific cellular pathways. For exam-
ple, transcripts containing sORFs can be subjected to RNA quality control pathways like
NMD as mentioned above (43). Therefore, understanding how micropeptide-encoding tran-
scripts are regulated is imperative to improving our understanding of biological processes
and human diseases.

Recently, we discovered that FORCP (FOXA1-regulated conserved small protein),
previously annotated as a long noncoding RNA, LINC00675 or TMEM238L, encodes a highly
conserved, 79-amino acid small protein that localizes to the endoplasmic reticulum (ER) and
inhibits cell proliferation, clonogenicity, and tumorigenesis in well-differentiated colorectal
cancer (CRC) cell lines (40). In addition, FORCP depletion results in decreased apoptosis in
response to endoplasmic reticulum (ER) stress (40). Due to the role of FORCP in regulating
tumorigenicity and apoptosis in CRC cells, we aimed to uncover mechanisms that govern
FORCP expression. At the transcriptional level, we recently reported that FORCP expression is
driven by the pioneer transcription factor FOXA1 (40, 44). Building upon this prior work,
here we investigate mechanisms through which FORCP is post-transcriptionally regulated.
We report that the FORCP transcript is rapidly degraded in CRC cells through repression of
its 3’UTR, interestingly not via NMD or miRNAs. Additionally, our findings suggest that an
evolutionarily conserved region in the 3’UTR promotes decay of the FORCP transcript, and
that this effect is dependent on AU-rich sequences within this region. Interestingly, this
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region functionally interacts with a 55-nt-long sequence directly downstream, and deletion
of both these segments is required for FORCP transcript stability. Functionally, deletion of
this region using the CRISPR/Cas9 technology led to decreased proliferation and clonogenic-
ity of CRC cells. Our results highlight the role of specific conserved sequences within the
3’UTR in regulating the stability of the FORCP transcript and associated cancer phenotypes.

RESULTS
FORCP mRNA is unstable but is not degraded by nonsense-mediated decay. To

investigate if FORCP mRNA could be post-transcriptionally regulated, we first determined
the half-life of the FORCP transcript by treating CRC cells with actinomycin D (ActD) to inhibit
transcription and used RT-qPCR to quantify RNA levels. Since FORCP is highly expressed in
well-differentiated CRC cell lines (40), we assessed FORCPmRNA stability in the well-differen-
tiated SW1222, LS180, and LS174T CRC cell lines. We found that FORCP mRNA has a rela-
tively short half-life of ;0.8-1.5 h (Fig. 1A to C). MYC mRNA and the lncRNA MALAT1 served
as positive controls for unstable and stable RNAs, respectively (Fig. 1A to C). To test whether
this instability is specific to well-differentiated CRC cell lines, we stably overexpressed the
FORCP full-length mature transcript in the poorly differentiated CRC cell line, HCT116, using
a lentiviral-based expression vector (pLVX-puro). Although the half-life of the overexpressed
FORCP mRNA was higher in HCT116 cells (Fig. 1D) compared to that of endogenous FORCP
mRNA in well-differentiated CRC cells (Fig. 1A to C), it was relatively unstable in HCT116 cells
(Fig. 1D), suggesting that the factor(s) regulating FORCP mRNA instability is not specifically
expressed in well-differentiated CRC cells. Additionally, endogenous FORCPmRNA showed a
similar pattern of instability when the well-differentiated LS180 cells were treated with
another transcription inhibitor, 5,6-dichlorobenzimidazole 1-b-D-ribofuranoside (DRB) (Fig.
1E). To measure the stability of nascent FORCP RNA in LS180 cells, we used the Click-IT
Nascent RNA capture kit. LS180 cells were pulse-labeled and then incubated in non-labeling
media for 4 hours to assay for nascent RNA decay. The results show that the FORCP tran-
script is unstable, comparable to the unstable RNA MYC (Fig. 1F), which is consistent with
the results from ActD and DRB treatments.

We next sought to determine which factor(s) are responsible for the observed instability
of the FORCPmRNA. We first investigated whether FORCPmRNA is a target of NMD because
in addition to harboring a sORF that is translated, FORCPmRNA contains other features of a
classical NMD target; an upstream start codon (uAUG) with lower coding potential than the
downstream start codon, a long 3’UTR relative to the sORF, and a splice site.50 nucleotides
downstream of the stop codon (Fig. 2A) (40, 41). To inhibit NMD, we used two approaches.
The first involves treating CRC cells with cycloheximide (CHX) to block translation, as NMD is
a translation-dependent RNA decay pathway (12). Following inhibition of NMD upon treat-
ing LS180 or SW1222 cells with CHX, we observed significantly increased expression of the
canonical NMD target mRNAs ATF3 and GADD45B (45) (Fig. 2B and C). However, we did not
observe any significant change in FORCP mRNA levels in LS180 (Fig. 2B). Interestingly, there
was a significant decrease in FORCPmRNA levels in SW1222, suggesting regulation through
a mechanism not directly involving NMD (Fig. 2C). In the second approach, we knocked
down UPF1 a highly conserved RNA helicase and ATPase that plays a central role in NMD
(46). Knocking down UPF1 with siRNAs in LS180 and SW1222 cells significantly upregulated
the NMD target mRNA, ATF3, but the levels of FORCP mRNA did not change significantly
(Fig. 2D and E). Together, these data suggest that while FORCPmRNA is unstable, this insta-
bility is likely not the result of degradation by NMD.

FORCPmRNA instability is mediated through its 3’UTR. Because FORCP has a rel-
atively long 3’UTR (Fig. 2A), we next sought to determine whether FORCPmRNA instability is
the result of the regulation of its 3’UTR. To test this, we first inserted the FORCP 3’UTR in the
multiple cloning site in the 3’UTR of the Renilla luciferase gene in the dual luciferase reporter
psiCHECK-2, which also independently transcribes a firefly luciferase reporter. The presence
of the FORCP 3’UTR led to significantly decreased (;40%) Renilla luciferase activity com-
pared to the empty vector following transfection in the poorly differentiated HCT116, and in
well-differentiated LS180 and LS174T cells (Fig. 3A), suggesting that instability of FORCP
mRNA may be mediated by negative regulation of its 3’UTR. These data showing that the
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FORCP 3’UTR has a repressing effect on luciferase in HCT116 cells that do not express endog-
enous FORCP suggest that the factor(s) targeting the FORCP 3’UTR is/are not specifically
expressed in well-differentiated CRC cells.

To ensure that the observed repressive effect of the FORCP 3’UTR was not unique to
the luciferase reporters that we had transiently transfected, we next generated a retro-
viral reporter (https://www.addgene.org/91975/) in which the FORCP 3’UTR was
inserted in the 3’UTR of EGFP; we named this reporter EGFP-FORCP-3’UTR. We stably trans-
duced this reporter or the EGFP reporter lacking the FORCP 3’UTR (EGFP) in HCT116 and

FIG 1 FORCP encodes a rapidly degraded RNA transcript. (A–D) RNA stability assays were performed for
endogenous FORCP mRNA by measuring its levels by RT-qPCR after ActD treatment for the indicated time
points in SW1222 (A), LS180 (B) and LS174T (C) cells or for exogenous FORCP mRNA overexpressed in HCT116
(D) cells. (E) LS180 cells were treated with DRB for 0, 1, 3, and 4 h and FORCP mRNA levels were measured by
RT-qPCR. The half-life of FORCP is indicated as t1/2 (A–E). In these experiments (A–E), MALAT1 served as a stable RNA
control and MYC as an unstable RNA control. GAPDH was used as a loading control. The graphs show the average
of two biological replicates (N = 2). (F) Nascent FORCP RNA was measured after pulse-labeling with 5-ethynyl
uridine (EU). LS180 cells were incubated with EU-containing media and harvested at time point 0 h or incubated
with non-EU-containing media for 4 h before harvest and RNA extraction. EU-labeled RNA was isolated and FORCP
mRNA levels were measured by RT-qPCR. MYC was used as unstable RNA control. Error bars in panels 1A-1E are
from two biological replicates; panel 1F was from three independent experiments. *P , 0.05, **P , 0.01.
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LS174T cells and examined the effect of the FORCP 3’UTR on EGFP expression. Consistent
with our findings from the luciferase assays, we observed decreased fluorescence of EGFP-
FORCP-3’UTR compared to EGFP alone by both flow cytometry and fluorescence micros-
copy in HCT116 and LS174T cells (Fig. 3B and C). Similarly, we also observed decreased rela-
tive expression of EGFP-FORCP-3’UTR by RT-qPCR and immunoblotting (Fig. 3D to F). Finally,
to determine whether the difference in expression between EGFP-FORCP-3’UTR and EGFP
alone was due to decreased stability of the EGFPmRNA, we performed mRNA stability assays
using ActD. We found that EGFP-FORCP-3’UTR mRNA was less stable than EGFPmRNA lacking
the FORCP 3’UTR (Fig. 3G). Interestingly, although the EGFPmRNA containing the FORCP 3’UTR
was unstable (Fig. 3G), it was more stable than the full-length FORCPmRNA (Fig. 1D) indicating
that the coding region and/or 5’UTR of the FORCPmRNA may also be important in destabiliz-
ing FORCP mRNA. Alternatively, the EGFP coding region might be responsible for a relatively
more stable EGFP-FORCP-3’UTR transcript compared to full-length FORCPmRNA. Nevertheless,
these reporter-based assays suggest that FORCPmRNA instability is mediated in part through
negative regulation of its 3’UTR.

FIG 2 The NMD pathway does not regulate FORCP mRNA levels. (A) Diagram showing the features of FORCP mRNA
indicating the nucleotide lengths of the ORF and 3’UTR. The 5’UTR, the intronic sequences, the upstream start codon
(uAUG), and the translation start and stop codons are indicated. (B–C) RT-qPCR assays were performed for the
indicated mRNAs upon 4 h of CHX treatment of LS180 (B) and SW1222 (C) cells. DMSO was used as vehicle control.
(D–E) RT-qPCR assays were performed for the indicated mRNAs upon UPF1 knockdown in LS180 (D) and SW1222 (E)
cells. SDHA served as a negative control. ATF3 and GADD45B are known NMD targets. GAPDH served as a loading
control. Error bars in panels 2B-2E are from three independent experiments. *P , 0.05, **P , 0.01, ***P , 0.001.
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FIG 3 The 3’UTR of FORCP mRNA represses reporter expression. (A) Luciferase assays showing percent normalized luciferase activity
of a construct containing the FORCP 3’UTR compared to empty vector from HCT116, LS180 and LS174T cells. (B) Flow cytometry
analysis showing GFP fluorescence of HCT116 (left) or LS174T (right) cells stably expressing an EGFP transgene in the presence or
absence of the FORCP 3’UTR. (C) Microscopy images of HCT116 (upper panel) and LS174T (lower panel) for the data shown in panel
B. (D-E) RT-qPCR assays were performed from HCT116 (D) and LS174T (E) cells expressing EGFP or EGFP-FORCP-3’UTR mRNAs. GAPDH
was used as a loading control. (F) Western blotting was performed from parental HCT116 cells or HCT116 expressing EGFP or EGFP-
FORCP-3’UTR mRNAs. a-Tubulin was used as loading control. (G) RNA stability assays were performed after 0, 2, 4, and 6 h of ActD
treatment of HCT116 cells expressing EGFP or EGFP-FORCP-3’UTR mRNAs. GAPDH was used as a loading control (N = 2). Error bars in
panels 3A and 3D are from three independent experiments; panel 3G is from two biological replicates. **P , 0.01, ***P , 0.001.
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FORCP expression is not regulated by miRNAs.miRNAs represent a major class of
post-transcriptional regulatory factors that function to promote RNA degradation largely
through direct interaction with 3’UTRs of targeted transcripts (18, 19). Therefore, we next
asked whether degradation of FORCPmRNA is due to targeting by miRNAs. To determine
this, we first performed a knockdown of DICER1, an essential component of the miRNA
processing pathway (47, 48). Following transfection of SW1222 with DICER1 siRNAs, we
observed decreased expression of DICER1 and miR-200a via RT-qPCR (Fig. 4A and B).
However, FORCPmRNA levels did not significantly change upon DICER1 knockdown (Fig.
4A). As with SW1222 cells, knockdown of DICER1 in LS180 cells did not significantly
change FORCP mRNA levels (Fig. 4C). In these experiments, depletion of Dicer protein
was confirmed by immunoblotting (Fig. 4D). Next, to specifically determine whether the
FORCP 3’UTR is targeted by miRNAs we performed dual-luciferase assays for the FORCP
3’UTR in both DICER1 knockout (KO) 293T cells generated previously (49) and following
DICER1 knockdown in parental 293T cells. As a positive control, we generated a luciferase
reporter containing multiple bulged binding sites for miR-19 inserted within the 3’UTR of
Renilla luciferase, previously used in a recent study in a EGFP reporter (50, 51). As
expected, luciferase activity was strongly repressed by the presence of miR-19 binding
sites and was significantly rescued in DICER1 KO cells (Fig. 4E). However, luciferase activ-
ity of the FORCP 3’UTR reporter did not change significantly upon deletion or knockdown
of DICER1 (Fig. 4E and F), suggesting that miRNAs are unlikely to play a role in repressing
FORCP expression.

An evolutionarily conserved AU-rich element in the FORCP 3’UTR regulates FORCP
mRNA stability. To identify sequence elements within the FORCP 3’UTR that may have
important regulatory functions, we performed a sequence alignment of the human
FORCP 3’UTR and the 3’UTR of the mouse homolog (9130409J20Rik) using BLASTN (52).
The alignment revealed a 56-nt region in the FORCP 3’UTR that was evolutionarily con-
served between humans and mice (Fig. 5A). Further analysis revealed that this region
contains AU-rich elements (AREs), which have been largely implicated in regulating
RNA stability (23–25, 53). When we inserted the mouse FORCP 3’UTR downstream of
Renilla luciferase in psiCHECK-2 and performed luciferase assays, we observed a signifi-
cant reduction in luciferase activity compared to the empty vector (Fig. 5B). These data
suggest that both the human and mouse FORCP 3’UTRs repress its expression.

To determine if this conserved region in the FORCP 3’UTR plays a role in destabilizing the
endogenous FORCP transcript, we used the CRISPR/Cas9 technology to delete this region in
LS174T cells. To do this, we transfected LS174T cells with an all-in-one plasmid expressing
GFP, Cas9, and a pair of guide RNAs (sgRNAs) that target sites upstream and downstream of
this conserved region (Fig. 5A). Using fluorescence-activated cell sorting (FACS), we selected
GFP-positive cells and then performed clonal selection. We were able to isolate one clone that
had deletions in both FORCP alleles and confirmed the sequence deletion after genomic DNA
extraction. This LS174T clone, termed FORCP DEL, had a 119 bp deletion in the FORCP 3’UTR
encompassing the conserved region on one allele. The other allele had a 6 bp deletion at the
end of the FORCP 3’UTR, but the conserved region was intact (Fig. 5C). We therefore termed
the allele with the 6 bp deletion as wild type (WT). Using primers that specifically amplify the
DEL or WT allele (Fig. 5A), we next performed RT-qPCR after treating the cells with ActD. We
found that the FORCP DEL transcript was significantly more stable than the FORCP WT tran-
script (t1/2 = 1.45 h versus t1/2 = 0.85 h) in the FORCP heterozygous LS174T cells (Fig. 5D), sug-
gesting that the instability of the FORCP transcript is mediated in part by this 119 nt region.

To determine the effect of this deletion on the steady-state levels of the FORCP transcript,
we performed RT-qPCR assays that utilized primers that recognize a region that is either
unique or common to the FORCP WT or FORCP DEL transcripts as shown in Fig. 5A.
Compared to control LS174T cells, we found a modest increase in total FORCP transcript lev-
els and an ;2-fold decrease in the FORCP WT transcript (Fig. 5E). As expected, FORCP DEL
was dramatically upregulated in the LS174T FORCP heterozygous cells (Fig. 5E). We next
cloned the FORCP DEL 3’UTR into the 3’UTR of Renilla luciferase in psiCHECK-2 and per-
formed luciferase assays after transfecting LS180 cells. We found that unlike the FORCP WT
3’UTR that significantly repressed luciferase expression, the FORCP DEL 3’UTR luciferase
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expression was not significantly different from the empty vector (Fig. 6A). Since the deletion
contains not only the conserved region but also a 55-nt-long region downstream of the con-
served sequences, we aimed to dissect the role of these two segments by performing lucif-
erase assays. Surprisingly, we found that deletion of either of these short segments (DEL-
conserved or DEL-55 nt) showed an effect similar to that of FORCP WT 3’UTR on luciferase

FIG 4 The microRNA pathway does not regulate FORCP expression. RT-qPCR was performed for the indicated
mRNAs upon DICER1 knockdown in SW1222 (A) and LS180 (C) cells. SDHA serves as a negative control. (B) The
relative levels of miR-200a were also measured upon DICER1 siRNA treatment to confirm DICER1 knockdown.
U6 was used for loading control. (D) Western blotting was performed from whole-cell lysates showing DICER1
knockdown at the protein level in LS180 and SW1222 cells. a-Tubulin was used for the loading control. (E-F)
Luciferase assays were performed from parental and in isogenic DICER1 knockout 293T cells (E) or upon DICER1
knockdown in 293T cells using siRNAs (F). FORCP 3’UTR was cloned downstream of the luciferase gene but showed
no effect by DICER1 knockout (E) or knockdown (F) (N = 2). An EGFP construct containing bulged miR-19 sites was
used as a positive control in DICER1 KO cells. GAPDH served as a loading control for all the RT-qPCR assays. Error bars
in panels 4A-4C and 4E-4F are from three independent experiments. **P , 0.01, ***P , 0.001.
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expression (Fig. 6A). Based on these data, we conclude that the presence of either of these
short segments could be sufficient in regulating FORCP transcript stability. It may be the
case that these two regions physically or functionally interact to mediate transcript degrada-
tion. Together, these data suggest that the conserved region in the FORCP 3’UTR plays an
important role in destabilizing the FORCP transcript.

Next, to determine whether the reduced stability of FORCP mRNA is a result of reduced
translation potential, we performed polysome fractionation experiments from LS174T FORCP

FIG 5 The FORCP 3’UTR harbors an evolutionarily conserved AU-rich element that regulates FORCP mRNA
stability. (A) Upper panel: Alignment of the 56 nt long sequence of the conserved region on FORCP 3’UTR between
human (NR_036581.1) and mouse (NR_130645.1) genes using BLASTN. Bottom panel: Diagram showing the location
of the conserved region (red box) and the target sites of the sgRNAs used for CRISPR are highlighted (top). The
middle diagram depicts the 119-nt-long deleted region (orange box) upon CRISPR. The location of primers (blue bars)
used in RT-qPCR experiments for detecting Total FORCP (middle-left), FORCP WT allele (middle-right), and FORCP upon
deletion (bottom) of the conserved region are indicated. (B) Luciferase assays were performed from HCT116 cells
transfected with psiCHECK-2 empty vector or psiCHECK-2 containing the human or mouse FORCP 3’UTR. (C) CRISPR/
Cas9 technology was used to delete the conserved region on the 3’UTR of FORCP in LS174T cells. The panel shows
the sequence of the WT FORCP gene and the sequence upon deletion (DEL-3 and DEL-4). A 6 bp deletion is
observed on the other allele (DEL-1 and DEL-2). (D) RNA stability assays were performed 0, 1, 2, and 4 h after ActD
treatment of FORCP heterozygous LS174T cells expressing FORCP WT from one allele and FORCT DEL from the other
allele. The half-life of the transcripts is indicated as t1/2. GAPDH was used as a loading control. (E) RT-qPCR assays were
performed to determine the relative levels of the indicated transcripts in LS174T after using sgRNAs to delete the
conserved region in the 3’UTR of FORCP compared to WT cells. GAPDH was used as a loading control. Error bars in
panels 5B, 5D and 5E are from three independent experiments. *P , 0.05, **P , 0.01, ***P , 0.001.
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FIG 6 Deletion of the evolutionary conserved region in the FORCP 3’UTR does not alter translation of FORCP mRNA. (A)
Luciferase assays showing normalized luciferase activity of a construct containing FORCP WT, FORCP DEL, a construct with the
conserved region deleted (DEL-conserved) and a construct with the downstream 55 nt-long region deleted (DEL-55 nt)
compared to the empty vector in LS180 cells. The right panel shows diagrams of the deletions made within each construct in
colored boxes. (B) Representative polysome profile from cytoplasmic lysates from LS174T FORCP DEL cells fractionated
through a sucrose gradient. Peaks corresponding to the 40S and 60S, small and large ribosomal subunits, respectively, are
indicated, as well as peaks corresponding to 80S monosomes and polysomes. (C-D) Percentage fraction distribution of FORCP
WT and FORCP DEL transcripts (C) and GAPDH and ACTB (D) from lysates fractionated as in panel B. Error bars in panels 6A, 6C
and 6D are from three independent experiments. ***P , 0.001.
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DEL cells (Fig. 6B). RT-qPCR from individual fractions showed that the distribution of FORCP
WT and the FORCP DEL transcripts do not show any significant differences in polysome profile
distribution (Fig. 6C), suggesting that their difference in stability is not a result of impaired
translational potential. As internal controls, we also determined the profiles of two mRNAs
encoding the housekeeping genes ACTB and GAPDH (Fig. 6D).

Deletion of the evolutionary conserved FORCP 3’UTR region results in growth
defects. Our recent study showed that in well-differentiated CRC cells, FORCP knockdown
results in increased proliferation (40). To determine if the increased FORCP expression in the
FORCP DEL LS174T cells results in altered growth, we performed cell count and Incucyte live-
cell proliferation assays. We found that the FORCP DEL cells displayed growth disadvantage
compared to FORCPWT cells (Fig. 7A and B). Moreover, in colony formation assays we found a
significant decrease in clonogenicity in FORCP DEL cells compared to FORCP WT cells (Fig. 7C
and D). Together, the data presented in this study suggest that the FORCP transcript is unsta-
ble, and this instability is partly mediated through a conserved region containing AU-rich
sequences in the FORCP 3’UTR. Deletion of this conserved region using CRISPR/Cas9 results
in upregulation of the FORCP transcript leading to growth disadvantage in well-differenti-
ated CRC cells.

DISCUSSION

Regulation of mRNA expression and localization via the 3’UTR has been shown to
play important roles during development (54–56), senescence (57, 58), proliferation
(59, 60), and cancer (61, 62). Our current work focusing on the FORCP transcript dem-
onstrates that in addition to conventional mRNAs, a transcript containing a sORF
expressed in a cell-type and tissue-specific manner can also be post-transcriptionally
regulated. Our data reveal that the FORCP transcript is unstable as the result of 3’UTR-
mediated degradation. In addition, we found that this regulation is likely not due to
degradation by NMD or miRNAs. Finally, our findings using CRISPR/Cas9-mediated tar-
geting of the FORCP 3’UTR suggest that an evolutionarily conserved AU-rich region in
the FORCP 3’UTR serves to destabilize the FORCP transcript. This region requires the
presence of a downstream 55-nt-long element to exert its function on mRNA stability
implying a structural element or an RNA-protein complex that could potentially be re-
sponsible for FORCP regulation. This work aimed to expand upon prior investigations
of the regulation of FORCP, which we have recently shown to regulate processes impli-
cated in tumorigenesis and cancer progression in CRC (40).

The activity of a 3’UTR has typically been determined using reporter systems.
Although reporter-based assays are efficient, a limitation of these reporter assays is
that they do not consider interactions between the 3’UTR with the coding region or
5’UTR of the mRNA. To circumvent this problem, some recent studies have employed
genetic approaches to delete the 3’UTR of a gene of interest in its native context and
determine the effects on the regulation of the gene at the post-transcriptional level. In
a recent study (63), the authors unexpectedly found that in both human cell lines and
in mice, deleting the 3’UTR of p53 mRNA did not affect p53 expression. These results
contrast previous reports where the p53 3’UTR was shown to be regulated by specific
RBPs or miRNAs (64). Furthermore, although the authors found that the 3’UTR of p53
mRNA repressed reporter gene expression, which is consistent with previous studies,
when the coding region of p53 mRNA was added to the reporters it eliminated any
3’UTR-dependent expression differences. Discrepancies between reporter-based assays
and gene expression from native contexts were also found when endogenous 3’UTRs
of nine cytokine genes were deleted using CRISPR/Cas9 (65). The authors found that,
although six of the nine cytokine 3’UTRs had a repressive effect on the respective cyto-
kine gene expression in both 3’UTR reporter assays and CRISPR/Cas9-mediated dele-
tion of the 3’UTR, the remaining three cytokine 3’UTRs showed decreased reporter
gene expression but increased expression of the endogenous gene when their 3’UTRs
were deleted. In another recent study, deleting the 3’UTR of mTOR in mice revealed a
role of the mTOR 3’UTR in mRNA localization (66). These studies and our work on post-
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transcriptional regulation of the FORCP transcript emphasize the need to study the
roles of 3’UTRs in both reporter assays and their native setting.

What could be the physiological significance of regulating FORCP expression post-
transcriptionally? Previously, we showed that FORCP functions to suppress CRC cell
proliferation and tumor growth and is transcriptionally activated by the pioneer tran-
scription factor FOXA1 (40, 44). Our present study shows that the FORCP transcript is
unstable and a conserved region in the 3’UTR of the FORCP transcript regulates its sta-
bility and expression resulting in growth defects. These findings suggest that the post-

FIG 7 Deletion of the evolutionary conserved region in the FORCP 3’UTR region results in growth defects. (A)
Cell growth assays showing the relative growth of LS174T expressing either FORCP WT or FORCP DEL. The cells
were plated and counted for the days indicated. (B) Incucyte data analysis showing the cell confluence of
LS174T expressing FORCP WT or FORCP DEL over time as indicated. (C-D) In vitro colony formation assays
showing reduced clonogenicity of LS174T expressing FORCP DEL compared to FORCP WT (C). The graph (panel
D) shows the percentage (%) area of the wells covered by the colonies. Error bars in panels 7A, 7B and 7D are
from three independent experiments. *P , 0.05, ***P , 0.001.
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transcriptional regulation of FORCP could allow cells to proliferate. Moreover, because
we have previously shown that FORCP is upregulated in response to ER stress, we also
investigated whether FORCP mRNA stability was altered following induction of ER
stress (data not shown). However, we observed no effect of ER stress on FORCP mRNA
stability. It is possible, however, that FORCPmRNA stability is altered in a yet-to-be character-
ized biological context. Identifying the specific regulatory factors that control FORCP mRNA
stability may, therefore, uncover novel pathways in which FORCP functions.

In addition to identifying new mechanisms controlling FORCP expression, this study
expands upon the current knowledge of mechanisms regulating transcripts encoding
small proteins. Typically, investigations into the regulation of unstable transcripts containing
sORFs have focused on translation-coupled RNA decay pathways, such as NMD (41, 43). In
contrast, we saw no effect of NMD inhibition by UPF1 knockdown nor inhibition of transla-
tion by cycloheximide on FORCP mRNA steady-state levels. We did, however, observe a ro-
bust increase in canonical NMD targets following cycloheximide or UPF1 knockdown, sug-
gesting that these processes were effectively inhibited. This implied that despite its sORF,
FORCP mRNA instability is not due to translation-dependent RNA decay pathways.
Interestingly, we saw a decrease in FORCP levels upon CHX treatment in SW1222 cells, sug-
gesting a mechanism of indirect regulation, such as the inhibition of a cell line-specific RBP
targeted by NMD. Other studies also found that RNAs containing sORFs tend to be more
unstable (67–69). For example, the PLN gene encodes phospholamban, a 52-amino acid
transmembrane micropeptide in the sarcoplasmic reticulum of mouse cardiac cells (70). The
3’UTR of PLN has a length of approximately 2 kb and cloning it into a reporter leads to
decreased luciferase activity implying a role in transcript instability (71).

A major component of the post-transcriptional gene regulation process is the class of short
noncoding RNAs, miRNAs (72). miRNAs exert their function by binding to specific sequences
on the 3’UTRs, leading to mRNA loading on the RNA-induced silencing complex (RISC) and
eventually to transcript degradation (18, 19). Thus, we also investigated the role of miRNAs in
the post-transcriptional regulation of FORCP. Since Dicer is the major component of miRNA
processing and maturation (47, 48), we sought to identify the effect of DICER1 depletion on
FORCP levels. Our results showed that miRNA maturation was not responsible for regulating
FORCP RNA degradation, suggesting that miRNAs are not involved in this process.

Similar to miRNAs, RBPs regulate transcript stability and translation by binding to
specific sequences in 3’UTRs (73–75). During our study, we used CRISPR/Cas9 to delete
the conserved region in the FORCP 3’UTR that also created a 55-nt deletion down-
stream of the conserved site. To specifically dissect the role of each segment, we generated
deletion mutants for each and performed luciferase reporter assays. Interestingly, our results
indicated that both regions are required for transcript stability regulation, implying a physi-
cal or functional interaction of the two sequences. We speculate that their simultaneous
presence may be required to regulate accessibility of the targeted RNA region and induce
or inhibit the formation of a complex, which may include certain RBPs regulating RNA deg-
radation. The presence of the entire 119-nt-long sequence is necessary for FORCP transcript
regulation, and further studies will shed light as to whether this region is responsible for spe-
cific RBP recruitment or inhibition.

In summary, the discovery of post-transcriptional mechanisms that regulate FORCP
expression, together with other studies, stresses the importance of post-transcriptional
regulation in controlling the expression of genes with vital biological functions, particularly in
cancer. Because of the functional role of FORCP in regulating CRC pathogenesis, elucidating
processes regulating FORCP expression remains critical as these pathways may generally apply
to other integral cancer genes or genes related to ER stress. Specific investigations into mecha-
nisms regulating the expression of micropeptides are necessary to expand our understanding
of this emerging field of study. Further characterization of RBPs regulating FORCP expression
may reveal regulatory networks that target genes with cancer-related functions.

MATERIALS ANDMETHODS
Cell culture. HCT116 (ATCC # CCL-247), LS180 (ATCC #: CL-187), 293T (ATCC #: CRL-11268) and

LS174T cell lines were purchased from ATCC. SW1222 (ECACC 12022910) cells were purchased from
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Millipore Sigma and 293T parental cells and DICER1 KO derivative cell line used in Fig. 4E were a gift
from Dr. Bryan R. Cullen (49). All cell lines were cultured in Dulbecco’s modified Eagle medium (DMEM)
(Thermo Fisher Scientific) containing 10% (vol/vol) fetal bovine serum (Thermo Fisher Scientific) and 1%
(vol/vol) penicillin-streptomycin (Thermo Fisher Scientific) at 37°C in a humidified atmosphere contain-
ing 5% CO2. All cell lines were routinely tested for mycoplasma using the Venor GeM Mycoplasma detec-
tion kit (Millipore Sigma-Aldrich).

RNA extraction and RT-qPCR. Total RNA was isolated using TRIzol reagent (Invitrogen) or RNeasy
Mini Plus kit (Qiagen). For RT-PCR, 500 ng RNA was reverse-transcribed using iScript Reverse Transcription
Supermix (Bio-Rad). Real-time-qPCR was performed using FastStart SYBR green Master Mix (Millipore Sigma,
04913914001) according to the manufacturer’s instructions. miRNA quantitative PCR was performed using
TaqMan MicroRNA Assay (Applied Biosystems) per the manufacturer’s instructions. Primer sequences for each
gene are indicated below: ACTB: TGACCCAGATCATGTTTGAGA and AGGGCATACCCCTCGTAGAT; ATF3: GTTTG
CCATCCAGAACAAGC and GTCGCCTCTTTTTCCTTTCATC; DICER1: TTCCTCACCAATGGGTCCTTT and GCTTCAAGC
AGTTCAACCTGAT; EGFP: AGAACGGCATCAAGGTGAAC and TGCTCAGGTAGTGGTTGTCG; Total FORCP: GAGG
AGAAGAGACGCAGGTG and GTATTGCAGCCTCTCGTTCC; FORCP DEL: ACCTTAAGGGTGGGACTGTT and TAGGT
AACCACCTCAGTGGG; FORCP WT: ACCTTAAGGGTGGGACTGTT’ and CAAAATGAGACCAGGGGAAA; GADD45B:
ACCCATGAACTCCCAGTTTG and ATCTCGCTCTCAGTGGTTCG; GAPDH: TGCACCACCAACTGCTTAGC and GGCA
TGGACTGTGGTCATGAG; MALAT1: GACGGAGGTTGAGATGAAGC and ATTCGGGGCTCTGTAGTCCT; MYC: CCACA
GCAAACCTCCTCACAG and GCAGGATAGTCCTTCCGAGTG; SDHA: TGGGAACAAGAGGGCATCTG and CCACCACT
GCATCAAATTCAT; UPF1: GCTGTCCCAGTATTAAAAGGTG and AGCAGTGGAAAACAGGTATCC.

RNA stability assay using transcription inhibition by Actinomycin D or DRB. LS180, SW1222, and
LS174T cells were seeded at 4 � 105 cells/well and HCT116 cells were seeded at 2.5 � 105 cells/well in 35 mm
dishes. The following day, cells were treated with 2.5mg/mL Actinomycin D (ActD) or 20mg/mL 5,6-dichloroben-
zimidazole 1-b-D-ribofuranoside (DRB) (Millipore Sigma-Aldrich) and collected at the indicated time points follow-
ing addition of TRIzol after PBS wash. RNA levels at various time points were assessed using RT-qPCR as described
above.

Nascent RNA labeling and measurement. For nascent RNA measurement, we used the Click-iT
Nascent RNA Capture kit according to the manufacturer’s protocol (Thermo Fisher Scientific). Briefly, LS180 cells
were grown in a 10-cm dish to confluence and were pulse-labeled with 0.2 mM 5-ethynyl uridine (EU) for 4 h.
Then, they were either harvested at time point 0 h or incubated with non-EU-containing media for an addi-
tional 4 h. Total RNA was then extracted as described above and EU-RNA was biotinylated, isolated using strep-
tavidin beads and measured with RT-qPCR.

siRNA transfections. Allstars Negative (CTL) siRNAs were purchased from Qiagen and UPF1 and
DICER1 siRNAs (SMARTpool siRNAs) were purchased from Horizon Discovery. Cells were reverse trans-
fected with 20 nM siRNAs using Lipofectamine RNAiMAX (Invitrogen) in Opti-MEM I reduced serum me-
dium (Thermo Fisher Scientific). For reverse transfection, cells were seeded at 4 � 105 cells/well in 6-well
plates and collected 48 h post-transfection for analysis by RT-qPCR.

Cycloheximide treatment. LS180 and SW1222 cells were seeded at 4 � 105 cells/well in 6-well
plates and treated the following day with DMSO or 100 mg/mL cycloheximide (CHX) (Millipore Sigma-
Aldrich). Four hours post-treatment, cells were harvested with TRIzol reagent (Invitrogen) for RNA extrac-
tion and RT-qPCR as described above.

Dual luciferase reporter assays. For the luciferase assays, the FORCP 3’UTR was cloned into the 39
UTR of Renilla luciferase in the psiCHECK-2 dual luciferase vector (Promega). The construct containing the full-
length human FORCP 3’UTR and FORCP 3’UTR with deletion of the conserved region (FORCP DEL-conserved)
were generated by GenScript. For the constructs containing the 119-nt FORCP 3’UTR deletion (FORCP DEL) or
the downstream 55-nt deletion (FORCP DEL-55 nt) as well as the mouse 3’UTR, the inserts were generated
with gBlocks purchased from IDT. The construct containing bulged binding sites for miR-19 was generated to
serve as a positive control in DICER1 KO cells. The insert was amplified from the pMSCV-EGFP-Bulged-miR-19
vector (Addgene #91976) (primers AATTCTCGAGCTGGTTAACGACGGGTCC and AATTGCGGCCGCGTCGTTTAA
ACGTCGGGA) and was cloned into psiCHECK2 using the restriction enzymes XhoI and NotI (New England
Biolabs). Ligation was performed with T4 DNA Ligase (New England Biolabs) and ligation products were subse-
quently transformed into DH5a competent E. coli (Thermo Fisher Scientific). Transformed DH5a were incu-
bated overnight at 37°C on LB agar plates containing 100 mg/mL ampicillin. Colonies were inoculated over-
night at 37°C in liquid cultures containing 100 mg/mL ampicillin. Plasmid DNA was isolated from liquid culture
using the QIAprep Spin Miniprep kit (Qiagen).

For luciferase assays, cells were seeded at 1� 105 cells/well in 24-well plates 1 day prior to transfection. Cells
were transfected the next day with 100 ng plasmid DNA using Lipofectamine 2000 (Invitrogen) in Opti-MEM I
reduced serum medium (Thermo Fisher Scientific). For cotransfection of luciferase reporter constructs with
DICER1 siRNAs, transfection was performed using the Amaxa Cell Line Nucleofector kit V (Lonza Bioscience).
Luciferase activity was measured 48 h post-transfection using the dual luciferase reporter system (Promega).

Generation of stable cell lines. 293T cells were seeded at 5.0 � 105 cells/well in a 6-well plate. To
generate cells that stably overexpress FORCP, 293T cells were transfected after fully reattaching to the plate
with 1200 ng of pLVX-puro or pLVX-FORCP (40) along with lentiviral packaging vectors using Lipofectamine
2000 (Life Technologies Invitrogen), as directed by the manufacturer. Alternatively, to generate EGFP reporter
lines, FORCP 3'UTR was cloned into the pMSCV-EGFP vector (Addgene #91975). The insert was amplified with
primers GGCCGAATTCTTTGGCCATGGGAAGAGG and GGCCGAATTCCATAAAAACAAAGGCCAAATCT. 293T cells
were transfected with 1 mg pMSCV-EGFP or pMSCV-EGFP-FORCP-3’UTR along with retroviral packaging vec-
tors. Medium containing packaged viral particles was harvested and replenished 48, 56, and 72 h following
transfection and stored at 280°C until further use. Virus titer was determined by serial dilution method, and a
multiplicity of infection (MOI) of ;1 was used to generate all stable cell lines. For HCT116 pLVX-puro and
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pLVX-FORCP cells, selection was performed using 1 mg/mL puromycin. For pMSCV-EGFP and pMSCV-EGFP-
FORCP-3’UTR cells, EGFP positive cells were selected by FACS using the BD FACSAria II Cell Sorter. Cell sorting
was performed by the Center for Cancer Research (CCR) Flow Cytometry Core Facility at the National Cancer
Institute (NCI) in Bethesda, MD.

Flow cytometry. Cells were prepared for flow cytometry by trypsinization in 0.25% trypsin-EDTA
(Thermo Fisher Scientific), resuspended in medium, then pelleted and washed twice with PBS. Following
the second wash with PBS, cells were resuspended in PBS and analyzed for GFP fluorescence using the
BDFACS Canto II flow cytometer.

Immunoblotting. Total cell lysates were prepared using RIPA buffer containing 1X protease inhibi-
tor cocktail (Roche). Protein concentration was determined using the Bicinchoninic Acid (BCA) protein
quantitation kit (Thermo Fisher Scientific). 10 mg whole-cell lysate per lane was loaded onto a 10% SDS-
PAGE gel and transferred to nitrocellulose membrane (Thermo Fisher Scientific). The membrane was
blocked with 5% skim milk (Oxoid) in TBST (0.05% TWEEN). The following antibodies were used: anti-
GFP (1:1000, rabbit) (Cell Signaling), anti-a-tubulin (1:1000, rabbit) (Cell Signaling), anti-DICER1 (1:1000,
mouse) (Abcam), and secondary anti-mouse and anti-rabbit (1:5000) from Cell Signaling.

CRISPR-Cas9 mediated partial deletion of the FORCP 39 UTR. Genomic DNA sequence encompassing
the FORCP 39 UTR region was downloaded from the UCSC Genome Browser and subsequently used as input for
sgRNA Scorer 2.0 to identify candidate guide RNA target sites (76). Six sites, three sequences on each side of the
region, were assessed for activity using a previously described approach (77) and CGATCTTTCATGGTATGAGG
TGG and GGGGCAGGTCGGGCTCCAGTGGG (PAM sequences in bold) were found to be most effective and sub-
sequently used for targeted deletion experiments. Oligonucleotides corresponding to each guide RNA were
annealed and cloned into pDG458 (Addgene #100900) using golden gate ligation (78). pDG458 was a gift from
Paul Thomas (Addgene #100900; http://n2t.net/addgene:100900; RRID: Addgene_100900).

Genomic DNA extraction and sequencing. To confirm the partial deletion on FORCP 3’UTR after
CRISPR, genomic DNA was extracted using the Qiagen DNeasy blood and tissue kit. 50 ng of gDNA was used
as the template in a Q5 Hot Start PCR (New England Biolabs) with primers GACGGAGTTTCATCATGTTGG and
TCCTAATGGGATCTCCTGCG. Gel extracted PCR products of a region encompassing the guide RNA target sites
were generated from both wild type and edited cells, cloned into the pCR-Blunt II-TOPO vector (Thermo Fisher
Scientific), and transformed into NEB 5-alpha cells (New England BioLabs). For each PCR product, four colonies
were picked and miniprepped and sent for Sanger sequence validation (Genewiz). Sanger data were then
aligned and analyzed using Geneious software.

Polysome fractionation and analysis. LS174T FORCP DEL cells were grown on a 10-cm dish to con-
fluence and incubated with 100 mg/mL cycloheximide (Sigma) for 10 min. Cytoplasmic lysates were
extracted with Polysome Extraction Buffer (100 mM KCl, 5 mM MgCl2, 0.5% NP-40, 100 mg/mL cyclohexi-
mide, 2 mM DTT, 40 U/mL RNase OUT (Invitrogen), 1x Complete protease inhibitor cocktail (Roche)) and
fractionated by centrifugation in a SW40Ti swinging bucket rotor (Beckman Coulter) through a 10%–
50% linear sucrose gradient. A fraction collector (Biocomp Instruments) was used to obtain 13 fractions
while monitored by optical density measurement at 260 nm. 250 mL from each fraction was used to
extract RNA using TRIzol LS (Thermo Fisher) and the RNA was used for RT-qPCR analysis, as described
above. The first fraction was omitted from the analysis due to absence of RNA.

Cell growth and clonogenicity assays. To measure cell growth as in Fig. 7A, 3 � 105 cells were
plated in 6-well plates, harvested each day and counted using a cell counter (Bio-Rad). Cell confluence
was assayed by plating 3000 cells in 96-well plates. Live cell proliferation assays were then performed
using the Incucyte (Essen BioScience) system for the indicated times. Confluence on captured images
was measured using the Incucyte Base Analysis Software. For the clonogenicity assay, 5000 cells/well
were plated on 6-well plates. 2 weeks later, colonies were fixed with ice-cold 100% methanol for 5 min,
stained with crystal violet and colony area was counted and analyzed using ImageJ.

Statistical analysis. In all figures, error bars represent standard deviation, and all statistical analysis
was performed in Prism using the Student's t test.
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