iIScience

¢? CellPress

OPEN ACCESS

The poly(C)-binding protein Pcbp?2 is essential for

CD4" T cell activation and proliferation

CellTrace dye dilution .
OLCDSE*APC .. '

@ %
Celizce,

Pcbp2+* Tconv
Proliferation

Pcbp2-- Tconv
Impaired proliferation

APC APC
aCD3¢ aCD3¢
T* ** 09,%¢
-< -Oor-
aCD28 IL-2

Augmenting co-stimmulation, IL-2 —>

L
D-e

Pcbp2-- Tconv
Restored proliferation

Pcbp2-- Treg with
similar Foxp3 & function
compared to Pcbp2++ Treg

Massimo
Martinelli,
Gabrielle Aguilar,
David S.M. Lee, ...,
Tatiana Akimova,
UIf H. Beier, Louis
R. Ghanem

Ighanem@its.jnj.com

Highlights

Pcbp2 controls Runx1
exon 6 inclusion in murine
CD4" thymocytes and
splenocytes

Pcbp2 is required for
maintaining peripheral
CD4" T lymphocyte
population size

Pcbp2 is required for
CD4™ T cell proliferation in
vitro

Pcbp2 deletion in CD4*
Tconv cells attenuates
adoptive transfer colitis

Martinelli et al., iScience 26,
105860

January 20, 2023 © 2022 The
Author(s).
https://doi.org/10.1016/
j.isci.2022.105860



mailto:lghanem@its.jnj.com
https://doi.org/10.1016/j.isci.2022.105860
https://doi.org/10.1016/j.isci.2022.105860
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105860&domain=pdf

iIScience

¢? CellPress

OPEN ACCESS

The poly(C)-binding protein Pcbp?2 is essential

for CD4" T cell activation and proliferation

Massimo Martinelli,’? Gabrielle Aguilar,’ David S.M. Lee,*> Andrew Kromer," Nhu Nguyen,’

Benjamin J. Wilkins,®’ Tatiana Akimova,” Ulf H. Beier,®? and Louis R. Ghanem™:3%10.*

SUMMARY

The RNA-binding protein Pcbp2 is widely expressed in the innate and adaptive
immune systems and is essential for mouse development. To determine whether
Pcbp2isrequired for CD4™ T cell development and function, we derived mice with
conditional Pcbp2 deletion in CD4" T cells and assessed their overall phenotype
and proliferative responses to activating stimuli. We found that Pcbp2 is essential
for T conventional cell (Tconv) proliferation, working through regulation of co-
stimulatory signaling. Pcbp2 deficiency in the CD4™ lineage did not impact Treg
abundance in vivo or function in vitro. In addition, our data demonstrate a clear
association between Pcbp2 control of Runx1 exon 6 splicing in CD4™ T cells and
a specific role for Pcbp2 in the maintenance of peripheral CD4* lymphocyte
population size. Last, we show that Pcbp2 function is required for optimal in vivo
Tconv cell activation in a T cell adoptive transfer colitis model system.

INTRODUCTION

T lymphocytes (T cells) are critical components of the adaptive immune system and are essential for
responses to foreign organisms. T cell development encompasses a highly complex process that starts from
thymocyte precursors and involves numerous regulating factors within the thymus and peripheral immune sys-
tem." T cell development and activation have long been understood to depend upon fine-tuned transcriptional
events. More recent work has uncovered a critical role for post-transcriptional regulatory mechanisms,
controlled by RNA-binding proteins (RBPs) and non-coding RNAs that are essential for immune cell lineage
commitment, maintenance, and modulation of immune responses.z'3 RBPs often control sets of genes with
related functions (“regulons”) through direct binding of nucleic acid motifs in target mRNAs.* RBPs have
been shown to regulate gene expression in response to T cell activation and differentiation signals through
a variety of mechanisms including mRNA stabilization.>® Loss of RBP function in mammalian systems has
been shown to cause immune system hyperactivation and autoimmunity,” uncontrolled inflammation,'® immu-
nodeficiency by impaired viral clearance,'’ or result in defective thymopoiesis.'”'® These data suggest that
different RBP family proteins may have distinct functions in immune regulation.

Poly(C)-binding proteins (Pcbps; also referred to as hnRNPEs and a.CPs) are a widely expressed gene family
of RBPs with heterogeneous functions.'*'® The major family members are Pcbp1 and Pcbp2. Pcbp1 is an
intronless paralog of Pcbp2 that evolved by retrotransposition of a fully processed Pcbp?2 transcript.'* '
Pcbp1 and Pcbp2 have several overlapping functions stemming from their shared structure and binding
specificity,'* but also have a subset of isoform-specific functions.'”"'® The roles of Pcbp proteins in hema-
topoiesis, particularly erythroid lineage development and function, have been extensively character-
ized.”®"? Pcbps integrate nuclear events such as transcript processing (splicing and polyadenylation)
with cytoplasmic control over mRNA stabilization and translation.””** These functions are mediated by
direct interactions of Pcbps with cytosine- and pyrimidine-rich motifs in target pre- and mature mRNAs?°~?
and can be controlled by post-translational modifications,'” the intracellular localization of Pcbps,” or
interactions with iron,® zinc,”” or folate’® across a spectrum of cellular contexts.

We previously have demonstrated that Pcbp1 and Pcbp?2 are independently essential for mouse embryonic
development and survival.'® Pcbp1-null embryos do not survive the peri-implantation stage of develop-
ment. Pcbp2-null embryos, in contrast, lose viability at mid-gestation associated with cardiovascular and
hematopoietic defects. Splicing analysis of Pcbp2-null embryos showed that inclusion of exon 6 in the

"Division of
Gastroenterology,
Hepatology and Nutrition
Division, The Children’s
Hospital of Philadelphia,
Philadelphia, PA 19104, USA

?Department of Translational
Medical Science, Section of
Pediatrics, University of
Naples “Federico II”, Naples
80131, Italy

3Department of Pediatrics,
Perelman School of Medicine
at the University of
Pennsylvania, Philadelphia,
PA 19104, USA

4Department of Genetics,
Perelman School of Medicine
at the University of
Pennsylvania, Philadelphia,
PA 19104, USA

SInstitute for Biomedical
Informatics, Perelman School
of Medicine at the University
of Pennsylvania, Philadelphia,
PA 19104, USA

éDivision of Anatomic
Pathology, The Children’s
Hospital of Philadelphia,
Philadelphia, PA 19104, USA

’Department of Pathology
and Laboratory Medicine,
Perelman School of Medicine
at the University of
Pennsylvania, Philadelphia,
PA 19104, USA

8Division of Nephrology, The
Children’s Hospital of
Philadelphia, Philadelphia,
PA 19104, USA

9Present address: Janssen
Research and Development,
1400 McKean Rd, Spring
House, PA, 19477, USA

0L ead contact

*Correspondence:
Ighanem@its.jnj.com

https://doi.org/10.1016/j.isci.

Runx1 mRNA required Pcbp2 function.”” Runx1 is an essential regulator of embryonic hematopoiesis®® 2022.105860
m o
ek o iScience 26, 105860, January 20, 2023 © 2022 The Author(s). 1

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:lghanem@its.jnj.com
https://doi.org/10.1016/j.isci.2022.105860
https://doi.org/10.1016/j.isci.2022.105860
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.105860&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

¢? CellPress

OPEN ACCESS

iScience

A B C
Thymus CD4+*CD8* Thymus CD4*
ns Spleen Thymus
0-;; “las = om 5 5 o &
ns - — & & ox & & x & oL«
— o X > 24 N > 2 N 3
2 — 5 I’ &e T & K e K EQ 192bp
g1 ® —— ——-
-<c . ; " - o BT ’ ; |
=) -0 - a Control e e e —— [5 17 |
P4
E o Cko 27 31 19 53 62 70 9%Exon 6 skipping
-6 415 - ; S o oo b G o Control Ko
26 17 18 44 85 24 % Exon 6 skipping
8 T T T -20 T T T —_———
Pcbp1 Pcbp2 Runx1 Pcbp1 Pcbp2 Runx1 Control cko
D Thymus E
Control CKO o
%] [ Control ns "O 109 = Control
CD4* 7% DP 78% CD47% DP 79% g 0d &3 cro o - = O cko
[5) ] x
] o =
1
g 504 8 Qns‘
H D
Gate: Live = [S ns
404 > o
[} Z 0.1+
3 20 ko]
— b ns
DN 3% x . 2 § ~‘vh-‘ OO .
(I CD4SP CD8SP  DP DN "~ CDasP CD8SP  DP DN
801 [ Control
+JDNT14%[DN20.8% [DNT  15%]|DN2 0.8% 5 =i0K0 ns
E
3 >
g
Gate: DN o
zZ
a
= ;S
DN4  48%|DN3_ 36% 5
nf e et e DN1 DN2 DN3 DN4
F Spleen - Spleen
Gate: CD3 Gate: CD4 Total Cellularity B Control .
CD4"57% 81 609 [] CKO =y
Foxp3*CD25* ns
=] oxp 5 — g * 2
x 61 o 8 :
o 40
g, r 5
5 l &
= . O 204
= 21 5
[0
(@] 6 x .
CD3 CD19
(7] 172}
g 80n B Control o, T reg
) * [ CKO by ns
2 g . N
K] K%
& & T
& b
o fa) = i
O O 104 off
E E
3 5
e CD4 CD8 R Control CKO

Figure 1. Pcbp2 is required for maintaining peripheral CD4" T cell population size in mice
(A) Verification of conditional Pcbp2 knockout in fl-Pcbp2/CD4-cre (CKO) thymocytes. Total RNA from double-positive (DP, CD4"CD8") and single-positive
(SP, CD4*CD8") thymocytes was analyzed by gPCR for Pcbp2 mRNA expression from CKO and fl-Pcbp2 (Control) mice. Pcbp1 and Runx 1 were used as
expression controls. dCt means and standard errors for each genotype are shown (minimum of three biological replicates per genotype). Statistical
significance was determined by Student’s t-test (*p < 0.05; **p < 0.01; ***p < 0.001).
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Figure 1. Continued

(B) Runx1 exon skipping is enhanced in CKO splenic CD4" T cells. RT-PCR performed across the Runx 1 exon 6 splice junction from bulk splenocytes (Input),
CD4" and CD4™ cells purified from CKO and control mice. Amplification diagrams of the Runx1 exon 6 splice junction are illustrated to the right of the gel
image. Percentages of exon 6 skipping in each sample are shown. Arrows denote forward and reverse amplification primer positioning.

(C) Runx1 exon skipping is enhanced in CKO DP and SP thymocytes. RT-PCR performed across the Runx 1 exon 6 splice junction from bulk thymocytes (Input),
DP and SP cells purified from CKO and control mice.

(D and E) Steady-state thymic T cell populations are not affected by Pcbp2 loss in the CD4 lineage. Flow cytometry analysis of labeled thymocytes from CKO
and littermate control mice is shown. Gating illustrates thymic populations as follows: CD4 SP (CD4*CD8"), CD8 SP (CD4"CD8*), DP (CD4*CD8™), DN (CD4~
CD8"), and the DN subpopulations [DN1 (CD44"CD257), DN2 (CD44"CD25"), DN3 (CD44 CD25"), and DN4 (CD44~CD257)]. Adjacent bar graphs show the
percentages and the absolute numbers (mean cell numbers + standard deviations) of each thymic population. Significance was determined by Student
t-test (ns, not significant). Representative data from six independent experiments are shown.

(Fand G) Pcbp2 is required for maintaining splenic CD4™ T cell population size. Flow cytometry analysis of labeled splenocytes from CKO and control mice is
shown. Gating illustrates splenic populations as follows: CD3" T cells, CD19" B cells, CD4" T cells (CD3"CD4"), CD8" T cells (CD3"CD8"), and Tregs (CD3*
CD4"Foxp3"CD257). Adjacent bar graphs show the percentages and the absolute numbers (mean cell numbers + standard deviations) of each splenic
population. Significance was determined by Student t-test (ns, *p < 0.05). Representative data from at least 5 independent experiments are shown.

and exon 6 encodes a protein domain important for Runx1 transcriptional activity.?”-*° We have shown that
embryos homozygous for a Runx1 mutant allele lacking exon 6 (Runx14E%2E%) had defective definitive
erythroid lineage development and reduced embryonic fitness.”” Runx14E¢28¢ mice surviving to adulthood
demonstrated lymphopenia and thrombocytopenia consistent with the role of Runx1 in the expansion and
maintenance of lymphoid and platelet populations.?’ Combinatorial inactivation of the Pcbp1 and Pcbp?2
loci in murine hematopoietic progenitors (Epo-Cre) demonstrated failed erythroid development and
embryonic lethality at mid-gestation.'” This phenotype was more sensitive to Pcbp1 loss and suggested
an overall dependency of erythropoiesis on Pcbp gene dose. Notably, analysis of Runx1 exon 6 splicing
in this study confirmed that this event is specific to Pcbp2 and not impacted by deletion of Pcbp1 in
erythroid progenitors. Using shRNA-mediated knockdown, Pcbp1 has been shown to promote proinflam-
matory cytokine production in CD4" T cells through interactions with intracellular iron.? In T cell lineage
conditional knockout mice (CD4-cre and Foxp3-cre), Pcbp1 was shown to act as an intracellular immune
checkpoint upregulated in activated T cells to prevent conversion of effector T cells into regulatory
T cells, with loss of Pcbp1 resulting in increased Treg differentiation.’” However, Pcbp2 function in the
adaptive immune system remains unclear.

The current study was initiated to investigate the impact of Pcbp2 on T cell development and function in an
intact mammalian system. We use lineage-specific inactivation of Pcbp2 in murine CD4" T cells coupled to
assays of T cell activation, immunophenotyping, transcriptome analysis, and experimental models of
adoptive transfer colitis to identify CD4" lineage phenotypes associated with loss of Pcbp2 function. We
demonstrate that Pcbp2 serves a critical role in T conventional cell (Tconv) proliferation, in part, through
regulation of co-stimulatory signaling. We further demonstrate that control of Runx1 exon 6 splicing is
associated with a specific role for Pcbp2 in the maintenance of peripheral CD4" lymphocyte populations.
These data establish Pcbp2 as a critical regulator of CD4" T cell function in a manner that is distinct from its
paralog Pcbp1.

RESULTS

Pcbp2 controls Runx1 exon 6 inclusion in murine CD4" thymocytes and splenocytes

Pcbp2 germline inactivation in mice results in embryonic lethality at E13.5'8. Therefore, to analyze Pcbp2
function in the CD4" T cell lineage, we crossed Pcbp2-floxed mice (Pcbp2™f) with CD4cre lines to generate
a novel strain with conditional deletion of Pcbp2 in CD4" T cells (fl-Pcbp2/CD4-cre). Fl-Pcbp2/CD4-cre
(CKO) mice were viable and fertile. We next confirmed deletion of the Pcbp2-floxed allele and loss of
Pcbp2 expression in fluorescence-activated cell-sorted CD4"CD8" double-positive (DP) and CD4" sin-
gle-positive (SP) thymocytes by gPCR (Figure 1A). We observed no compensatory changes in Pcbp1
mRNA expression, a major Pcbp isoform with overlapping and non-redundant functions to Pcbp2
(Figure 1A).

We recently demonstrated that Pcbp2 controls Runx1 exon 6 alternative splicing during mammalian
embryonic hematopoiesis.”” Conditional Runx1 knockout in CD4" T cells impairs T cell development
and maturation®*~*> and Runx1 mutant mice homozygous for exon 6 deletion exhibit peripheral lymphope-
nia.”’ For these reasons, we first tested whether adult CKO mice exhibited changes in Runx1 total mRNA
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Figure 2. Loss of Pcbp2 impairs CD4* T cell proliferation

(A) Anti-CD3e and irradiated APC-stimulated splenic CKO CD4" T cells demonstrate decreased proliferation after 72 h. A T cell proliferation assay of Cell
Trace Violet (CTV)-labeled CD4" cells isolated from CKO, and control mice is shown. Adjacent bar graphs illustrate mean percent dividing cells + standard
deviations from Control and CKO CD4" T cells. Student t-test; ns, ****p < 0.0001.

(B) CKO CD4"cells have decreased division rates in response to T cell receptor (TCR) activation by anti-CD3e antibodies. AT cell proliferation assay with anti-
CD3e dose-response (unstimulated, 0.01-6 pg mL~") analysis is shown. Anti-CD28 costimulation was used to enhance TCR signaling. A plot of mean percent
dividing cells (+ standard deviations) is illustrated. Multiple t-test with Benjamini and Hochberg correction (FDR<0.05); *adj p < 0.05, **adj p < 0.01.

(C - E) Effect of IL-2 and IL-7 on CKO CD4™ T cell proliferation. (C) T cell proliferation assay histograms of CKO and Control CD4" cells are shown with the
different conditions noted by filled circles (irradiated APC, IL-7, anti-CD3g, IL-2, anti-CD28; basal stimulation = anti-CD3 and irradiated APC). (D) Bar graphs
show mean percent dividing cells (£ standard deviations) for CKO and Control CD4" cells. Multiple t-test with Benjamini and Hochberg correction
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Figure 2. Continued

(FDR<0.05); ns, **adj p <0.01, *** adj p <0.001, ****adj p < 0.001. (E) Bar graphs of mean percent dividing cells (+ standard deviations) for CKO CD4"
T cells illustrated in D. 1-way ANOVA (Kruskal-Wallis test) corrected for multiple comparisons (Benjamini & Hochberg, FDR <0.05), ns, *adj p < 0.05.
(F and G) Flow cytometry analysis of Annexin V and fixable viability dye (FVD) stained splenic control and CKO CD4™ T cells at rest and after 24 h of indicated
costimulation conditions (basal stimulation = anti-CD3e and irradiated APC) (F). Adjacent bar graphs show the percentages (mean percentage + standard
deviations) of Annexin V and FVD double-positive T cells occurring under each condition (G); *p < 0.05, **p < 0.01, Student t test.

levels or in Runx1 mRNA exon 6 inclusion in CD4 " thymocytes and splenocytes. We observed no changes in
Runx1 total mRNA between CKO mice and controls (Figure 1A). In contrast, we found higher percentages
of Runx1 exon 6 skipping in both DP and SP thymocytes, as well as in CD4" splenocytes from CKO mice
compared to littermate controls (Figures 1B and 1C). These data confirm that Pcbp2 regulates Runx1
exon 6 mRNA inclusion in adult CD4" lymphoid tissue and suggests that Pcbp2 regulation of Runx1
exon 6 splicing may be a general mechanism of Runx1 mRNA processing in the hematopoietic
compartment that is operational from the mammalian fetal period into adulthood.

Pcbp2 is required for maintaining peripheral CD4* T lymphocyte population size

Because Runx1 has pleiotropic roles during thymocyte development and peripheral T cell maturation,**—°
the hypothesis that Pcbp2 is important for development of the CD4™ T cell lineage was directly tested in
CKO mice. The frequency of DP thymocytes, CD4 SP thymocytes, CD8 SP thymocytes, and CD4CD8~
double-negative (DN) thymocytes was comparable between CKO mice and littermate controls
(Figures 1D and 1E). We observed no difference in the absolute numbers of these thymic T cell subpopu-
lations (Figure 1E, right panel), or in the relative abundance of DN1-4 subsets (Figure 1E, bottom panel). In
contrast, the proportion of CD3* and CD4" splenocytes showed a minor, but statistically significant
decrease (Figures 1F and 1G) in CKO mice, whereas we observed no difference in the absolute numbers
of splenocytes compared to controls (Figure 1G, left panel). In keeping with decreased proportions of
CD3" and CD4" lineages in the spleen, we observed a corresponding decrease in the absolute number
of splenic CD3" and CD4" T cells in CKO mice compared to controls (data not shown). There were no
significant steady-state proliferation differences in peripheral CD4" and CD8" T cells from CKO mice
compared to controls as measured by intracellular Kié7 positivity (Figure S1). In contrast to increased
thymic and peripheral CD4"Foxp3*CD25" regulatory T cell (Tregs) abundance occurring in Pcbp1-
depleted CD4* T cells,* the percentage of Tregs in the CD4" splenocyte and thymus populations was
comparable between CKO mice and controls (Figures 1F and 1G and data not shown). Similar findings
as those above also were observed in lymph nodes (Figure S2). Evaluation of the central memory status
of splenic and lymph node CD4"FoxP3" and CD8"FoxP3" cells revealed no differences in the distribution
of naive (TN, CD44lowCD62L"), central memory (TCM, CD44highCD62L"), or effector memory cells
(TEM, CD44highCDé2Lneg) between CKO mice and controls (Figure S3). These data reveal that Pcbp2
serves a non-redundant role in the maintenance of steady-state peripheral CD4"* T lymphocyte populations
without impacts on the relative abundance of memory cell compartments.

Pcbp2 is required for CD4™ T cell proliferation in vitro

To define the impact of Pcbp2 on CD4" T cell function, we first assessed the proliferation of purified CD4*
CD257 T cells, isolated from CKO mice and controls, using an in vitro proliferation assay. We observed a
significant decrease in CKO CD4" cell proliferation compared to controls (Mean + SD: 65.2% =+ 8.9% vs
92.9% + 3.9%, p < 0.0001; Figure 2A). To evaluate whether TCRB or CD3e expression was altered, we
measured TCRB and CD3e median fluorescence intensity (MFI) in CD3"CD4" from lymphoid organs of
CKO mice compared to controls. We found a small but statistically significant reduction in TCRB MFI in
CKO CD3*CD4" T cells across all 3 lymphoid organs tested, while no difference was observed in CD3e
MFI (Figure S4). To determine if CKO CD4" cells had altered sensitivity to T cell receptor activation by
anti-CD3e antibodies in our system, we performed an anti-CD3e dose-response analysis. We found that
control cells had significantly higher proliferation rates at all tested concentrations of anti-CD3 (0.01-6 pg
mL™" compared to CKO CD4" cells, with proliferation rates for both mutant and control CD4" cells reach-
ing a plateau at ~1 pg mL™" of anti-CD3e (Figure 2B). Augmenting T cell receptor (TCR) co-stimulation with
anti-CD28 antibodies (1 pg mL™") resulted in a partial rescue of CKO CD4" cell proliferation (Figure 2B). In
the presence of anti-CD28, the majority of control cells demonstrated 5 or more cycles of division, while the
CKO cells had a majority of cells with 3—-4 division cycles. These data demonstrated that Pcbp2 function is
required for CD4" T cell in vitro activation and suggest a mechanism whereby co-stimulatory signaling
rather than TCR signaling may be impaired in CKO CD4" cells.
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Because CD28-mediated co-stimulatory signaling promotes both CD4* cell proliferation and survival,*® we
next tested whether other cytokines that regulate these functions in resting and activated CD4" cells could
rescue the proliferation defect we observed in CKO CD4" cells. Supplementing basal stimulation
conditions with IL-2, a cytokine that contributes to clonal expansion, differentiation, and survival of
activated T cells, significantly increased proliferation rates of CKO CD4" cells in a manner comparable
to treatment of these cells with anti-CD28 antibodies (Figures 2C-2E). IL-7, a cytokine that supports survival
and homeostatic proliferation of resting T cells, increased the 24-h survival of unstimulated CD4" cells from
both controls and CKO mice based on annexin V and fixable viability dye (FVD) staining (Figures 2F and 2G).
In contrast, the addition of IL-7 to basal stimulation conditions (irrAPC and anti-CD3 Ab) did not alter pro-
liferation rates of CKO CD4" cells or controls (Figures 2C-2E). Adding IL-7 to basal stimulation conditions
abrogated the modest but significant change in CKO CD4" cell death at 24 h (Figures 2F and 2G). The addi-
tion of IL-7, IL-2, or anti-CD28 antibodies did not change measures of early apoptosis (Annexin V*/FVD™) in
unstimulated or stimulated CKO CD4" cells compared to controls (Figure 2F and data not shown). We then
evaluated the cell surface expression of CD28 and CD127 (aka IL7ra) by flow cytometry. We found a statis-
tically significant decrease of CD127 in CKO splenocytes and lymph nodes in both CD4" and CD8" cells,
while no differences were observed in CD28 expression (Figure S5). Bypassing upstream TCR signaling
using PMA/ionomycin stimulation demonstrated that CKO CD4" T cells had no defects in their capacity
to produce inflammatory cytokines but did not reveal any differences in intracellular cytokine production
compared to controls (Figure S6). We conclude from these data that Pcbp2 function has a greater impact
on proliferative and co-stimulatory signals compared to survival signals and cytokine production. Supple-
mentation with a strong co-stimulation and/or with exogenous IL-2 partially rescued proliferative defects in
CD4" T cells.

CD4" T cell sensitivity to Treg suppression and Treg suppressive function is not dependent
upon functional Pcbp2

We next hypothesized that CKO CD4" T cells may also be more responsive to suppression by Tregs based
on our observation that CKO CD4" cell in vitro activation was significantly impaired. To test this hypothesis,
we performed an in vitro Treg suppression assay with flow-sorted CD4" cells from CKO mice and littermate
controls. We observed no significant difference between CKO and control CD4" cell suppression in
response to co-culture with control Tregs for 72 h (Figures 3A and 3B). To test whether Pcbp2 was required
for Tregs to suppress CD4" cells in vitro, flow-purified Tregs from the spleens of adult CKO mice or litter-
mate controls were co-cultured with activated control CD4" cells for 72 h. We found that CKO Tregs had
comparable suppression ability to control Tregs (Figures 3C and 3D). These data indicate that CD4" T
effector sensitivity to Treg suppression and in vitro Treg suppressive function are not dependent upon
functional Pcbp2.

Differential gene expression and splicing analysis

To investigate the mechanism for impaired CD4" T cell activation resulting from the loss of Pcbp2, we per-
formed mRNA-seq on unstimulated CKO and control, flow-sorted, CD4* T cells and cells stimulated with
CD3e/CD28 mouse T-activator beads for 6 h. Overall, in unstimulated CD4*CD25™ cells, we found 253
genes in CKO CD4" T cells with differential expression compared to controls. Of these, 147 were upregu-
lated and 106 were downregulated (Figure 4A and Table S1). In stimulated CKO CD4™" T cells, we found 81
genes with differential expression, of which 70 were upregulated and 11 were downregulated (Figure 4A
and Table S2). A set of 42 genes was differentially expressed in both the unstimulated and stimulated con-
ditions (Figures 4A and 4B). Pcbp2 mRNA expression was reduced by greater than 20-fold in unstimulated
and stimulated CD4" T cells, and we observed no significant change in Pcbp1 expression (Figure 4C and
Tables S1 and S2), further confirming our Pcbp2-specific gene targeting in the CD4" lineage. Differentially
expressed genes important for immune cell function with a minimum 2-fold change increase in both unsti-
mulated and stimulated cells included myosin 6, NADPH oxidase activator, prostaglandin 12 synthase
receptor, and immunoglobulin superfamily member 23. Among transcription factors of interest with differ-
ential gene expression, we found ceramide synthase-6 and zinc finger protein 467 (Zfp467) to be upregu-
lated in CKO unstimulated and stimulated CD4™" T cells and RAR-related orphan receptor C (RORC) upre-
gulated in unstimulated cells. Within the set of T cell activation signature genes (GOTERM “T cell
activation” (GO:0042110),>” we found 9 genes (Adk, Ager, CD80, CD81, CD83, CD160, IL7r, Rorc, and
Zfp683) with differential expression in unstimulated cells (Figure 4B). There were no significant expression
differences in the T helper-lineage markers ThPOK, CD40L, and Gata3. A gene ontology pathway analysis
was conducted, and no significantly different pathways were identified (data not shown). In summary, these

6 iScience 26, 105860, January 20, 2023

iScience



iScience

A

Control Treg/Teff Ratio: 1/1 1/2 1/4 1/8 1/16 0
“125.7 “145.6 615 623 66.4 687
CKO Teff = ’ )
"93.8 96.5 ~196.9 977
Control Teff g
£
=
S
cTv
c
12 1/16 0

Treg/Control Teff Ratio: 1/1

724 196.6

CKO Treg

_196.5
Control Treg

Counts

cTVv

Normalized

¢? CellPress

OPEN ACCESS

ns
800
O o
2
5 <C 600
Q -
8s
T% 400
£
s¢
Z 2 200
>
»n
0_
Control CKO
Teff  Teff
800 ns
O
2
<C 600
c
)
‘@ 400
(%]
o
S 200
>
»
[
Control CKO
Treg Treg

Figure 3. Conditional Pcbp2 deletion in CD4* T cells does not affect T conventional sensitivity to Treg suppression and is not required for Treg

function

(A and B) (A) Treg suppression assay of CTV-labeled control or CKO CD4" T cells (Teff) co-cultured with control-T regulatory cells (Treg) in vitro. Serial
dilution ratios of control Treg/ CD4" T cells are noted above histograms. (B) Normalized suppression for each experimental condition in (A) is shown as area

under the curve (AUC; see STAR Methods).

(C and D) (C) Treg suppression assay of CTV-labeled control T cells to be suppressed by control or CKO Treg in vitro. Serial dilution ratios of Treg/control
CD4" cells are noted above histograms. (D) Normalized suppression for each experimental condition in (C) is shown as area under the curve (AUC; see STAR

Methods).

Representative data from 3 independent experiments are shown. ns, not significant.

data indicate that Pcbp2 function is essential for normal expression of genes important for immune cell
function and CD4™" T cell activation.

To determine which genes had differential alternative splicing in CKO CD4" T cells, we used MAJIQ, a tool
to identify and measure alternative splicing variants from RNA-seq data, defining a significant difference in
alternative splicing of a specific splice junction within a local splice variation (LSV) as a change in PSI (AW) of
0.2 (Probability (|AW|>=20%) > 95%, see STAR methods). We identified 36 genes with differentially spliced
mRNA junctions in unstimulated CKO CD4" T cells compared to controls (Table S3). In stimulated cells, we
found 53 genes with differentially spliced mRNA junctions (Table S4). Among the genes with differential
splicing, we found 58 differentially spliced LSVs in unstimulated cells and 74 differentially spliced LSVs in
stimulated cells (Figure S7). There were 26 genes that were differentially spliced in both unstimulated
and stimulated cells (Tables S3 and S4, and Figure 5A). Two differentially spliced genes, Runx1 and
Dig1, overlapped with the activated CD4" gene signature (Figure 5B). Two transcription factors, Rfx7
and Runx1, were found to be differentially spliced. Rfx7 has been shown to regulate NK cell survival and
function. Runx1 alternative splicing identified by this analysis corresponded to exon 6 skipping indepen-
dently demonstrated by RT-PCR in sorted SP and DP thymocytes and splenocytes (Figures 1B and 1C, and
5C-5E). We also identified Pcbp2 regulated splicing of Ikbkb mRNA (aka, Ikkb) in both stimulated and
unstimulated Tconv cells. lkbkb encodes a kinase in the IKK complex that is activated in response to
T cell receptor engagement and is critical for NF-kB activation (Figures 5F=5H).>” The affected junction
is complex and includes a retained intron (Figure 5F splicegraph, orange bar), whose relative abundance
increases in the absence of Pcbp2 (Figures 5G and 5H). Transcripts with this retained intron would be
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Figure 4. Pcbp2 deletion results in altered gene expression in resting and activated CD4* T cells

Changes in total gene expression between flow-sorted, splenic, control, and CKO CD4" T cells were computed by RNA-
seq for cells at rest (“unstimulated”) and after 6 h stimulation (“stimulated”) with CD3e/CD28 mAb-coated T activator
beads. Venn diagrams represent gene sets with overlapping differential expression.

(A) Venn diagrams of genes with upregulated or downregulated expression in the absence of Pcbp2 in unstimulated and
stimulated CD4™ T cells.

(B) Venn diagram of differentially expressed gene sets that overlap with gene signatures characterizing activated CD4"
T cells. Gene symbols for selected overlaps are illustrated. Differentially expressed genes overlapping all 3 categories are
represented in colored font matching the Venn diagram.

(C) Box and whiskers plot of Pcbp1 and Pcbp2 gene expression in resting and activated CD4" T cells. The box covers the
interquartile range and is split by the median. Outliers are shown as an open circle. *, adj p-value <0.05; ns, not significant.

predicted to result in a premature stop codon and undergo nonsense-mediated decay. Intron retention is a
global regulatory mechanism that occurs during CD4 " T cell activation and development of other lymphoid
lineages in humans and mice.”%*" We identified several other differentially spliced genes important for
immune cell development and function including DIg1, Map4, Mfge8, Ptprs, Srpk2, and Helz2. We
conclude from these data that Pcbp2 serves as a splice factor in murine CD4" T cells and regulates genes
critical for CD4™ cell activation and maintenance.

We have previously described Pcbp2 as a splice factor in mouse fetal liver hematopoiesis.”” To determine
whether Pcbp2 regulates splicing of a common set of genes across hematopoietic lineages in mice, we
compared differentially spliced genes identified in Pcbp2 CKO CD4" T cells to those identified in the fetal
liver of Pcbp2 global knockout mice (Pcbp2 ™). We found the following genes to be differentially spliced in
both fetal liver and CD4" T cells lacking Pcbp2: Araf, Armex2, Dcun1d2, Gemin2, Golga2, Map4, Mfge8,
Ptprs, Runx1, and Srpk2 (Figure S8A). Importantly, we found that the Runx1 alternative splicing event
involving exon 6 skipping in the fetal liver of Pcbp2 germline knockout mice?” was replicated in CKO
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Figure 5. Runx1 and Ikbkb mRNA splicing is altered in CKO CD4" T cells

(A) Venn diagrams of differentially spliced genes (DSGs) from stimulated and unstimulated CD4™ T cell effectors from
control and CKO mice.

(B) Venn diagrams of DSGs that overlap with gene signatures characterizing activated CD4" T cells. Gene symbols for
selected overlaps are illustrated. Transcription factors are indicated in bold; differentially expressed genes overlapping
all 3 categories are represented in colored font matching the Venn diagram.

(C) The splice graph of the Runx1 transcript in unstimulated control and CKO CD4" T cells is shown (defined by analysis of
RNA-seq using the MAJIQ builder and VOILA visualization tool.*?) The numbers above each splice linkage represent the
number of junction-spanning raw reads summed across all samples in that group. Runx1 exon 6 skipping is represented
by the blue line.

(D and E) Violin plots summarizing the “expected percent selected index” (E(¥)) for exon 6 skipping for each genotype
(D) and the change in E(W) (E(AW)) between control and CKO T cells (E). E(W) is a statistical measure of each junction’s
inclusion or exclusion level in a given local splice variation (LSV). (See STAR Methods).

(F) Splice graph of the Ikbkb transcript in unstimulated control and CKO CD4" T cells. Canonical splicing between exons 8
and 9 is illustrated by the blue line. The Ikbkb intron retention event between exons 8 and 9 is represented by the wide
orange bar. Other minor splice events in the LSV are captured in red, green, and purple.

(G) E(W) for each splice event in (F) is shown in the violin plot.

(H) Violin plots of E(AW) between control and CKO CD4™" T cells illustrated in (H).

LSVs were determined to harbor a significantly changing splice junction if the probability that W for any junction in the LSV
was >20% changed across different analysis groups (significance threshold shown with dashed lines in (E), (G) and (H)).

¢? CellPress

OPEN ACCESS

iScience 26, 105860, January 20, 2023 9




¢? CellPress

OPEN ACCESS

B C
1207 < 801 *x 100 7 *hk

8 5 S

+— c E 804

= RO S %

(®)] = ’g o ]

o 55 25

2 7] E‘ 401 . L) < §,

> 25 & 8o F

-8 90+ & Control (_C) 204 % ol ]

o . 8

80 0 T - 0 A———
c;, é &I’ ,;:, ,é, ,;\ \L R 'Q Control CKO Control CKO
Days until sacrifice
D-1
B Control
[ CKO
e
Control
CKO

~
-

0_
Control CKO
- — o 54 P = =
) ] 5
D3 =1 = &
g | g -
E -15- [ Control
1 CKO
-20:
IL6 IL17a IFNg

Figure 6. Pcbp2 deletion attenuates adoptive transfer colitis

(A) Weight curve of Ragl ~/~ mice adoptively transferred with conventional T cells (CD4*CD25") from either control or
CKO mice. Data in (A) is expressed as mean £ SEM; * adjusted p-value <0.05 (Multiple t-test with Benjamini and
Hochberg correction).

(B) Colon weight per unit length from Rag1~'~ mice adoptively transferred with T conv cells from either Control or CKO
mice.

(C) Spleen weight from Rag1~'~ mice adoptively transferred with T conv cells from either control or CKO mice. Data in
(B) and (C) is expressed as mean + SD; **p < 0.01, ***p < 0.001, Student t-test.

(D-1) Hematoxylin and eosin staining of representative specimens from Rag1™~ mice adoptively transferred with control
or CKO T conv cells from panels A-C.

(D-F), Control Tconv colon.

(D) Diffuse colitis with hypercellular mucosa and crypt architectural disorder (40x magnification).

(E) Transmural inflammation with focal surface erosion (100x).

(F) Active colitis with lamina propria acute and chronic inflammation, acute cryptitis with intraepithelial neutrophils and
lymphocytes, crypt abscesses, and crypt architectural disorder (200 x).

(G-l), CKO T cell colon.

(G) Normal colonic mucosa (40 x magnification). (H) Regular crypt architecture and lack of muscularis inflammation (100 ).
(1) Intact surface epithelium with only rare intraepithelial lymphocytes (200x). Scale bars for (D) and (G) are 1000 um and
100 um for (E), (F), (H), and (I).

(J) Blinded histologic analysis of colonic mucosa disease severity. Data expressed as mean + SD are shown; ns, not
significant, *adjusted p < 0.05, multiple t-test with Benjamini and Hochberg correction (FDR<0.05).

(K) Anti-CD3 immunohistochemistry of representative colonic mucosa illustrating engraftment of CD4* T cells in Rag1™'~ mice.
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Figure 6. Continued

(L) mRNA expression analysis of colonic inflammatory cytokines. Total RNA from Rag1™~ colon specimens adoptively
transferred with control or CKO T cells was analyzed by gPCR for mRNA expression of IL-6, IL-17, and IFN-y. dCt

(dCt = GAPDH Ct - Cytokine Ct) means and standard errors for each genotype are shown; **adj p-value <0.01; *adjusted
p-value <0.05, multiple t-test with Benjamini and Hochberg correction.

CD4" T cells (Figures 1B and 1C and 5C-5E). We similarly determined the set of differentially expressed
genes that overlap between Pcbp2~/~ fetal liver and CKO CD4™ T cells (Figure S$8B). We found differential
expression of Map3k12 to occur in Pcbp2™~ fetal liver and both stimulated and unstimulated CKO CD4*
T cells. Additional genes with differential expression between Pcbp2~~ fetal liver and unstimulated CKO
CD4" T cells included Art4, Cxx1c, Fhdc1, Lmna, March3, TIr2, and Whrn; between Pcbp2’/’ fetal liver and
stimulated CKO CD4" T cells, we identified ll6ra and Tspan32 with overlapping differential expression.
Lmna”®® and TIr2"" are important for mammalian hematopoiesis. In summary, Pcbp2 function is important
for splicing and expression of a common set of genes in murine hematopoietic tissue spanning the fetal
period into adulthood.

Pcbp2 deletion attenuates adoptive transfer colitis

To determine if the impaired CKO CD4" cell activation phenotype observed in vitro also occurred in an
in vivo setting, we utilized a mouse model of autoimmune colitis.”> We injected intravenously 5 x 10°
flow-sorted CD4* T cells isolated from CKO mice or littermate controls into 10-week-old female
C57BL6J/Rag1 ~/~ mice (hereafter Rag1’/’) and monitored them biweekly for the development of colitis.
Rag1™’~ mice adoptively transferred with CKO CD4* T cells had significantly less weight loss than mice
receiving control CD4" cells (Figure 6A). Similarly, Rag1™'~ mice receiving CKO CD4" T cells also demon-
strated significantly lower colon weight/length ratios and developed less splenomegaly (Figures 6B and
6C). Blinded histological assessment was notable for a more severe colitis in control CD4" cell recipients
compared to Rag1™~ mice adoptively transferred with CKO CD4™ T cells (Figures 6D-6l). This observation
included increased lamina propria inflammation, mucin depletion, reactive epithelium, intraepithelial lym-
phocytes, and active and transmural inflammation (Figure 6J). Engraftment and migration of adoptively
transferred control and CKO CD4" T cells to the colonic mucosa were verified by anti-CD3 immunohisto-
chemistry (Figure 6K). We also observed a significant increase in inflammatory cytokine mRNA expression
(IL-6, IL-17, and IFN-y) in Rag ~/~ mice adoptively transferred with control CD4" T cells compared to those
receiving CKO CD4" T cells (Figure 6L). We conclude from these data that Pcbp2 function is required for
optimal in vivo CD4" cell activation in this T cell-mediated colitis model system.

DISCUSSION

The experiments presented here show that conditional deletion of the Pcbp2 gene in murine CD4" T cells re-
sultsin decreased CD4" Tconv cell activation with only a marginal effect upon cell viability. The impact of Pcbp2
function on CD4" Tconv cell activation was demonstrated in two ways. First, we found decreased activation of
splenic CD4" Tconv cells from CKO mice stimulated in vitro by anti-CD3 antibodies and irradiated APCs (Fig-
ure 2A). These proliferative defects were almost completely rescued by providing CD28 co-receptor signaling
orvialL-2 pathway activation in a manner that could not be achieved with maximal TCR stimulation in our system
(Figures 2B-2E). While we did observe a modest decrease (~10%-15%) in TCRB cell surface expression in CKO
cells (Figure S4), were TCR signaling dramatically impaired, CD28 or IL-2 co-stimulation would not be expected
to have such a potent effect on the overall proportion of cells activated to proliferate. Once activated, CKO
CD4"* Tconv cells had similar sensitivity to Treg-mediated suppression compared to controls (Figure 3A). Sec-
ond, we used an in vivo T cell adoptive transfer colitis model and found that CD4™ T cells lacking Pcbp2 caused
significantly less clinical, histological, and gene expression manifestations of colitis, all proxy measures of Tconv
cell activation in this system (Figure 6). Importantly, we observed no changes in Pcbp1 expression in CD4"
T cells resulting from Pcbp2 genetic deletion (Figures 1A and 4C). Therefore, our studies establish a critical
and non-redundant role for Pcbp2 in murine CD4" Tconv cell activation, which may operate through control
of co-stimulatory pathway and/or IL-2 signaling.

We also demonstrate that Pcbp?2 is required for maintaining the relative abundance of peripheral CD4* T
lymphocytes (Figures 1F and 1G). In contrast, there were no changes in the abundance or frequency of DP
or mature CD4 SP thymocytes in CKO mice (Figures 1D and 1E). Pcbp2 suppression has been associated
with cell cycle arrest and the regulation of survival and death in a variety of experimental settings.*® Our
data show that CKO CD4" T cells have only a modest increase in cell death after an activating stimulus

¢? CellPress

OPEN ACCESS

iScience 26, 105860, January 20, 2023 1"




¢? CellPress

OPEN ACCESS

compared to controls, whereas unstimulated cells demonstrated no differences (Figures 2F and 2G). IL-2 or
IL-7 supplementation does not significantly change cell survival or cell division of control cells (Figures 2C
and 2D). Interestingly, the defect in IL-2 signaling in this context does not seem to impact Treg biology (i.e.,
survival, number, and suppressive function), but affects only Tconv cells. Normal IL-7 signaling is surprising
since our RNA-seq data and corresponding CD127 cell surface expression analysis demonstrated that CKO
cells have reduced IL-7R expression, but no differences in cell surface CD3e or CD28 (Figures S4 and S5). It
appears that, in our experimental system, the reduction in IL-7R does not have apparent functional conse-
quences on Tconv cells. While we have not identified any gene expression changes in the IL-2 pathway,
Runx1 has been shown to be a regulator of IL-2 production in CD4* T cells* and impaired Runx1 function
could be playing a role in this setting. These data suggest that Pcbp2 is not a critical determinant of cell
survival in peripheral CD4" lymphocytes and led us to consider alternative mechanisms for the decrease
in peripheral CD4" T lymphocytes.

Runx1 is a master hematopoietic transcriptional factor with a well-documented role in the expansion and
maintenance of lymphoid and platelet populations.*'***¥*? Thus, we investigated the possibility that
changes in Runx1 expression or isoform abundance could be associated with decreases in peripheral
CD4" CKO lymphocytes. We observed a decrease in Runx1 exon 6 inclusion in processed mRNA from
CKO thymocytes and splenocytes compared to controls (Figures 1A-1C, and 5C-5E). The protein domain
encoded by exon 6 is located between the DNA-binding domain (Runt homology domain) and C-terminal
transactivation and autoinhibitory domains.”® Runx1 by itself is a weak transcriptional activator and
commonly heterodimerizes with core binding factor B or other transcription factors to activate or repress
transcription.””*? Notably, the Runx1 exon 6 protein segment interacts with the Sin3a transcriptional
repressor complex and contains one of two known Ets-1 transcription factor binding domains within the
Runx1 protein.”>>* Both Sin3a and Ets-1 serve an important role in lymphoid development and T cell
function.”>>¢ In vitro and cell line-based overexpression studies have demonstrated that Runx1 proteins
lacking exon 6 have reduced transactivation potential.”’

In prior work, we demonstrated that Pcbp2 drives development of the definitive erythroid lineage in the mouse
fetal liver by operating to promote retention of exon 6 in the RunxT mRNA."®?” The observation that both
myeloid and lymphoid lineages lacking Pcbp2 show decreased Runx1 exon 6 inclusion suggests that the role
of Pcbp2 as a core regulator of Runx1 isoform expression is broadly conserved across hematopoietic lineages.
In the current study, peripheral CD4" T cells from CKO mice have a mRNA ratio of Runx1 full-length to Runx1
lacking exon 6 (Figures 1C and 5D) that is similar to that of heterozygous germline Runx1¢ mutants®” where
~75%-85% of detectable Runx1 transcripts show skipping of exon 6. Importantly, heterozygous Runx14E¢ mice
displayed a mild peripheral lymphopenia suggesting a proportional response of this lineage to the relative
abundance of Runx1 isoforms lacking exon é. This may account for the reduction, but not full loss, of peripheral
CD4" T cells in CKO mice since full-length Runx1 transcripts are still expressed, albeit to a much lower degree.
Conditional deletion of the full-length Runx1 transcript in CD4cre mouse strains (Runx1 cKO) results in a modest
reduction in thymus SP CD4 and CD8 lineages without impacting total thymocyte numbers or DP thymocyte
development.*® A larger reduction of SP CD4 cellularity, however, occurs in the peripheral lymphoid organs
of Runx1 cKO mice.*** Peripheral CD4" cell loss in Runx1 cKO mice occurs due to a T cell maturation defect
in sialylation that has been shown to render Runx1 cKO CD4" T cells more susceptible to complement-medi-
ated destruction.®> We speculate that a similar T cell maturation defect may occur in CKO CD4" T cells, rather
than defective thymic selection, and may be linked to diminished Runx1 function through isoform switching that
14E transcripts. Examination of thymic histologic structure in Pcbp2 CD4* CKO
mice, which was not done in our study, may provide additional clarity to this hypothesis. In summary, the CKO
mouse model has demonstrated that Pcbp2 is critical for maintenance of peripheral CD4" T lymphocyte
population size butis dispensable for maintenance of steady-state DP and more mature thymocyte populations
in adult mice.

results in accumulation of Runx

Pcbp1 is a Pcbp2 paralog evolutionarily derived from a Pcbp?2 transcript with overlapping and non-redun-
dant functions.'""7"1827:58 Pcbp1 has been found to control CD4* T cell proinflammatory cytokine expres-
sion in mice through mRNA stabilization (e.g., GM-CSF), but not proliferation or survival in stimulated CD4*
T cells skewed to the Ty1 lineage that were depleted of Pcbp! 858 Here, in contrast, we demonstrate a
significant proliferation defect in CD4" T cells (Figure 2) without impacts on proinflammatory cytokine
mRNA expression, including no impact on GM-CSF, suggesting that Pcbp2 may have a distinct and sepa-
rable function from Pcbp1 in the CD4" lineage or its associated CD4" sub-types. Although we did not
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observe changes in CD8" abundance (Figures 1F and 1G) or steady-state CD8" T cell proliferation in
peripheral lymphoid organs (Figure S1), whether Pcbp2 is essential for CD8" activation following a strong
stimulus, such as that demonstrated for CKO CD4" T cells, was not evaluated in our study and remains an
open question. Interestingly, Pcbp2 has been identified through biochemical approaches to be a target
protein modulating the antiproliferative effects of 15-deoxyspergualin (DSG), an immunosuppressive
agent used in steroid-resistant transplant rejection.”” More recent work by others has shown that CD4 " and
CD8" lineage development in both the thymus and peripheral lymphoid organs are significantly impacted
by conditional genetic ablation of Pcbp1 in CD4* T cells.®” While proliferation was not directly assessed in
this study, gene expression analysis revealed decreased expression of genes important for effector T cell
activation and function. Conditional Pcbp1 knockout in CD4" T cells and Foxp3™ cells, respectively, also
demonstrated that Pcbp1 is important for regulating T reg differentiation, but not T reg maintenance,
and is associated with increased expression of Treg signature genes, including FoxP3. We demonstrate
that CD4" CKO Pcbp2 mice tolerate Pcbp2 loss without detrimental effects upon the abundance of Tregs
in the thymus or spleen (Figure 1), or upon Treg function in vitro (Figure 3). We conclude from these data
that Pcbp2 has an important and specific role in CD4* Tconv cell proliferation, but has limited effects upon
Treg development and function, while Pcbp1 appears to have a more prominent role in Treg ontogeny.

We demonstrate that Pcbp2 regulates differential expression and splicing of genes important for Tconv cell
activation (Figures 4 and 5). Although Pcbp2 CKO CD4" T cells show apparent defects in co-stimulation (Fig-
ure 2), we did not identify expression or splicing differences in any classical T cell resident co-stimulatory
molecules (e.g., CD40L, CD28, Tim-1, ICOS, and CD27).° Similarly, negative co-stimulatory signaling mol-
ecules such as CTLA-4%" and Tim-3% were neither overexpressed nor differentially spliced in unstimulated or
stimulated CKO cells. Validating mRNA expression changes for those genes known to be important for T cell
activation (Figure 4B) by testing for differences in cell surface expression, particularly molecules such as
CD81 that may impact co-stimulatory pathways,*>** may increase understanding of the CKO phenotype.
At present, co-stimulatory/co-inhibitory pathways are one of the most important targets of anticancer
immunotherapy.®” In this regard, future studies that leverage the previously unknown role of Pcbp2 in the
regulation of T cell co-stimulation may identify mechanisms that could enhance antitumor responses.

The role of Pcbp2 as a splice factor has been established in both hematopoietic and non-hematopoietic tis-
sues.”%?“® Regulatory mechanisms of mRNA processing such as alternative splicing, mRNA stabilization,
and intron retention have been shown to be important for hematopoietic and lymphoid development
and function."®*1¢’~%” Here, we demonstrate Pcbp2 control of Runx1 cassette exon 6 splicing, as noted above,
intron retention of lkbkb between exons 8 and 9, and differential splicing of several other genes important for
T cell activation and maintenance (Figure 5). The kinase encoded by Ikbkb phosphorylates the inhibitor in the
inhibitor/NF-kappa-B complex, causing dissociation of the inhibitor and activation of NF-kappa-B. NF-«xB
signaling is required at multiple stages of T cell development and function.”” Intron retention between Ikbkb
exon 8and 9, which occurred in both unstimulated and stimulated cells, is predicted to result in nonsense-medi-
ated decay and reduce overall kbkb mRNA expression. Survey of sequences proximal to the splice donor and
acceptor sites in exons 8 and 9, respectively, revealed conserved C-rich tracts consistent with known Pcbp2 and
other poly-C-binding protein family protein-binding sites (data not shown),?*?>?/°4’T suggesting that the ef-
fect of Pcbp2 on Ikbkb splicing may be through direct interaction with the lkbkb pre-mRNA. We did not, how-
ever, observe differential gene expression of Ikbkb for either condition between CKO's and controls and spec-
ulate that a greater proportion of lkbkb transcripts with retained intron 8-9 would be needed to detect a
significant difference. During both human and murine B cell differentiation, IkB kinase subunits, including Ikbkb,
and other NF-kB pathway mediators, have been shown to undergo differential intron retention.”’ Notably,
intron retention is a global regulatory mechanism that also is prevalent in resting CD4" T cells that diminishes
following activation.”” Our differential splicing data do not support a widespread role for Pcbp2 in global intron
retention but rather suggest a more targeted splicing function, including intron retention events, on genes crit-
ical for CD4"* T cell differentiation.

In summary, these data highlight the importance of Pcbp2 to the development and function of the CD4"
T cell lineage. The impact of Pcbp2 on CD4" Tconv cell proliferation, and corresponding rescue of this
phenotype with enhanced co-stimulation, supports an essential role for Pcbp?2 in regulating CD4 receptor
co-stimulatory signaling. While we demonstrate the importance of Pcbp2 in control of gene expression and
alternative splicing of genes important for CD4" Tconv activation, the precise mechanism explaining the
co-stimulatory signaling defect remains unclear. Pcbp proteins, including Pcbp2, have been shown to serve
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as intracellular iron chaperones in a variety of tissue contexts.””’? Pcbp2 also has been shown to interact
with intracellular signaling complexes, such as mTORC2,"® which serve as critical nodes that integrate sig-
nals downstream of cytokine and co-stimulatory receptors in CD4" T cells to control survival, proliferation,
and differentiation.”” It is therefore conceivable that mechanisms unrelated to RNA-binding activities, such
as regulation of iron metabolism, or direct modulation of PI3K/AKT/mTOR signaling, may account for the
defective proliferation phenotype we have observed. In addition, our data demonstrate a clear association
between Pcbp2 control of Runx1 exon 6 splicing in CD4™ T cells and a specific role for Pcbp2 in the main-
tenance of peripheral CD4" lymphocyte population size, in keeping with our prior observations of lympho-
penia in Runx12E® knockout mice.?” Several well-characterized mechanisms have been shown to control
Pcbp protein RNA-binding activity. These include intracellular localization, phosphorylation downstream
of TGF-B signaling, and nutritional status.'’**?® Of clear interest now is to address how Pcbp2 itself is regu-
lated during T cell activation and to understand where Pcbp2 impacts the co-stimulatory signaling cascade.
Whether gene expression or splicing changes are direct effects of Pcbp2:RNA interactions on key T cell
regulatory gene transcripts or indirect effects of Pcbp2 interacting with splicing machinery complexes
also is an open question. Future studies are needed to extend our understanding of Pcbp2 function in
the maintenance and activation of CD4" lymphocytes and to uncover whether and how Pcbp2 may impact
human immune-mediated disease.

Limitations of the study

There are several limitations of our study. First, while it was demonstrated that Pcbp2 is essential for
activation and proliferation of CD4" Tconv cells, these proliferation defects were not characterized across
all CD4™ T helper subsets or in CD8" T cells where Pcbp2 genetic deletion also is expected in the CD4-cre
system. Therefore, further experimentation is required in these populations to determine whether Pcbp2
serves a more general role regulating T cell proliferation following activating stimuli. Second, the conclu-
sions drawn about Treg function in this study are based on in vitro experimentation. Given the role of Pcbp1
in regulating Treg population size and function, additional in vivo studies, such as adoptive transfer of
Pcbp2-null Tregs into mouse models of colitis, or other inflammatory disease models, would further clarify
whether Pcbp1 and Pcbp2 have distinct roles in Tregs. Last, the Pcbp2 CD4* CKO phenotypes described
were associated with altered Runx1 exon 6 splicing. Establishing a causal linkage between Runx1 exon 6
splicing changes and impaired CD4" Tconv proliferation, using full-length Runx1 in rescue experiments
for example, is worthy of future investigation.
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Antibodies
CD3 (FITC) BD Pharmingen clone 145-2C11
CD19 (PE) BD Pharmingen clone 1D3
CD4 (BV785) Biolegend clone GK 1.5
CD4 (FITC) eBioscience clone GK 1.5
CD8 (PE-Cy7) BD Pharmingen clone 53-6.7
CD44 (PerCP) Biolegend clone IM7
CDé62L (APC eFluor 780) eBioscience clone MEL-14
Ki67 (eFluor) eBioscience clone SolA15
TCR-beta (PE) eBioscience clone H57-597
IL-2 (PeCy7) eBioscience clone MEL-14
TNF-alpha (FITC) Biolegend clone MP6-XT22
IFN-gamma (AF647) BD Pharmingen clone XMG1.2
CD25 (BV650) Biolegend clone PCé61
CD25 (PE) eBioscience clone PCé61
CD3e eBioscience clone 145-2C11
CD28 eBioscience clone 37.51
Foxp3 (APC) eBioscience clone FJK6-16s

Chemicals, Peptides, and Recombinant Proteins

Foxp3/Transcription Factor Staining Buffer Set
Intracellular staining fixation buffer
Permeabilization buffer

PMA

lonomycin

Brefeldin A Golgi plug

Monensin

IL-2 Recombinant

IL-7 Recombinant

diaminobenzidine tetrahydrochloride (DAB)
immunohistochemistry kit

TRIzol Reagent

DNase |

RNasin

Annexin V (FITC)

live/dead fixable aqua dead cell stain kit
CellTrace Violet dye

Superscript Il

Fast SYBR green

oligo(dT)12-18

random hexamers

eBioscience
eBioscience
eBioscience
Sigma

Sigma

BD Biosciences
BioLegend
Roche
Biolegend

Vector labs

ThermoFisher
Invitrogen

Promega

BioLegend
Thermofisher Scientific
Invitrogen

Invitrogen
ThermoFisher
Invitrogen

Roche

00-5523-00
00-8222
00-8333
#P8139
#10634

#51 230 1KZ
#420701
11271164001
57780210
SK-4100

15596-026
18068-015
N2511
640906
134957
C34557
18080-044
4385612
18418-012
11034731001
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REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

CD4*CD25" Regulatory T Cell Isolation Kit, mouse Miltenyi Biotec, San Diego, CA 130-091-041

CD3e/CD28 mouse T-activator beads Thermofisher 11456D

CD90.2 MicroBeads, mouse Miltenyi Biotec, San Diego, CA 130-049-101

Kapa2G Robust HS + DNTPS Kapa Biosystems KK5532

Deposited Data

RNA-seq raw data

Gene Expression Omnibus (GEO) database

GEO: GSE197059

Experimental Models: Organisms/Strains

CDA4-cre transgenic mice (Tg(Cd4-cre)1Cwi) The Jackson Laboratory 022071
Bé/Ragl~'~ The Jackson Laboratory 002216
Mouse: Pcbp2/f Ghanem et al."® N.A.
Oligonucleotides

ACACTGCATCTTGGCTTTGC Integrated DNA Technologies Ifng-76_F
GCTTTTCAATGACTGTGCCGT Integrated DNA Technologies Ifng-76_R
TGCAAGAGACTTCCATCCAGT Integrated DNA Technologies 116-73_F
TTGTGAAGTAGGGAAGGCCG Integrated DNA Technologies 116-73_R
CAGCAGCGATCATCCCTCAA Integrated DNA Technologies 1N7a-184_F
TCAGGGTCTTCATTGCGGTG Integrated DNA Technologies 117a-184_R
CACTCTGACCATCACCGTCTT Integrated DNA Technologies Runx352_F
GGATCCCAGGTACTGGTAGGA Integrated DNA Technologies Runx352_R
Software and Algorithms

MAJIQ https://majig.biociphers.org/ version 2.0
Prism Graphpad version 7
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Dr. Louis Ghanem (Ighanem@its.jnj.com).

Materials availability
This study did not generate unique reagents.

Data and code availability

RNA-seq data was generated in this study. Datasets are available at the Gene Expression Omnibus (GEO)
database under accession number GSE197059. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request. This paper does not report orig-
inal code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal husbandry

All mouse studies were conducted in accordance with protocols approved by the Institutional Animal Care
and Use Committee at the Perelman School of Medicine at the University of Pennsylvania (Protocol number
804434). All mice were housed in standard cages within a barrier facility under 12 hour on/off light cycling
conditions and were given ad libitum access to standard mouse chow and water. The Pcpb2 floxed mouse
line used in this study was previously described.'® CD4-cre transgenic mice (Tg(Cd4-cre)1Cwi; strain
#022071) and Bé/RagT/’ (strain #002216) were obtained from The Jackson Laboratory (Bar Harbor, ME).
All experiments were performed in female mice between 6-12 weeks of age.
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Adoptive transfer colitis model

Ten-week-old C57BL6/Rag1™’~ mice were adoptively transferred by tail vein injection with 5 x 10°> CD4*
CD25 Tconv cells from either control or CKO mice isolated by cell sorting (purity >98%) (Mo Flo Astrios
EQ, Beckman Coulter). Colitis was assessed by the daily monitoring of body weight.””> Gut and lymphoid
tissues were collected for histologic and flow cytometric analysis.

METHOD DETAILS
Flow cytometry

Cells were analyzed on a LSR Il flow cytometer (BD Biosciences) in the Flow Cytometry Core Laboratory of
The Children’s Hospital of Philadelphia Research Institute, and data were analyzed using FlowJo (version
10.1). Antibodies used for staining murine antigens were CD3 (FITC, BD Pharmingen, clone 145-2C11),
CD19 (PE, BD Pharmingen, clone 1D3), CD4 (Brilliant Violet 785, BioLegend and FITC, eBioscience, clone
GK 1.5), CD8 (PE-Cy7, BD Pharmingen, clone 53-6.7), CD25 (Brilliant Violet 650, BioLegend and PE, eBio-
science, clone PC61), CD44 (PerCp, BioLegend, clone IM7), CDé2L (APC eFluor 780, eBioscience, clone
MEL-14), Foxp3 (APC, eBioscience, clone FJK-16s), Kié7 (eFluor 450, eBioscience, clone SolA15), TCR-B
(PE, eBioscience, clone H57-597), IFN-y (Alexa Fluor 647, BD Pharmingen, Clone XMG1.2), IL-2 (PeCy7,
eBioscience, Clone MEL-14) and TNF-a (FITC, BioLegend, Clone MP6-XT22). Intranuclear staining was
performed using a Foxp3/Transcription Factor Staining Buffer Set (cat. #00-5523-00, eBioscience) per
the manufacturer’s instructions. The populations of immune cells in the thymus were defined as follows:
double positive (CD4"CD8"), single CD4", single CD8" and double negative (DN1: CD4 CD8 CD25~
CD44*; DN2: CD4CD8 CD25*CD44"; DN3: CD4 CD8CD25" CD447; and DN4: CD4 CD8 CD25"
CD44"). The populations of immune cells in the spleen and lymph nodes were defined as follows: CD4"
T cells (CD3"CD4*CD8 CD197), CD8" T cells (CD3*CD8*CD4 CD197), B cells (forward and side scatter in-
tensities corresponding to lymphocytes; and CD3"CD19"). Flow cytometric detection of apoptosis and ne-
crosis was performed with FITC-labeled Annexin V (cat. #640906, BioLegend) and the live/dead fixable
aqua dead cell stain kit (cat. #L.34957; Thermofisher Scientific).

T cell isolation

We isolated lymphocytes from the spleen. After preparing single cell suspensions, red blood cells lysis and
cell counting, we used magnetic beads (Miltenyi Biotec, San Diego, CA) to isolate Tconv cells (CD47CD257),
T regulatory cells (Treg) (CD4*CD25") and antigen-presenting cells (APC) (CD20.27). To achieve high purity,
Tconv single cell suspensions were incubated with 1.5 times the recommended amount of antibodies
(biotin conjugated antibodies against non-CD4 cells and anti-biotin microbeads), as previously reported.”®
Isolation was performed in the dark and the total amount of cells for the LD column was restricted to 1 x 108
cells. Purified Tconv cells were used in downstream proliferation assays. Proliferation assays were repli-
cated with Tconv cells purified by cell sorting (Mo Flo Astrios EQ, Beckman Coulter, >98% purity).

T cell activation and proliferation

After isolation, control and CKO Tconv were labelled with 5 uM of Cell Trace Violet (CTV) (Invitrogen), as
previously reported’’ and were cultured in T cell media [Iscove’s Modified Dulbecco’s Medium (IMDM)
supplemented with 10% fetal bovine serum (FBS), penicillin (100 U mL™), streptomycin (100 mg mL™,
and 55 nM By-mercaptoethanol)] in the presence of irradiated APC (100 Gy) purified from control mice,
and stimulated with CD3e monoclonal antibody (eBioscience, clone 145-2C11) at a concentration of 1 pg
mL™", in 96-well round-bottom plates (5 x 10% cells per well) for 72 hours (37° Celsius and 5% CO»). Cells
were then harvested, labeled with anti-CD4-FITC (eBioscience, clone GK 1.5), and analyzed by dye dilution
flow cytometry.

In vitro assays to investigate Treg suppressive function

Isolated CD4"CD25" Tregs from CKO or control littermates were co-cultured in 96-well round-bottom
plates with CTV labelled Tconv cells (5 x 10* cells per well) from control mice in the presence of irradiated
(100 Gy) APCs (5 x 10 cells per well) and 1 pg mL~" anti-CD3e. In order to precisely establish the suppres-
sion capacity, Tregs were added in culture at 5 different dilutions with respect to effector T cells (TE)
(TE:Treg - 1:1, 1:2, 1:4, 1:8, 1:16). Cells were harvested after 72 hours, labeled with CD4-FITC and CD25
Brilliant Violet 650 and analyzed by flow cytometry. Treg suppressive function was determined using a
modified area-under-curve (AUC) method.”” The AUC approach allows for reliable measures of Treg
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suppressive function when TE cells have different cell division rates, as we observed between control and
CKO TE cells (Figure 2).7

Proliferation rescue

Isolated and CTV labeled control and CKO CD4" T cells were co-cultured (5 x 10* cells per well) for 72 hours
in the presence of irradiated APC (100 Gy), 1 ng mL~" CD3e monoclonal antibody and either: 1) 1 pg mL™"
CD28 mAb (eBioscience, clone 37.51); 2) 20 IU mL~" recombinant IL-2 Recombinant (Roche); 3) 1 ng mL™!
IL-7 Recombinant (BioLegend); or 4) both IL-2 (20 U mL™ Y and IL-7 (1 ng mL~"). Cells were harvested after
72 hours, labeled with CD4-FITC and analyzed by flow cytometry.

Intracellular cytokine staining

For assessment of in vitro cytokine production, we incubated freshly isolated splenocytes from CKO and
control mice (37°C, 5% CQO2) in 24-well plates. PMA (Sigma, #P8139), ionomycin (Sigma, #10634), Brefeldin
A Golgi plug (BD Biosciences #51 230 1KZ) and Monensin (BioLegend #420701) were added to reach final
concentrations of 6 ng mL™' PMA, 1 ng mL~" ionomycin, 5 ug mL~" Brefeldin A and 5 ug mL~" Monensin.
Cells were incubated for 4 hours and then harvested for flow cytometry. Intracellular staining fixation buffer
(eBioscience, Cat. 00-8222) and permeabilization buffer (eBioscience, cat. 00-8333) were used for
intracellular staining.

Histology

Colons were fixed in 10% neutral buffered formalin overnight, washed and paraffin-embedded. Hematox-
ylin and eosin stained sections were prepared at the Molecular Pathology and Imaging core in the Depart-
ment of Gastroenterology at the University of Pennsylvania. Sections were scored by a pathologist (B.J.W.)
blinded to the treatment conditions. We used a modified version of the scoring system previously
reported,’® using the following parameters: 1) degree of lamina propria infiltration (0-3); 2) degree of mucin
depletion as evidenced by loss of goblet cells (0-2); 3) reactive epithelial changes (0-3); 4) number of intra-
epithelial lymphocytes per high-power field within crypts (0-3); 5) degree of crypt architectural distortion
(0-3); 6) degree of inflammatory activity (0-2); 7) degree of transmural inflammation (0-2); and 8) degree
of mucosal surface erosion up to total surface ulceration (0-2). Qualitative assessment of Tconv cell engraft-
ment in Rag1™~ mice was done by assessing CD3¢ expression (Cd3e, eBioscience, Clone 145-2C11) within
colon sections using a diaminobenzidine tetrahydrochloride (DAB) immunohistochemistry kit (Vector labs,
SK-4100) per the manufacturer’s instructions.

RNA isolation and quantitative PCR

Spleen, thymus and colon samples were placed in Eppendorf tubes containing 300 pL TRIzol Reagent
(ThermoFisher, 15596-026). Samples were homogenized by pestle and volumes adjusted to 1 mL with additional
TRIzol Reagent. RNA extraction was carried out according to the manufacturer's instructions. RNA was resus-
pended in nuclease-free diethyl pyrocarbonate (DEPC)-treated water and quantified by NanoDrop
(NanoDrop 1000, ThermoFisher). One microgram of total RNA was DNase | treated (18068-015; Invitrogen)
per the manufacturer’s instructions and used for cDNA synthesis. DNase-treated RNA was primed with oli-
go(dT)12-18 (18418-012; Invitrogen) and random hexamers (11034731001; Roche) in the presence of 40 units
of RNasin (N2511; Promega) and reverse transcribed for 45 min at 50°C per the vendor's protocol (Superscript
11, 200 units/20 pl reaction mixture [18080-044; Invitrogen]). Complementary DNA (cDNA) was diluted 2.5-fold,
and 2 uL of diluted cDNA was used for each 20 uL quantitative PCR (QPCR) (Fast SYBR Green mix, catalog number
4385612; ThermoFisher). Synthesized primers for mouse Pcbp1, Pcbp2, Runx1, and GAPDH were previously
described.”” Primers for the mouse cytokines Ifng, 1I-6, and Il-17a were as follows: Ifng-76_F (5-ACACTG
CATCTTGGCTTTGC-3'), Iing-76_R (5-GCTTTTCAATGACTGTGCCGT-3), 116-73_F (5-TGCAAGAGACTTC
CATCCAGT-3), 116-73_R (5-TTGTGAAGTAGGGAAGGCCG-3'), 117a-184_F (5-CAGCAGCGATCATCCCT
CAA-3), and I117a-184_R (5'-TCAGGGTCTTCATTGCGGTG-3'). Thermocycling was performed on an Applied
Biosystems QuantStudio 5 for each primer pair as follows: 95°C for 20 s and then 40 cycles of 95°C for 3 s and
60°C for 30 s. A melt curve analysis was performed at the end of each gPCR run, and single dissociation peaks
were verified for all primer pairs. As additional verification, all primer pairs were noted to generate single ampli-
cons of the expected sizes by agarose gel electrophoresis.
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RT-PCR

Complementary DNA (cDNA) prepared from spleen and thymus was amplified using a standard KAPA2G reac-
tion (Kapa Biosystems, KK5532) with 1 L cDNA input. Primers to amplify mouse Runx1 exon 6 were Runx352_F
(5-CACTCTGACCATCACCGTCTT-3) and Runx352_R (5-GGATCCCAGGTACTGGTAGGA-3). Thermocy-
cling was performed using an Applied Biosystems ProFlex machine: 95°C for 2 minutes; 32 cycles of 95°C for
20seconds, 60°C for 20 seconds, and 72°C for 20 seconds; 72°C for 2 minutes; and a 4°C hold. Amplified cDNAs
were run on a 10% TBE-acrylamide gel, stained with EtBr, and quantified using a BioRad ChemiDoc MP imaging
platform.

Gene expression analysis

For gene expression profiling, bulk splenic Tconv cells from control and CKO littermates were flow sorted
to obtain a high purity (>99%) CD4"CD25™ population. CD4" cell activation was achieved by incubating 1
million sorted Tconv cells with 3 uL CD3e/CD28 mouse T-activator beads (Thermofisher, 11456D) per 1 mL
T cell media for 6 hours followed immediately by pelleting then disruption and freezing in TRIzol. TruSeq
stranded mRNA sequencing libraries were generated from 100 nanograms of total RNA (RIN range 5.0-8.7,
median 7.4, average 7.0) (GeneWiz, South Plainfield, NJ). Libraries were indexed, pooled and sequenced
using Illumina HiSeq 2 x 150 bp paired end sequencing. Datasets are available at the Gene Expression
Omnibus (GEO) database under accession number (GEO: GSE197059). RNA-sequencing reads were
trimmed using Trimmomatic v.0.36. The trimmed reads were mapped to the Mus musculus GRCm38 refer-
ence genome using STAR v.2.5.2b. For differential gene expression analysis, uniquely aligned RNA-seq
reads were calculated using featureCounts from the Subread package v.1.5.2. Differentially expressed
genes across different conditions were determined using the limma voom pipeline in edgeR. Genes quan-
tified at < 1 count per million (CPM) were removed for being lowly expressed and then read counts were
log; transformed and normalized by the TMM procedure. Significantly differentially expressed genes were
identified using the moderated t-statistic and adjusted for multiple hypothesis testing using the Benjamini-
Hochberg procedure. A false discovery rate threshold of <0.05 was used to determine significance. Gene
ontology analysis was performed using the PantherDB resource.’® Specifically, the set of significantly differ-
entially expressed genes with FDR <0.05 was compared against a reference list of all genes in the Mus mus-
culus genome for evidence of overrepresentation using gene groupings as defined in the "PANTHER GO-
Slim Biological Process” set. Statistical significance was determined using Fishers Exact Test with FDR
correction. MAJIQ version 2.0 was used for the analysis of alternative splicing. RNA sequencing reads over-
lapping annotated and de novo exon junctions were quantified using the MAJIQ Builder. For each Local
Splicing Variation (LSV), percent selected index (PSI, denoted W) and changes in W between each junction
across analysis groups were calculated using the MAJIQ deltapsi function. LSVs were determined to harbor
a significantly changing splice junction if the probability that W for any junction in the LSV was >20%
changed across different analysis groups.*”

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using Graphpad software version 7 (La Jolla, CA). All data were tested for normal dis-
tribution of variables, and normally distributed data were displayed as means + SD. Comparisons between
two groups were assessed with Student’s t-test, or unpaired t-test corrected for multiple comparisons
using the Benjamini and Hochberg false discovery rate methodology (FDR<0.05) in all other cases.””
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