Post-translational modification localizes
MYC to the nuclear pore basket to regulate
a subset of target genes involved in cellular
responses to environmental signals
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The transcription factor MYC (also c-Myc) induces histone modification, chromatin remodeling, and the release of
paused RNA polymerase to broadly regulate transcription. MYC is subject to a series of post-translational modifi-
cations that affect its stability and oncogenic activity, but how these control MYC’s function on the genome is
largely unknown. Recent work demonstrates an intimate connection between nuclear compartmentalization and
gene regulation. Here, we report that Ser62 phosphorylation and PIN1-mediated isomerization of MYC dynamically
regulate the spatial distribution of MYC in the nucleus, promoting its association with the inner basket of the nu-
clear pore in response to proliferative signals, where it recruits the histone acetyltransferase GCN5 to bind and
regulate local gene acetylation and expression. We demonstrate that PIN1-mediated localization of MYC to the
nuclear pore regulates MYC target genes responsive to mitogen stimulation that are involved in proliferation and
migration pathways. These changes are also present at the chromatin level, with an increase in open regulatory
elements in response to stimulation that is PIN1-dependent and associated with MYC chromatin binding. Taken
together, our study indicates that post-translational modification of MYC controls its spatial activity to optimally

regulate gene expression in response to extrinsic signals in normal and diseased states.
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The proto-oncogenic transcription factor MYC has a
broad range of gene targets that control many cellular
behaviors, including metabolism, proliferation, and mor-
phology, the malfunctions of which contribute to tumor-
igenesis and cancer progression (Dang 2012; Kress
et al. 2015). Gain-of-function and loss-of-function in
vivo studies demonstrate a critical role for MYC in the
induction of cell growth and proliferation, stem, and mi-
gratory properties as well as microenvironment program-
ming, and inactivation of MYC can induce tumor collapse
and tumor microenvironment normalization (Kortlever
et al. 2017; for review, see Soucek and Evan 2010; Gabay
et al. 2014). Efforts to target MYC for cancer therapeutics
are under way but suffer from an incomplete understand-
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ing of the regulation of MYC expression and mechanisms
that control its specific activities.

MYC protein levels and activity are in part regulated by
sequential phosphorylation events at Ser62 (S62) and
Thr58 (T58) (Sears 2004; Hann 2006; Vervoorts et al.
2006). In response to growth stimulation, RAS-induced
kinases and cyclin-dependent kinases (CDKs) phosphory-
late MYC at S62, which is associated with MYC stabiliza-
tion and activation (Sears et al. 2000; Hydbring et al.
2010). The subsequent T58 phosphorylation by GSK3p
then promotes proteasome degradation of MYC through
the pathway of the E3 ubiquitin ligase Fbw7 (Gregory
and Hann 2000; Welcker et al. 2004; Yada et al. 2004).
These phosphorylation events on the 58-TPPLSP-63 motif
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lead to MYC'’s interaction with PIN1 (Yeh et al. 2004). As
the only identified phosphorylation-dependent prolyl
isomerase, PIN1 catalyzes proline isomerization (trans
to cis or cis to trans, depending on equilibrium and other
restraining factors) of pS/pT-P motifs, influencing protein
conformation to alter protein function (Liou et al. 2011).
Most known PIN1-mediated isomerization events pro-
mote tumor growth and drug resistance (Zhou and Lu
2016). In the case of MYC, PIN1 catalyzed P63 both trans
to cis, promoting the oncogenic activity of Ser62 phos-
phorylated (pS62) MYC and its transcriptional control of
specific genes (Farrell et al. 2013), and cis to trans, increas-
ing PP2A-mediated S62 dephosphorylation and MYC
turnover in response to T58 phosphorylation (Yeh et al.
2004). This dual function of PIN1 may provide a molecu-
lar clock, controlling the timing of MYC activation/inac-
tivation. In addition to this temporal control of MYC
activity, recent reports suggest that the S62/T58/FBW7
MYC post-translational regulation pathway is associated
with specific subnuclear localization, where pS62MYC
is prevalent at the nuclear periphery, and FBW7-mediated
ubiquitin-dependent degradation of MYC occurs in the
nucleolus (Welcker et al. 2004; Myant et al. 2015; Sun
et al. 2015). Further insight into the spatial and temporal
regulation of MYC and whether these are mechanistically
linked under physiological conditions and in diseased
states is currently lacking.

The spatial organization of chromatin and gene
expression is associated with specific nuclear architecture
(Lanctot etal. 2007; Zhou et al. 2011). In mammalian cells,
the nuclear interior contains euchromatin and active tran-
scription; the nuclear periphery, especially the lamina-
associated domain (LAD), is enriched for condensed
chromatin and repressive transcription (Guelen et al.
2008; Pombo and Dillon 2015). However, although also lo-
calized to the nuclear periphery, the regions near the nucle-
ar pore complex (NPC) exclude heterochromatin and are
permissive for transcription (Blobel 1985; Krull et al.
2010; Beck and Hurt 2017). Consistent with the idea that
the NPCisinvolvedinregulating active gene transcription,
many of the NPC components (nucleoporins [Nups]) in
yeast and Drosophila are found to be associated with active
genes or regulatory elements (Casolari et al. 2004; Capel-
son 2010; Kalverda et al. 2010; Liang et al. 2013; Pascual-
Garcia et al. 2017). Interestingly, a recent study has shown
that pS62MYC is enriched at the nuclear periphery in prox-
imity with Lamin A/C (Myantet al. 2015). However, which
compartment of the nuclear periphery is involved in
MYC'’s function and how this regulates transcription and
cellular functions remain to be elucidated.

In this study, we investigated the link between the tem-
poral activation of MYC through Ser62 phosphorylation
and PIN1-mediated isomerization and the spatial nuclear
distribution of MYC in cancer and normal cells under var-
ied growth conditions. Using proximity ligation assay
(PLA) and superresolution stochastic optical reconstruc-
tion microscopy (STORM) imaging, we found that
pS62MYC associates with the basket of the NPC. PIN1-
mediated proline isomerization of MYC promoted the
recruitment of MYC and corecruitment of the histone
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acetyltransferase (HAT) GCNB5 to the nuclear pore basket,
leading to nearby histone acetylation and gene activation
in response to growth stimuli. Using ChIP-seq (chromatin
immunoprecipitation [ChIP] combined with high-
throughput sequencing), RNA-seq (RNA sequencing),
ATAC-seq (assay for transposase-accessible chromatin
[ATAC] using sequencing), and DNA FISH (fluorescence
in situ hybridization), we demonstrate that this PIN1-
mediated subnuclear localization of Ser62 phosphorylated
MYC is associated with global chromatin accessibility
changes and the expression of a group of genes involved
in proliferation and migration pathways. Together, this
work provides novel insights into the dynamic spatial
control of MYC's gene regulatory activity responsive to
environmental signals.

Results

MYC associates with the nuclear pore basket

Previous studies suggest an enrichment of pS62MYC at
the nuclear periphery (Myant et al. 2015). Consistent
with this report, using antibodies validated to be specific
against pS62MYC (Supplemental Fig. S1A,B; Zhang
et al. 2012; Helander et al. 2015; Myant et al. 2015), we
found a substantial number of cells showing nuclear
rim-like distribution of pS62MYC in vitro and in vivo
(Fig. 1A; Supplemental Fig. S1A,C-F). Notably, the pat-
tern of pS62 is distinct from the phosphorylated Thr58
(pT58) MYC or total MYC signal, which showed more dif-
fuse nucleoplasmic staining in all cells (Fig. 1A; Supple-
mental Fig. S1A,C). The enrichment of pS62MYC at the
nuclear periphery is supported by the presence of
pS62MYC in the nuclear-insoluble fraction that includes
lamina and the nuclear pore basket component TPR
(Fig. 1B,C). We speculated an involvement of the NPC in
MYC localization at the nuclear periphery, suggested by
an early electron microscopy study that visualized MYC
localized at the nuclear pore (Royds et al. 1992). To exam-
ine the possibility of MYC association with the nuclear
pore, we conducted PLA with confocal microscopy to
view interaction between MYC and various Nups repre-
senting different components of the NPC (Fig. 1B,D).
Using antibodies against TPR, Nup98, Nupl53, and
Nup214 showing specific nuclear peripheral staining
(Supplemental Fig. S2A), we observed robust PLA signals
of MYC association with TPR and Nup153 (pore basket)
but not signals of MYC association with Nup98 (inner
rings) or Nup214 (cytoplasmic filaments) (Fig. 1D,E). We
also performed MYC coimmunoprecipitation experi-
ments and found that both Nup153 and TPR were copre-
cipitated with MYC, while Nup98, Nup214, and Lamin
A/C did not show appreciable pull-down (Supplemental
Fig. S2B). These data indicate that MYC and pS62MYC
(Fig. 1F,G; Supplemental Fig. S1E) associate with the bas-
ket of the NPC.

To visualize the detail of MYC protein at the nuclear
periphery, we took advantage of the superresolution
STORM imaging technology to improve the resolution
to ~20 nm. We costained pS62 or total MYC with TPR
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Supplemental Figure S1C. The pT58 and to-
tal MYC staining are consistent in all cells;
the percentages of nuclear peripheral pS62
staining across cells in each line are quanti-
fied in Supplemental Figure S1D. (B) A sche-
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and nuclear-insoluble (I) fractions of HeLa cells by 150 nM NaCl nuclear extraction with control or siRNA knockdown of the indicated
nuclear peripheral components. Histone 3 (H3) marks the insoluble fraction.

and took images at the nuclear equator and the bottom of
the nucleus. At the focal plane of the equator, both MYC
and pS62MYC signals not only overlapped with TPR at
the nuclear periphery (Supplemental Fig. S2Ca-d) but
also distributed toward the nucleoplasmic side of the
TPR signals (Supplemental Fig. S2C-b and d). At the bot-
tom plane (Fig. 1H, panels a-d), individual nuclear pores
are well resolved, and the colocalization of both MYC
and pS62MYC with TPR could be more clearly assessed.
In both cases, spatial pattern analysis with pair correlation
function indicated significant colocalization compared
with random distributions (Fig. 1I; Nickerson et al.
2014). A subpopulation of total MYC (Fig. 11, top) ap-
peared at the same distance (~60 nm) away from TPR as
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pS62MYC (Fig. 11, bottom), suggesting that this subpopu-
lation is pS62MYC. Of note, the peak at ~60 nm indicates
that TPR and MYC (pS62) are in close proximity and not
more than 60 nm apart (actual distance is affected by
the large sizes of the detection antibodies and the finite lo-
calization precision of the fluorescent molecules), which
is consistent with the results from PLA (40-50 nm). An-
other subpopulation of total MYC, but not pS62MYC,
can be found further away (>200 nm) (Fig. 11, top) from
the center of TPR, suggesting that non-Ser62 phosphory-
lated MYC is located further away from the nuclear pore
and does not associate closely with TPR.

To further evaluate the relevance of various nuclear ar-
chitecture components in MYC'’s association with the
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nuclear periphery, we knocked down Nups and Lamin A/
C to see whether this affected the presence of MYC in the
nuclear-insoluble fraction (Fig. 1]; Supplemental Fig. S2E).
Consistent with our PLA results and superresolution im-
aging (Fig. 1D,E,H,I), depletion of the pore basket subunits
Nupl53 and TPR significantly reduced the levels of
pS62MYC and total MYC in the insoluble fraction,
whereas knockdown of Nup98 and Nup214 had little ef-
fect. Notably, we did not observe an accumulation of
pS62MYC or total MYC in the nuclear-soluble frac-
tion upon its loss from the insoluble fraction, which is
in agreement with previously published and our un-
published observations that MYC in the nuclear-soluble
fraction is less stable and thus rapidly turned over (Twor-
kowski et al. 2002; Myant et al. 2015). In addition, knock-
down of Lamin A/C also modestly reduced pS62MYC and
total MYC levels in the insoluble fraction, suggesting a
potential role for the nuclear lamina in storing MYC, con-
sistent with a previous report (Myant et al. 2015), al-
though we cannot rule out disruption of the NPC
structure with the lamin knockdown. We also could not
tease out whether Nupl153 or TPR is more important
for MYC’s association with the basket, as depletion of
TPR affected Nup153 levels, and depletion of Nup153 in-
terfered with the level and distribution of TPR, support-
ing the tight structural and functional association of the
two proteins (Hase and Cordes 2003; Krull et al. 2004;
Rajanala and Nandicoori 2012). Given the critical roles
of TPR in nuclear pore structure and nuclear peripheral
chromatin organization (Krull et al. 2004, 2010), we fo-
cused on TPR for the following localization and function-
al characterizations.

Ser62 phosphorylation is required for MYC association
with the nuclear pore

The enrichment of pS62MYC at the nuclear periphery and
our discovery that pS62MYC associates with the basket of
the NPC led us to test whether Ser62 phosphorylation is
important for MYC's association with the NPC. We trans-
fected HeLa cells with constructs expressing V5-tagged
wild-type MYC or MYC phosphorylation mutants S62A
and T58A and compared their associations with TPR via
V5-TPR PLA. While S62A MYC lacks phosphorylation
on Thr58 and Ser62 due to the hierarchical nature of
GSK3p-mediated Thr58 phosphorylation, T58A MYC
has increased Ser62 phosphorylation due to the inability
of PP2A to dephosphorylate T58 A MYC (Lutterbach and
Hann 1994; Yeh et al. 2004; Arnold and Sears 2006;
Hann 2006). The PLA signal from S62A MYC was signifi-
cantly decreased compared with wild-type or T58 A MYC
(Fig. 2A,B). Additionally, we tested the association of
S62A MYC with TPR in a coimmunoprecipitation exper-
iment and observed reduced coprecipitation of S62A MYC
compared with wild-type MYC with anti-TPR (Supple-
mental Fig. S2D). Taken together, these data suggest
that Ser62 phosphorylation facilitates MYC interaction
with TPR.

To test upstream kinases that might affect MYC associ-
ation with the NPC, we focused on ERK and CDK2, which

MYC localizes to the nuclear pore basket

have shown a strong specificity in phosphorylating MYC
at Ser62 and increasing MYC stability (Lutterbach and
Hann 1994; Pulverer et al. 1994, Sears et al. 2000;
Hydbring et al. 2010). Knockdown of ERK or CDK2
through siRNA reduced Ser62 phosphorylation and total
MYC as expected (Fig. 2C; Supplemental Fig. S2F), and
this was coupled with a significant reduction in endoge-
nous MYC-TPR PLA (Fig. 2D,E), suggesting that ERK
and CDK2 are upstream kinases involved in Ser62 phos-
phorylation of MYC and MYC-TPR association. As a con-
trol, depletion of CDK4, which is a downstream target of
MYC (Mateyak et al. 1999; Hermeking et al. 2000; Marval
et al. 2004), did not change MYC Ser62 phosphorylation
levels or the MYC-TPR PLA signal (Fig. 2C-E). Consis-
tent with the kinase specificity, we detected robust PLA
signals, indicating interactions of MYC with both ERK
and CDK2 but not with CDK4 (Fig. 2F). Intriguingly, the
MYC-ERK PLA signals were found ubiquitously through-
out the nucleus, whereas the MYC-CDK2 PLA signals
were enriched in the nuclear periphery (Fig. 2F). We spec-
ulated that while ERK may phosphorylate Ser62 in the nu-
clear interior, CDK2 might associate with TPR and
phosphorylate MYC at the NPC. Indeed, we found a ro-
bust PLA signal of TPR-CDK2 but only a low TPR-ERK
PLA signal and background levels with TPR-CDK4 PLA
(Fig. 2G,H). This interaction of CDK2 with TPR is consis-
tent with the previous identification of TPR as a CDK2
substrate through mass spectrometry (Chi et al. 2008). To-
gether, these results suggest that ERK and CDK2 facilitate
MYC interaction with the NPC by phosphorylating MYC
at Ser62 and that, while ERK can phosphorylate MYC in
the nuclear interior, CDK2 may phosphorylate MYC
directly at the NPC.

PIN1-mediated isomerization promotes pS62MYC
association with the nuclear pore

PIN1 catalyzes pSer62-Pro63 trans—cis isomerization,
where the peptidyl proly bond is initially in trans confor-
mation following ERK or CDK-mediated phosphoryla-
tion (Brown et al. 1999; Weiwad et al. 2000; Zhou 2000).
This isomerization increases MYC DNA-binding, tran-
scriptional, and oncogenic activity (Farrell et al. 2013;
Helander et al. 2015). PIN1 subsequently catalyzes
pSer62-Pro63 back to the trans conformation, depending
on secondary phosphorylation at Thr58, and this facili-
tates PP2A-mediated dephosphorylation of pSer62 and
MYC degradation (Yeh et al. 2004). This dynamic regula-
tion is thought to tightly control MYC activity. To test
whether PIN1 plays a role in pS62MYC interaction with
the NPC, we first looked at the association of PIN1 with
total MYC and pS62MYC by PLA. Interestingly, we found
a substantial amount of PLA signal localized to the nucle-
ar periphery in both MYC-PIN1 and pS62MYC-PIN1
PLA (Fig. 3A). Notably, there were also PLA speckles in
the nuclear interior, suggesting that PIN1 regulation of
MYC may occur in multiple nuclear compartments. We
examined the effects of knocking down PIN1 expression
via siRNA on the level of MYC in the nuclear-insoluble
and nuclear-soluble fractions. The expression of both total

GENES & DEVELOPMENT 1401


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.314377.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.314377.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.314377.118/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.314377.118/-/DC1

Su et al.

Figure 2. Ser62 phosphorylation is required
for MYC association with the nuclear pore.
(A) PLA of V5-MYC-TPR association in
transfected HeLa cells expressing equal
amounts of V5 tagged wild-type, T58A, and
S62A MYC. The mock transfection was
used as negative control. (B) Quantification
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95% intervals, and the box represents median
and 25%-75% intervals. Data are representa-
tive of three independent experiments. West-
ern blot showing the expressions of the MYC
constructs. (C) Western blots of pS62MYC,
total MYC, and the indicated kinases in
HeLa cells transfected with nontargeting
(NT) control or siRNAs specific to the indi-
cated kinases. Actin was used as a loading
control. (D) PLA of MYC-TPR association
in HeLa cells transfected with siRNAs target-
ing the indicated kinases. (E) Quantification
of D as in B showing PLA signals per cell.
(F) PLA of MYC association with the indicat-
ed kinases in HeLa cells. (G) PLA of TPR asso-
ciation with the indicated kinases in HeLa
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and pS62MYC in the nuclear-insoluble fraction decreased
upon PIN1 knockdown, while their levels increased in the
soluble fraction (Fig. 3B; Supplemental Fig. S3A), suggest-
ing that PIN1 is important for the localization of MYC to
the insoluble compartment that includes chromatin,
lamin, and the NPC, while it facilitates MYC turnover
in the soluble fraction, consistent with our prior findings
(Yeh et al. 2004). To analyze the role of PIN1 on MYC as-
sociation with the NPC, we knocked down PINI1 and
found a significant reduction of MYC-TPR PLA signals
(Fig. 3C,D). Importantly, MYC interaction with TPR can
be rescued by wild-type PIN1 but not the substrate-bind-
ing mutant (W33A) (Liu et al. 2008) or catalytic-deficient
mutant (C109A) (Winkler et al. 2000) of PIN1 (Fig. 3C,D;
Supplemental Fig. S3B), indicating that PIN1’s catalytic
activity is required to facilitate MYC-TPR interaction.
To examine the role of Ser62 and Thr58 phosphoryla-
tion in PIN1’s regulation of the association of MYC with
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the NPC, we first transfected HeLa cells with constructs
expressing V5-tagged wild-type, T58A, and S62A MYC
and examined the interaction of PIN1 with these con-
structs through V5-PIN1 PLA. Similar to previous reports
demonstrating that PIN1 does not recognize S62A MYC
and has a reduced interaction with and effect on T58A
MYC, where T58 A MYC target gene binding as measured
by quantitative ChIP (qChIP) is not as significantly en-
hanced by PIN1 as it is for wild-type MYC (Yeh et al.
2004; Farrell et al. 2013), both T58A and S62A MYC
showed a significant reduction in interaction with PIN1
compared with wild-type MYC by PLA (Supplemental
Fig. S3C). We then knocked down PIN1 to test whether
the various V5-MYC-TPR interactions are affected. Con-
sistent with the positive role of PIN1 in the endogenous
MYC-TPR interaction (Fig. 3C), the PLA signal between
V5-MYC wild type and TPR significantly decreased with
PIN1 knockdown (Fig. 3E; Supplemental Fig. S3F). In
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contrast, TS5 8 A MYC-TPR PLA was resistant to PIN1
depletion, and S62A MYC-TPR PLA remained at baseline
level (Fig. 3E; Supplemental Fig. S3F). To further test the
role of PIN1 on different forms of MYC interaction with
TPR, we took advantage of primary mouse embryonic fi-
broblasts (MEFs) generated from ROSA-LSL-Myc knock-
in mice, which, once induced by Cre, express HA-tagged
wild-type, T58A, or S62A MYC at physiological levels
(Wang et al. 2011). When we coexpressed knock-in HA-
tagged MYC by infection with adenovirus-driven Cre
(adCre) and PIN1 with adPIN1, wild-type MYC-TPR
association was up-regulated. In contrast, T58 A MYC in-
teraction with TPR was already strong and not further af-
fected by PIN1, while S62A MYC again showed minimal
interaction that was not affected by PIN1 (Fig. 3F; Supple-
mental Fig. S3G). Taken together, these data demonstrate
that PIN1 promotes MYC association with the NPC in a
pSer62-dependent manner, while the interaction of

values are shown for relevant significant
comparisons. (**) P<0.01; (***) P<0.001.

T58 A MYC, which has more constitutive Ser62 phosphor-
ylation, with the NPC is less dependent on PIN1.

MYC recruitment to the NPC promotes formation
of a TPR-CDK2-PIN1-MYC-GCN5 complex

In yeast and higher eukaryotes, the nuclear pore basket
helps to maintain a transcriptionally permissive microen-
vironment (Mendjan et al. 2006; Taddei et al. 2006; Krull
et al. 2010), which is potentially mediated by the HAT
SAGA (Spt-Ada-GCNS5 acetyltransferase) complex (Ca-
bal et al. 2006; Luthra et al. 2007). The catalytic subunit
of SAGA, GCN5, forms a complex with MYC and cooper-
ates with MYC for gene activation (Flinn et al. 2002;
Kenneth et al. 2007; Martinez-Cerdeno et al. 2012). In ad-
dition, the interaction between MYC and GCN5 is en-
hanced by PIN1 function (Farrell et al. 2013). Therefore,
we tested whether GCNG5 is involved in the MYC-TPR
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interaction. We first examined TPR-GCN5 interaction
through PLA in HeLa cells and found a robust PLA signal
at the nuclear periphery (Fig. 4A, left), consistent with
the association of GCN5 with Mlp1/2 (the yeast homo-
log of TPR) in yeast (Luthra et al. 2007). In accordance with
the pS62MYC-TPR association (Fig. 1F) and GCN5-TPR
association, a substantial proportion of pS62MYC-GCN5
PLA signal also resided at or close to the nuclear periphery

(Fig. 4A, right; Supplemental Fig. S4A). We also detected
robust tertiary PLA (Soderberg et al. 2006) of TPR-
pS62MYC-GCN5 (Supplemental Fig. S4B), suggesting
that pS62MYC and GCN5 exist together in a complex
with TPR.

Given the important role of PIN1 in the association of
pS62MYC with the NPC and the known role of MYC in
binding GCN5, we hypothesized that both MYC and

A TPR-GCN5 _pS62 MYC-GCNS B PRGNS PLA
SiNT siMYC siPIN1 SiMYC+siPIN1
Red: PLA; Blue: DAP ....
C TPR-GCN5 PLA Red: PLA; Blue: DAPI
80 D
° SiNT  siPIN1 SiNT  siPIN1
3 n.s. 3 .
= 60 —_
g . n.s.
1] Sk
E 40 Hekek
R4
]
a PIN1 ~ — o —
0 T T T T 0.5% Input lgG o-TPR
siRNA: NT MYC  PINT  MYC+PIN1
E F 100. L . wr
- 4 B PN1KO
Stim (hr) 0 2 4 8 12 24 Y
tim (hr): 3 Kk
< 2 6ol —
a 3
« % 404
&
S wr O 3 20
a > o
™ =
& od
§ &t g e
= piNiKO 150 5 -
= B PIN1KO
53 iy
& 1001 .
2 e ]
o g
3 2 s
wr| g
g 53
T2}
5 T
L A
e &t e gt
s
= PIN1KO 100- -
< 3 8o Bl PIN1KO
[
2 604
g 3 60 3
O 40
WT =
3 53 2
=<
2 -
3 R
s
=  PIN1KO < 1007 . wT
a5 B PIN1 KO
= 8 804
z 2
3 g 8 g
a &2
g =8
g wT =P 40
§ ; 204
od

& &

$ & & &
S et s gt

Figure 4. PINI and MYC recruit GCN5 to the NPC, and PIN1 facilitates mitogen-induced MYC-MAX-GCN5 association with the
NPC. (A) PLA of GCNS5 association with TPR and pS62MYC in HeLa cells. (B) PLA of TPR-GCNS5 association in HeLa cells transfected
with control nontargeting (NT) and MYC and PIN1 targeted siRNAs as indicated. (C) Quantification of B showing PLA signals per cell
from 50 cells per condition. The whiskers represent 5%-95% intervals, and the box represents median and 25%-75% intervals. Data
are representative of three independent experiments. (D) Western blots of the indicated proteins coimmunoprecipitated with TPR using
a TPR-specific antibody (a-TPR) in HeLa cells transfected with nontargeting and PIN1 targeted siRNAs as indicated. IgG control immu-
noprecipitation and 0.5% volume input are also shown. (E, from top to bottom) PLA of MYC association with TPR, GCN5, MAX, and
PIN1 in wild-type and PIN1 knockout primary MEFs at the indicated time points after serum stimulation. Serum starvation and stimu-
lation were conducted as in Supplemental Figure S4. (F) Quantification of E showing the average number of PLA signals per cell from
50 cells per condition. The error bars indicate standard errors of three independent experiments. P-values are shown for relevant signifi-

cant comparisons. (*) P<0.05; (**) P<0.01; (***) P<0.001.
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PIN1 are required for efficient GCN5-TPR interaction. To
test this hypothesis, we examined the PLA signal between
TPR and GCN5 following knockdown of MYC and/or
PIN1 (Fig. 4B,C; Supplemental Fig. S4C). Individual deple-
tion of MYC or PIN1 reduced ~40% of the TPR-GCN?5 in-
teraction; however, simultaneous depletion of both MYC
and PIN1 did not further decrease the PLA signal (Fig. 4B,
C), consistent with PIN1 facilitating MYC's recruitment
to the NPC and MYC'’s corecruitment of GCNS5.

Since we detected TPR interactions with CDK2, MYC,
PIN1, and GCNS5 via PLA, we asked whether we could
also detect these interactions via coimmunoprecipitation
experiments and what the effects of PIN1 knockdown
would be on the associations. In agreement with the
PLA results, we coimmunoprecipitated CDK2, MYC,
GCNS5, and PIN1 using a TPR-specific antibody. Deple-
tion of PIN1 via siRNA substantially reduced the interac-
tion of MYC and GCN5 with TPR but had little effect on
CDK2 association with TPR (Fig. 4D). The TPR coimmu-
noprecipitation data suggest a hierarchy of the assembly
of these proteins at the NPC: TPR-associated CDK2 phos-
phorylates MYC at Ser62, providing a recognition site for
phosphorylation-directed PIN1-mediated MYC isomeri-
zation, which promotes and/or stabilizes MYC'’s interac-
tion with TPR and facilitates the recruitment of GCNG5.

PINT1 facilitates mitogen-induced MYC-MAX-GCN5
association with the NPC

PIN1 is viewed as a “molecular timer” because it adds a
second level of control to signaling events involving
MAPK- and CDK-mediated phosphorylation of S/T-P mo-
tifs in proteins responding to environmental change (Lu
et al. 2007). A role for PIN1 in facilitating the response
to growth signals was demonstrated by the phenotype of
MEFs derived from PIN1 knockout mice, which prolifer-
ate normally under asynchronous conditions but show de-
fects in recovering from serum deprivation upon serum
restimulation (Fujimori et al. 1999). Serum stimulation
following growth arrest also induces MYC expression
through up-regulation of its mRNA and Ser62 phosphory-
lation-mediated protein stabilization (Kelly et al. 1983;
Lutterbach and Hann 1994; Sears et al. 1999, 2000; Frank
et al. 2001). This up-regulation of MYC is critical for
mitogen-induced cell proliferation, and primary MYC
knockout cells exhibit growth arrest (de Alboran et al.
2001). Therefore, we investigated whether mitogen stim-
ulation involves PIN1-mediated recruitment of MYC to
the NPC.

We serum-starved primary PIN1 wild-type and knock-
out MEFs generated from isogenic sibling embryos for
48 h to render the cells quiescent and then stimulated
the cells by changing to serum-complete medium. We
confirmed that the PIN1 knockout MEFs show a reduced
proliferative response to serum starvation and restimula-
tion (Supplemental Fig. S4D,E; Fujimori et al. 1999) and
then characterized protein expression and PLA interac-
tion signals at the indicated time points (Fig. 4E,F; Supple-
mental Fig. S4F). The expression of TPR, GCN5, and
CDK2 was similar in wild-type and PIN1 knockout

MYC localizes to the nuclear pore basket

MEFs; all three gradually increased over the time course
(Supplemental Fig. S4F). The levels of pS62MYC and total
MYC in wild-type MEFs increased during the first 4-8 h
and then declined to almost baseline levels, similar to
previous reports (Kelly et al. 1983; Yeh et al. 2004).
In contrast, pS62MYC and total MYC sustained high lev-
els of expression even at 24 h in the PIN1 knockout MEFs,
consistent with prior data and a defect in the MYC degra-
dation pathway due to loss of PIN1 (Yeh et al. 2004).

Aligning with MYC expression in wild-type cells, the
association between MYC and TPR peaked at 4 h after
stimulation (Fig. 4E,F). MYC-GCNS5 interaction similarly
peaked at 4 h in the wild-type cells, and, importantly, this
interaction was primarily at the nuclear periphery (Fig. 4E,
F; Supplemental Fig. S4G, peri vs. center, 4 h). The inter-
action between MYC and PIN1 also peaked at the 4-h
time point and was also localized to the periphery (Fig.
4E,F; Supplemental Fig. S4G). The early and robust induc-
tions of MYC-TPR and MYC-GCN5 PLA signals at the
nuclear periphery were significantly blunted in PIN1
knockout cells, supporting the important role of PIN1 in
promoting MYC-GCN5-TPR association following mito-
gen stimulation in primary MEFs. The data in MEFs are
consistent with what we observed in HeLa cells, although
HeLa cells showed constant strong associations between
MYC, GCNS5, and TPR, probably due to the hyper-Ser62
phosphorylation status in cancerous settings (Junttila
et al. 2007; Niemeli et al. 2012; Zhang et al. 2012).

MYC binds DNA with its partner protein, MAX (Little-
wood et al. 1992; Nair and Burley 2003). We therefore an-
alyzed the spatial distribution of MYC associated with
MAX during the same serum stimulation time course.
Notably, the induction of MYC-MAX PLA signal oc-
curred at both the nuclear periphery and the interior dur-
ing early time points in the wild-type cells (Fig. 4E,F;
Supplemental Fig. S4G). In PIN1 wild-type cells, there
was an overall decrease in MYC-MAX association in the
first 8 h (Fig. 4E,F), with the peripheral MYC-MAX PLA
signal at early time points showing the most decrease
relative to wild-type cells (Supplemental Fig. S4G). By
comparing the interaction patterns of MYC-MAX with
MYC-TPR, MYC-PIN1, and MYC-GCNS5, it appears
that a portion of MYC-MAX is involved in the early re-
sponse MYC-GCN5-PIN1-TPR interactions at the NPC
but that MYC-MAX is also present in the nuclear interior
following serum induction.

MYC-GCNS5 localization to the NPC activates resident
target genes

So far, we demonstrated that in response to serum stimu-
lation, the association of MYC with the nuclear pore is in-
efficient in PIN1 knockout cells. This defect also seems
likely to affect MYC DNA-binding activity, as suggested
by the reduction of MYC-MAX at the nuclear periphery.
To globally examine MYC DNA binding and identify
genes potentially affected by this mechanism, we per-
formed MYC ChlIP-seq in wild-type and PIN1 knockout
MEFs at 4 h after serum stimulation, when expression lev-
els of MYC were similar, but differences in the MYC-TPR
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PLA were large (Fig. 4E,F; Supplemental Fig. S4F). Our
MYC ChlIP-seq analysis identified 4877 peaks for MYC
in wild-type cells and 3987 peaks in PIN1 knockout cells
that are common between biological replicates (irrepro-
ducible discovery rate [IDR] <0.05) (Supplemental Table
1). Global analysis of MYC binding centered at transcrip-
tional start sites (TSSs) 2.5 kb correlates with the expres-
sion of genes, as expected (Fig. 5A; Lin et al. 2012a; Nie
et al. 2012); however, we observed an overall reduction
in binding in the PIN1 knockout cells. We performed
motif analysis and found an enrichment of the canonical
E-box sequence in the MYC-binding peaks for both wild-
type and PIN1 knockout cells (Fig. 5B), indicating that se-
quence selection is not affected by PIN1 loss. To examine
the effects of PIN1 loss on both promoter-proximal and
promoter-distal MYC E-box binding, we analyzed global
MYC-binding density at canonical E-box sites within
2 kb of a TSS and >10 kb from a TSS. We observed enriched
MYC binding proximal to the TSS, and, with PINI loss,
there was an overall decrease in MYC binding at both pro-
ximal and distal E-boxes (Fig. 5C). Together, these data in-
dicate that PIN1 regulation of MYC DNA binding does not
affect motif selection, but PIN1 loss does decrease overall
MYC occupancy at both promoters and distal elements.

To associate MYC binding with neighboring genes, we
focused on genes for which MYC was bound within 1 kb
upstream of or downstream from the TSS. Consistent
with an overall reduction in MYC binding 4 h after serum
stimulation in PIN1 knockout MEFs, across replicates, we
observed more genes associated with increased MYC
binding in wild-type versus knockout cells (Supplemental
Fig. S5A; Supplemental Table 2, wild type vs. knockout:
630 up and 560 down). Using gene set enrichment analysis
(GSEA), we found several pathways enriched for MYC-
bound genes in wild-type versus PIN1 knockout MEFs, in-
cluding cell motion, polysome pathways, and protein
acetylation (Supplemental Fig. S5B; Supplemental Table
3). This is in agreement with the increased cell prolifera-
tion and increased histone acetylation following serum
stimulation in wild-type versus PIN1 knockout cells (Sup-
plemental Fig. S4D-F) as well as with published works
showing a role for PIN1 and MYC in cell migration (Smith
et al. 2008; Cho et al. 2010; Matsuura et al. 2010; Zhao
et al. 2013; Luo et al. 2014; Zhu et al. 2016).

Among the genes with enriched MYC binding in wild-
type cells, we chose to investigate the spatial relationships
by DNA FISH of two genes encoding transcription factors
involved in cell motility (Twist1 and Snail) and two cell
proliferation genes (Cdc45 and Rpl36) (Fig. 5D; Supple-
mental Fig. S5C). We hypothesized that, in wild-type
cells, these genes would localize to the nuclear pore at
the nuclear periphery, where PIN1 actively facilitates
MYC localization during the early response to stimula-
tion, and that, in PIN1 knockout cells, these genes would
either localize away from the periphery or near the periph-
ery but have reduced binding by MYC and its cofactors in
the early response window. Across the cell population, we
observed that the FISH signals at 0 and 4 h of serum stim-
ulation for all four of these genes were enriched at the nu-
clear periphery in both wild-type and PIN1 knockout
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MEFs (Fig. 5E; Supplemental Fig. S6A,B), which supports
the model in which reduced MYC DNA binding in PIN1
knockout cells is due to defects in MYC recruitment to
nuclear peripheral targets. Interestingly, the FISH signal
of Prdx6, a gene bound similarly by MYC in wild-type
and PIN1 knockout cells (Supplemental Fig. S5C; Supple-
mental Table 2), showed a dispersed pattern across the nu-
clear radius (Fig. 5E; Supplemental Fig. S6A,B). As a
control for nuclear peripheral localized genes, the lamin-
associated Igh gene (Kosak et al. 2002; Yang et al. 2005;
Lin et al. 2012b; Harr et al. 2015) was present almost ex-
clusively (>75% in both wild-type and PIN1 knockout
cells) (Fig. 5E; Supplemental Fig. S6B) at the nuclear pe-
riphery. We further tested the association of TPR with
MYC-bound genes affected by loss of PIN1 (PIN1-depen-
dent MYC targets), including Tubb2b, Cdc45, Rpl36,
Twist1, and Snail (Fig. 5D), and MYC-bound genes not af-
fected by loss of PIN1 (PIN1-independent MYC targets),
including Mybbp1la, Gpatch4, Atad3a, and Prdx6 (Supple-
mental Table 2). In support of our hypothesis and the
DNA FISH that we conducted, the PINI1-dependent
MYC target genes associated with TPR, as measured by
TPR qChIP, while the PIN1-independent MYC targets
did not (Fig. 5F). Importantly, Igh, although localized at
the nuclear periphery, showed no interaction with TPR,
consistent with its presence in LADs.

To test the hypothesis that loss of PIN1 impairs the
functions of MYC and GCNS5 at these TPR-associated
genes, we performed a series of ChIP experiments using
primers for the promoters of the above PIN1-dependent
MYC targets and PIN1-independent MYC targets. In
wild-type cells, MYC and GCN5 occupancy at all of the
MYC targets were induced at 4 h (Fig. 5G,H; Supplemen-
tal Fig. S7A,B). However, on PIN1-dependent MYC tar-
gets, these inductions were blunted in PIN1 knockout
cells. Consistent with these results, induction of histone
acetylation at Tubb2b, Cdc45, Rpl36, Twist1, and Snail
(detected by qChIP with a pan H3ac antibody) was reduced
in the PIN1 knockout cells, while, on the genes with
strong MYC binding regardless of PINI (including
Mybbpla, Gpatch4, Atad3a, and Prdx6), H3ac was high
in the starved condition, and the induction was lower
and unaffected by PIN1 (Fig. 5I; Supplemental Fig. S7C).
Aligning with the induction of H3ac level, which marks
transcriptionally active chromatin, the mRNA of
Tubb2b, Cdc45, Rpl36, Twistl, and Snail was also in-
duced to a greater degree in the wild-type versus PIN1
knockout cells, while the PIN1-independent MYC targets
were induced regardless of PIN1 status (Fig. 5J). As a neg-
ative control, the lamin-associated Igh gene exhibited vir-
tually no MYC or GCNS5 binding and no mRNA induction
and was depleted of H3ac during the stimulation process
(Fig. 5G-J; Supplemental Fig. S7A-C), consistent with its
transcriptionally repressed state in MEF cells (Kosak
et al. 2002; Yang et al. 2005; Lin et al. 2012b; Harr et al.
2015). To further test whether the transcriptional defects
of these MYC targets were due to the loss of PIN1-mediat-
ed regulation on MYC, we re-expressed T58A and S62A
MYC in PIN1 knockout cells through adenovirus infec-
tion and found that ectopic expression of MYC T58A,
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Figure 5. PIN1 facilitates MYC DNA binding at E-box sites, and PIN1-mediated MYC-GCNS5 localization to the NPC activates resident
target genes. (A) Heat map of MYC binding at TSSs (midline of the heat map) of all expressed genes ranked by their expression in wild-type
cells. The color scale is indicated at the bottom, where the 90 percentile is marked at the black bar. (B) Motifs enriched at the center of
MYC-binding peaks in wild-type and PIN1 knockout MEFs. (C) Averaged MYC-binding density profiles in a 5-kb window centered on
E-box motif (CACGTG) sets near (<2 kb) the TSS or distal to (>10 kb) the TSS in wild-type (blue) or PIN1 knockout (red) MEFs. MYC bind-
ing is scaled based on total sequencing depth and the number of E-box regions per set to make the scales comparable between near and
distal plots. (D) Heat map of genes showing more MYC binding at the TSS in wild-type than PIN1 knockout MEFs (>1.5 fold) (Supplemen-
tal Table 2). Genes were ranked by average fold change of wild-type/knockout in two biological replicates. MYC-binding levels are scaled
for each row (gene) independently, with red indicating high binding and blue representing low binding. University of California at Santa
Cruz (UCSC) genome browser tracks for the indicated representative genes are shown in Supplemental Figure S5C. (E) Representative
DNA FISH images of the indicated gene loci (green) in wild-type and PIN1 knockout primary MEFs at the 4-h time point in response
to serum stimulation. The 0 time point is shown in Supplemental Figure S6A. (F) qChIP of TPR binding to the indicated PIN1-dependent
(Tubb2b, Cdc45, Rpl36, Twist1, and Snail) and PIN1-independent (Mybbpla, Gpatch4, Atad3a, and Prdx6) MYC-bound target genes in
wild-type (blue) and PIN1 knockout (red) MEFs at 4 h of serum stimulation. (G) qChIP of MYC binding to the indicated target genes in
wild-type (blue) and PIN1 knockout (red) MEFs. Fold change between 0 and 4 h of serum stimulation is graphed. Primary data are shown
in Supplemental Figure S7A. (H) qChIP of GCNS5 binding to the indicated target genes in wild-type (blue) and PIN1 knockout (red) MEFs.
Fold change between 0 and 4 h of serum stimulation is graphed. Primary data are shown in Supplemental Figure S7B. (I) qChIP of H3ac
levels of the indicated target genes in wild-type (blue) and PIN1 knockout (red) MEFs. Fold change between 0 and 4 h of serum stimulation
is graphed. Primary data are shown in Supplemental Figure S7C. (/) RT-PCR of the mRNA of the indicated genes in wild-type (blue) and
PIN1 knockout (red) MEFs. Fold change at 4 h of serum stimulation is graphed. For F-], P-values are shown for relevant significant com-
parisons. (*) P<0.05; (**) P<0.01; (***) P<0.001. The error bars indicate standard errors from three independent experiments.
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which strongly associates with the nuclear pore indepen-
dent of PIN1 (Fig. 3E,F), but not S62A, which showed little
association with the nuclear pore, rescued the serum-
induced MYC binding, H3ac, and mRNA expression in
the PIN1-dependent MYC target genes (Supplemental
Fig. S8B,D,E), but, in the PIN1-independent MYC target
genes, T58A and S62A behaved similarly. This suggests
that MYC with the ability to interact with the nuclear
pore mediates the serum-stimulated regulation of PIN1-
dependent target genes, supporting our hypothesis that
PIN1 promotes MYC regulation of target genes at the nu-
clear pore in a pS62-dependent manner.

Together, these data support a model in which, in
response to extracellular stimuli, PINT1 is critical for the
efficient recruitment of MYC to the NPC, which, by co-
recruiting GCNJ5, increases histone acetylation and tran-
scriptional activity of NPC-localized genes.

PINT1 facilitates MYC-driven transcriptional activation
and chromatin opening in response to serum stimulation

We next used RNA-seq (Supplemental Table 4) to globally
assess the PIN1-regulated transcriptional program and its
correlation with MYC binding. We statistically evaluated
the intersection between the RNA-seq data and the MYC
ChIP-seq data using a Fisher’s exact test (Supplemental
Tables 5, 6). We found the most significant intersection
(n=1708; P=1.65x1071%) in the RNA up-regulated in
wild-type cells and MYC binding up-regulated in wild-
type cells, suggesting that PIN1-dependent MYC binding
is associated primarily with transcriptional activation
(Fig. 6A). We also found a large group of genes (n=1465;
P=3.02x1078%) with MYC binding up-regulated in wild-
type cells and RNA down-regulated in wild-type cells,
suggesting that PIN1-dependent MYC binding may also
associate with transcriptional repression, although not
as significantly as activation. Using gene ontology (GO)
analysis on the significantly changed genes (up-regulated
and down-regulated in RNA) intersecting with MYC bind-
ing up in wild-type cells (PIN1-dependent MYC binding),
we found phosphoprotein, acetylation, focal adhesion, and
cell cycle among the most significant GO terms (Fig. 6B;
Supplemental Table 7), which is consistent with the path-
ways enriched with genes showing higher MYC binding in
wild-type cells (Supplemental Fig. S5B).

To globally assess the PIN1-dependent changes in regu-
latory element usage in response to stimulation, we used
ATAC-seq (Corces et al. 2017), which produced a union
peak set comprised of 197,785 loci. Broken down by con-
dition, we observed a robust regulatory response to stimu-
lation in wild-type cells that is almost completely lacking
in PIN1 knockout cells (Fig. 6C). Upon serum stimulation,
a large number of regulatory elements become activated
(wild-type stimulated [WM] vs. wild-type starved [WV];
n=9855 differentially accessible, g-value <0.001; fold
change >2) (Materials and Methods) that were not present
or had very little ATAC-seq signal under starved condi-
tions in wild-type cells. These sites were highly enriched
for MYC ChlIP-seq peaks in stimulated cells (P=2.11x
1074, cumulative hypergeometric test [CHT]) (Materials
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and Methods; Supplemental Fig. SOA,B). Additionally, the
highest enriched motifs in the differentially accessible
sites opening in stimulated wild-type cells are for the
AP1-ATF family of transcriptional regulators (API1,
Atf3, BATF, Fosl2, Fral, and Jun; P<1x 107'% CHT,; false
discovery rate [FDR] 5%) (Supplemental Table 8) involved
in stimulus response (Lopez-Bergami et al. 2010), suggest-
ing an interplay between MYC and this family of tran-
scription factors. Furthermore, the majority of these loci
(6873 out of 9855; 69.7%) was differentially accessible in
common across all of the wild-type stimulated compari-
sons (Fig. 6D, top Venn diagram), representing a core
PIN1-dependent activation module.

Under starved conditions, there was very little differ-
ence between the PIN1 knockout and wild-type cells, with
only ~200 differentially accessible loci in either sample
(Fig. 6C, KV vs. WV and WV vs. KV); however, unlike wild-
-type, the PIN1 knockout cells lack the robust response to
stimulation without any differentially accessible loci
reaching statistical significance (Fig. 6C, KM vs. KV).
This observation is also present in the unsupervised clus-
tering of samples, where the first major branch splits out
stimulated PIN1 wild-type cells from all other conditions,
which are highly correlated with one another (Fig. 6C).

We next focused on the set of loci that was differentially
accessible in starved wild-type cells versus their stimulat-
ed counterpart (n=2974) (Fig. 6C, WV vs. WM), as these
represent sites that become deactivated or closed during
stimulation and were not significantly enriched for
MYC ChIP-seq peaks (FDR>0.05) (Supplemental Fig.
S9B). One of the most significantly enriched motifs was
for Atf4 (P=4.74x 10-108, CHT; FDR <0.05), a API/ATF
family member involved in cell stress response (Kilberg
et al. 2009; Wortel et al. 2017). The majority ([568 +
1529] out of 2974; 70.5%) of these is also active in the
starved PIN1 knockout cells (Fig. 6D, bottom Venn dia-
gram, KV vs. WM), with a smaller number present in
both starved and stimulated PIN1 knockout cells (1529
out of 2974; 51.4%) (Fig. 6D, KV vs. WM and KM vs.
WM). This suggests that a number of loci are active in
starved cells regardless of PIN1 status that deactivate
upon stimulation; however, in the absence of PIN1, only
roughly half of the loci deactivate.

One of the advantages of assessing chromatin accessi-
bility is that it is agnostic as to which DNA-binding
protein is responsible for the modulation of open chroma-
tin. We can therefore use a database of DNA-binding mo-
tifs and determine whether there is increased accessibility
at sites containing that motif compared with the rest of
the samples (Schep et al. 2017). As expected, the majority
of motifs showed little variability, since many are not ex-
pressed in these cells; however, a subset showed high var-
iance (Supplemental Fig. S9C). We calculated deviation
scores for each sample for each of these motifs, which re-
vealed a strict separation of motifs as being active in either
wild-type cells under stimulation or any of the other sam-
ples, resulting in the first branch of hierarchical clustering
delineating these sets and conditions (Fig. 6E). As expect-
ed, a number of the motifs that were significantly en-
riched in the wild-type activation module differentially
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Figure 6. PIN1 facilitates MYC-driven transcriptional activation and chromatin opening in response to serum stimulation. (A) Intersec-
tions of RN A-seq ([RNA up] RNA level up-regulated in wild-type compared with PIN1 knockout; [RNA down] RNA level down-regulated
in wild-type compared with PIN1 knockout) and MYC ChIP-seq. (ChIP up) MYC binding up-regulated in wild-type compared with PIN1
knockout; (ChIP down) MYC binding down-regulated in wild-type compared with PIN1 knockout. P-value was calculated using Fisher’s
exact test. (B) GO analysis using DAVID for genes significantly up-regulated and down-regulated with higher MYC binding in wild-type
cells. A more complete list of GO terms is shown in Supplement Table 7. (C) Hierarchical clustering of pairwise correlations of ATAC-seq
libraries. Technical replicates cluster tightly, with the major branch splitting out wild-type stimulated cells from all others. The number
of differentially accessible (DA) loci between groups is denoted at the right. (D) Intersections of differentially accessible loci for all wild-
type differentially accessible peak sets (top) and peaks specifically active in starved or PIN1 knockout cells (bottom). (E) Motif accessi-
bility deviation z-scores for those with a variability score of >5. Notably, wild-type cells after stimulation also cluster separately, as with
the global signal comparison in C. (F) Model of chromatin accessibility changes in response to stimulation in wild-type and PIN1 knock-
out cells.

accessible peak set (Supplemental Table 8) also exhibited
higher global accessibility in this analysis (e.g., AP1) (Fig.
6E). We also observed a number of motifs that have de-
creased global accessibility in the starved and/or PIN1
knockout conditions, including NF1, which is a negative
regulator of Ras signaling (Ratner and Miller 2015), and
CTCF, which functions to organize chromatin architec-

tures (Ong and Corces 2014; Ghirlando and Felsenfeld
2016). It is worth noting that the MYC motif did not ex-
hibit high variability by this analysis (variability =2.75);
however, this is largely due to the high number of MYC
motifs in the genome, a minority of which MYC will be
bound to in any given population, hence our prior targeted
analysis of MYC ChIP-seq peaks.
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Overall, the accessible chromatin landscape reveals a
substantial PIN1-dependent response to stimulation that
is correlated with MYC binding along with other factors
that are typically associated with proliferation and stimu-
lus response (Fig. 6E,F; Supplemental Fig. S9B). Some loci
become closed or less accessible after stimulation, half of
which are PIN1-dependent—far fewer than those that are
activated. Interestingly, similar to the trend of PIN1-de-
pendent landscape changes of chromatin under early stim-
ulation conditions, we found a large number of genes that
were induced in wild-type cells by stimulation for which
the response was blunted in PIN1 knockout cells (Supple-
mental Fig. SOD; Supplemental Table 9).

PIN1-facilitated wound healing involves MYC-NPC
association

To further investigate the role of PINI1-regulated
MYC-NPC-associated gene regulation in physiology, we
performed in vitro and in vivo wound healing assays. Us-
ing an in vitro scratch assay on the wild-type and PIN1
knockout MEFs, we observed a delay in migration into
the scratch area in PIN1 knockout MEFs (Fig. 7A). This
defect was largely rescued by expressing the MYC T58A
mutant (Fig. 7A), a form of MYC that can interact with
the nuclear pore independently of PIN1 (Fig. 3E,F), sug-
gesting that post-translational regulation of MYC NPC lo-
calization may at least partially mediate PIN1 function in
migration in vitro. To further examine PIN1’s function in
vivo, we conducted skin punch wound healing assays in
wild-type and PIN1 knockout mice. It took ~10 d for
wild-type mice to fully heal from the punch biopsy on
the back, whereas PIN1 knockout mice were still not fully
healed at 15 d (Fig. 7B,C). At day 8, the wild-type mice ex-
hibited thickened epidermis at the wound area, whereas
the epidermis at the wound area of the PIN1 knockout
mice was mostly only a single-cell layer (Supplemental
Fig. S10A). Immunofluorescent analysis of the day 8
skin showed a strong reduction of E-cadherin- and Integ-
rin-Bl-expressing cells at both the wound and adjacent
epidermis in PIN1 knockout mice (Supplemental Fig.
S10B). Studies have shown that E-cadherin promotes col-
lective cell migration in vivo (Cai et al. 2014) and that
Integrin-B1 mediates keratinocyte migration and epider-
mal stem cell maintenance (Kim et al. 1992, Jones and
Watt 1993; Georges-Labouesse et al. 1996). Additionally,
the PIN1 knockout mice showed fewer Ki67-positive cells
at the wound area (Fig. 7D,E), suggesting that defects in
both proliferation and migration in PIN1 knockout mice
contribute to the impaired wound healing. To examine
whether MYC interaction with the nuclear pore may be
involved in this process, we performed PLA of MYC
with TPR and PIN1. In wild-type mice, both MYC-TPR
and MYC-PIN1 associations were induced in the nuclear
periphery selectively in the wound area (Fig. 7F); in con-
trast, MYC association with TPR was significantly re-
duced in the wound area of PIN1 knockout mice (Fig.
7F). Together, these data suggest that PINI1-mediated
MYC-TPR association facilitates proper wound healing.
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Discussion

Although the nuclear peripheral localization of MYC was
observed many years ago, both the significance and mech-
anistic regulation remained unclear (Eisenman et al. 1985;
Vriz et al. 1992). Early reports suggested that both the nu-
clear pore and the lamina were involved in MYC's associ-
ation with the nuclear periphery (Wingvist et al. 1984;
Royds et al. 1992). In a recent study, it was shown that
the PP2A inhibitor CIP2a increases pS62MYC association
with the Lamin A/C-associated structures (LAS) (Myant
et al. 2015). The LAS compartment is likely to include
the nuclear pore components, since the nuclear pore is
embedded in the lamina meshwork, and Myant et al.
(2015) suggested this possibility in their discussion. The
NPC is composed of three scaffold rings and peripheral el-
ements, including the cytoplasmic filaments and the pore
basket (Beck and Hurt 2017). Here we demonstrate that
pS62MYC associates selectively with the pore basket pro-
teins TPR and NUP153. The PLA and STORM analyses
indicate a close proximity (<60 nm) between the nuclear
pore basket and the adjacent MYC; however, we could
not tease out whether the association is through direct
protein—protein interaction at this point, and future stud-
ies are needed to clarify this. The association between
MYC and TPR is regulated by Ser62 phosphorylation,
which can be mediated by ERK and CDK2. Despite a re-
ported role of ERK at the nuclear pore (Vomastek et al.
2008), we did not detect it interacting with TPR. Instead,
we identified CDK2 association with the nuclear pore
basket and MYC, suggesting that CDK2 may directly
phosphorylate MYC at the NPC (Chi et al. 2008), while
ERK phosphorylation of Ser62 likely occurs in the nuclear
interior, which can also then facilitate MYC’s recruit-
ment to the NPC.

Ser62 phosphorylation of MYC promotes its interaction
with the prolyl isomerase PIN1, which facilitates MYC
promoter binding, target gene regulation, and oncogenic
activity as well as MYC turnover (Yeh et al. 2004; Farrell
etal. 2013). We demonstrate that PIN1’s catalytic activity
facilitates the association between Ser62 phosphorylated
MYC and TPR in both HeLa cells and primary MEFs. Con-
sistent with yeast studies indicating GCN5 association
with the nuclear pore basket (Cabal et al. 2006; Luthra
et al. 2007), we also demonstrate that PIN1 recruitment
of MYC facilitates the recruitment of GCN5 to TPR.
However, CDK2 binding to TPR was irrespective of
PIN1, providing a picture of assembly at the nuclear
pore basket involving PIN1-regulated MYC-GCN5 asso-
ciation with CDK2-TPR. In primary MEFs where MYC
expression is normally tightly regulated for transient acti-
vation, we observed that the induction of MYC coincided
with its association with the nuclear pore. GCN5 similar-
ly localized to the nuclear periphery with MYC at early
time points following serum stimulation. In PIN1 knock-
out MEFs, these inductions were severely impaired, sug-
gesting a role for PIN1-regulated MYC-GCN5-mediated
control of genes localized near the nuclear pore basket. In-
terestingly, the MYC T58A mutant, which has constitu-
tive Ser62 phosphorylation and increased oncogenic
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Figure 7. Pinl facilitated wound healing involves increased proliferation and MYC-NPC association. (A) Representative phase contrast
images of scratch assay of wild-type and PIN1 knockout primary MEFs with or without adenovirus-expressed T58 A MYC. Shown are the
boundaries of the scratches (red) at the indicated time points. Shown at the right is the quantification of the scratch area over time from
live-cell imaging (IncuCyte) relative to the beginning (100%) with the indicated conditions. (B) Wound pictures of wild-type and PIN1
knockout mice after skin punch biopsy at the indicated time points, representing one of three mice for each genotype. (C) Quantification
of the average wound area from three pairs of matched siblings, two wounds each. Error bars represent standard deviation of six replicates.
(D) IF of Ki67 (proliferation marker) of the wound and adjacent (~1.5 mm away from the wound) skin samples at day 8 after skin punch
biopsy. (E) Quantification of the percentage of Ki67-positive cells for D from six wounds and adjacent 1-mm? areas. The error bars indicate
standard errors of six wound or adjacent areas from three mice. (F, from top to bottom) PLA of MYC association with TPR and PIN1 in
wild-type and PIN1 knockout mouse wounds and adjacent skin FFPE samples at day 8 after skin punch biopsy. Shown at the right is
the quantification of average PLA signals per cell from all six wounds and adjacent areas. The error bars indicate standard errors from three
mice. (*] P<0.05; (**] P<0.01; (***) P<0.001.

activity (Yeh et al. 2004; Hemann 2005; Wang et al. 2011) conformation that is insensitive to PIN1 and conforma-
independent of PIN1 (Yeh et al. 2004; Farrell et al. 2013), tionally favorable for association with the NPC. In con-
showed enhanced interaction with TPR in MEFs irrespec- trast to the MEFs, in cancerous HeLa cells that express
tive of PIN1. Although we could not directly address how high pS62MYC and PIN1, MYC wild-type robustly inter-
the Ser62 phosphorylation status translates into the struc- acted with TPR to a level similar to that of MYC T58A,
tural information around Pro63 that is amenable to isom- suggesting that deregulated association of MYC with the
erization by PIN1, we think that fixed phosphorylation at NPC in cancer cells could contribute to MYC’s oncogenic

S62, as in the case of T58A, might lock MYC in the cis function.
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The isomerase PIN1 is a unique molecular timer
thought to be involved in cells’ response to acute environ-
mental changes, which may explain why PIN1 knockout
MEFs proliferate normally in culture but have defects in
re-entering the cell cycle upon starvation and restimula-
tion. These phenotypes are mimicked in Cyclin E1/E2
double-knockout MEFs (Geng et al. 2003), suggesting
that PIN1 is involved in CDK2/Cyclin E regulation of
G1/S cell cycle and that this is connected to our results
that PIN1 and CDK2 promote MYC activity at the nuclear
pore. However, the CDK2 knockout cells have minor
S-phase re-entering defects, which is possibly due to the
compensating effect of CDK1 and other kinases (Berthet
et al. 2003; Ortega et al. 2003). It is thus interesting to
examine whether CDK1 can compensate for CDK2 with
respect to MYC S62 phosphorylation status as well as
its subnuclear localization. Aside from the CDK2/Cyclin
E pathway, PIN1 has been shown to control numerous
cancer-driving pathways (for review, see Zhou and Lu
2016). We tried to tease out MYC-specific effects of
PIN1 by intersecting MYC ChIP-seq and RNA-seq data
in post-stimulation MEFs and found that MYC target
genes regulated by PIN1 were involved in processes such
as cell migration and proliferation (two pathways that
are critical for wound healing), fitting our finding that
PIN1 knockout MEFs and mice exhibit defects in in vitro
and in vivo wound healing assays. It has been demonstrat-
ed that gene expression programs induced by serum reflect
the wound healing role of fibroblasts and are shared by
tumor cells and tumor-associated fibroblasts (Chang
et al. 2004). In particular, MYC promotes TGF-B-induced
expression of SNAIL, which facilitates epithelial-to-
mesenchymal transition (Smith et al. 2008), and this was
down-regulated in PIN1 knockout MEFs. Therefore, it
would be interesting to investigate the coordinating role
of MYC and PIN1 in tumor progression and cancer metas-
tasis settings.

Importantly, individually interrogated PIN1-regulated
MYC-bound genes in these pathways localized to the nu-
clear periphery and associated with TPR. The pattern of
localization of these genes was distinct from Igh, a gene
that is associated with the lamina and transcriptionally
repressed in MEFs (Kosak et al. 2002; Yang et al. 2005;
Lin et al. 2012b; Harr et al. 2015), which showed stronger
association with the nuclear periphery but did not interact
with TPR. This difference could be explained by the more
dynamic interaction of genes with the NPC (Brickner and
Walter 2004; Brickner et al. 2007; Tan-Wong et al. 2009;
Green et al. 2012). In addition, the initiating levels of
H3ac at the NPC-associated genes were significantly
higher than Igh, suggesting that the increase of H3ac on
these genes in response to serum and dependent on
PIN1 was an expansion of already existing euchromatin
rather than a switch from completely heterochromatin.
Nonetheless, there are other MYC target genes that are in-
duced by serum stimulation but independent of PIN1
function that tend to be more localized to the nuclear in-
terior, with high basal levels of H3ac and only a modest in-
crease of H3ac with serum stimulation. Thus, PIN1’s
regulation of MYC during early time points following se-
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rum stimulation of MEFs appears to occur mainly at the
nuclear pore-associated euchromatin on a set of MYC tar-
get genes involved in processes such as proliferation and
migration, which represent integral fibroblast responses
to extracellular signaling.

In support of the flexible histone acetylation status at
the nuclear periphery, it was shown that global histone
acetylation following treatment with a histone deacety-
lase (HDAC) inhibitor induced genomic reorganization
with recruitment of promoter region, euchromatin do-
mains, and differentially expressed genes to the nuclear
pore (Brown et al. 2008). Furthermore, in mouse oligoden-
drocyte progenitor cells, silencing of MYC was associated
with a decrease in the histone acetylation levels on target
genes and the induction of premature nuclear peripheral
chromatin compaction (Magri et al. 2014). However,
MYC'’s effect on chromatin modification, can extend be-
yond the nuclear periphery regions to regulate global chro-
matin modifications and genomic architecture (Knoepfler
2006; Kieffer-Kwon et al. 2017). In our study, we found a
large number of chromatin landscape changes measured
by ATAC-seq in response to serum stimulation. Many
newly accessible chromatin regions overlapped with
MYC binding in wild-type cells but were not present in
PIN1 knockout cells, suggesting a role for PIN1-mediated
MYC binding in chromatin architecture changes, which
can be elucidated further in future experiments using
high-throughput chromatin conformation capture tech-
nologies (Hi-C and Hi-ChlIP) (Schmitt et al. 2016; Davies
et al. 2017).

The functional consequence of gene localization to the
NPC has not been thoroughly studied. In yeast, genes in-
teract with the nuclear pore constitutively to regulate gly-
colysis and ribosomal biogenesis or conditionally in
response to environmental stimuli, such as nutrients
shifts, heat shock, and mating pheromone treatment
(Brickner and Walter 2004; Casolari et al. 2005; Cabal
2006; Dieppois et al. 2006; Taddei 2006). Active transcrip-
tion at the nuclear pore is proposed to be a mechanism for
rapid mRNA exportation (Blobel 1985; Rajanala and Nan-
dicoori 2012), and this function is supported by identifica-
tion of mRNA export factors in the complex anchoring
genes to the NPC (Rodriguez-Navarro et al. 2004; Kursha-
kova et al. 2007). In addition, studies in yeast and Droso-
phila cells indicate that the NPC serves as a scaffold that
anchors and connects poised promoters and enhancers,
which allows robust reactivation of recently transcribed
genes, a process known as transcriptional memory (Tan-
Wong et al. 2009; Light and Brickner 2013; Pascual-Garcia
et al. 2017). In agreement with this model, our study sug-
gests that the nuclear pore basket-associated MYC coordi-
nates transcriptional and epigenetic regulators to facilitate
gene induction in response to extracellular stimulation
and cell cycle re-entry.

In summary, our study addresses post-translational reg-
ulation of MYC localization within the nucleus. We char-
acterized the association between MYC and the nuclear
pore basket, which is tightly regulated by Ser62 phosphor-
ylation and PIN1-mediated isomerization of MYC. Our
study suggests that MYC proteins in the absence of



PIN1, although they may have elevated expression level
(Yeh et al. 2004), lack the conformation controlled by
PIN1 to efficiently localize to certain nuclear compart-
ments to facilitate the timely regulation of resident target
genes in response to extracellular stimuli. This process ap-
pears to be important in wound healing and deregulated
in cancer where high pS62MYC-GCN5-PIN1-TPR asso-
ciation was observed, suggesting a potential point of
therapeutic intervention, particularly given that, in an un-
challenged state, PIN1 knockout mice are viable. Togeth-
er, we provide mechanistic insight into MYC subnuclear
localization and its effects on gene regulation, illuminat-
ing our understanding of spatial control of gene expression
in cellular responses to environmental changes that may
contribute to phenotype plasticity in normal and diseased
states.

Materials and methods

Cell culture, transfection, and adenoviral infection

Generation of the MEFs and the following serum stimulation ex-
periments were performed as described previously (Yeh et al.
2004). The Cre-inducible MYC-expressing MEFs were derived
from mice described previously (Wang et al. 2011), and HeLa,
Sa0s2, and U20S cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% standard fetal
bovine serum (FBS), 2.5 mM L-glutamine, and 1x penicillin—
streptomycin. Plating of cells was done to achieve 60%-80% con-
fluency 24 h after split for transfection. For serum stimulation,
passage two primary wild-type or PIN1 knockout MEFs were
grown to density arrest. Cells were split into ~50% confluence
in 0.2% FBS medium and starved for 2 d. Cells were then se-
rum-stimulated with 20% FBS medium for the indicated length
of time.

All transfections were performed using Lipofectamine 2000
(Life technology). Total transfected DNA was held constant (un-
less indicated otherwise) by the addition of empty control plas-
mid and included 50 ng of CMV-b-gal to normalize for
transfection efficiencies between experimental conditions. The
Pinl adenovirus (AdPinl) was generated as described previously
(Yeh et al. 2004). The Cre adenovirus (AdCre) was obtained
from ViroQuest. For adenovirus infection, AdPinl or AdCre (mul-
tiplicity of infection [MOI] = 10) was added to ~1 x 10° cells in 500
pL of serum-free DMEM. Infected cells were incubated for an ad-
ditional 18 h before analysis.

Immunofluorecense

Cells plated on chamber slides were grown to 70% confluence,
fixed with 4% PFA for 15 min, and blocked with blocking solu-
tion for 30 min followed by incubating the primary antibodies
overnight at 4°C with shaking. The next day, samples were incu-
bated with secondary antibodies for 1 h at room temperature,
stained for DAPI for 5-10 min, and processed to confocal imaging
(Zeiss, LSM880).

For tissue samples, formalin-fixed slides were dewaxed in
xylene and rehydrated in decreasing concentrations of alcohol
followed by washing twice in tap water. The slides were then
incubated in antigen retrieval buffer (Lab Vision citrate buffer,
Thermo Scientific) for 30 min at 99°C, cooled down to room tem-
perature, and rinsed in distilled water (dH,O). Next, the slides
were blocked for 15 min in 1.5% H,0O, solution in PBS, rinsed
in dH,0, and rinsed once in Tris-buffered saline with Tween 20
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(TBST) buffer. Samples were blocked with 1% bovine serum albu-
min (BSA) for 30 min, followed by primary antibody incubation
(1:100) overnight at 4°C. The next day, after washing, samples
were incubated with secondary antibodies for 1 h at
room temperature in a dark chamber, stained for DAPI for
20 min, and mounted with ProLong Gold anti-fade mountant
(Thermo Fisher).

Cell fractionation assay

The cell fraction assays were done based on previous protocols
(Myant et al. 2015). For fractionation of cellular proteins to cyto-
plasmic, soluble nuclear, and insoluble nuclear fractions, cells
were resuspended in 500 pL of buffer A (10 mM HEPES at pH
7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTG, 0.1% NP-40,
1.5 mM MgCl,) and incubated for 15 min at 4°C with rotation. Af-
ter homogenizing with B pestle douncing 12 times followed by
spinning down, the supernatant (cytoplasmic fraction) was col-
lected, and the pellet was resuspended in 125 pL of buffer B
(20 mM HEPES at pH 7.9, 150 mM NaCl, 0.25 mM EGTA 1.5
mM, MgCl,, 10% glycerol) followed by rotation for 20 min at
4°C. The supernatant was collected as nuclear-soluble fraction.
The pellet was resuspended in 250 pL of RIPA buffer (50 mM
Tris-HCI at pH 7.5, 150 mM NaCl, 0.5% DOC, 0.1% SDS, 1%
NP-40) and sonicated, and supernatant was collected as insoluble
nuclear fraction.

Coimmunoprecipitation and Western blotting

Coimmunoprecipitation was performed based on previously
published protocols (Markiewicz et al. 2002). Briefly, rabbit IgG
protein A beads were coupled to TPR-specific antibody by incuba-
tion for 12 h at 4°C in the presence of 1% BSA. Asynchronously
growing cells were extracted with hypotonic solution containing
10 mM HEPES (pH 7.9}, 10 mM KCI, 0.1 mM EDTA, 0.1 mM
EGTG, 0.1% NP-40, 1.5 mM MgCl,, and protease inhibitors. Af-
ter a 10-min incubation at 4°C with homogenization, samples
were centrifuged for 5 min in an Eppendorf microcentrifuge to
isolate nuclei. Nuclei were extracted with buffer containing
150 nM NaCl, and samples were centrifuged at 13,000 rpm for
5 min. Soluble fractions after dialysis to PBS/0.1% Triton X-100
were processed for immunoprecipitation by using the specified
antibody coupled to 100 uL of rabbit IgG protein A or G beads. Af-
ter a 2-h incubation at 4°C, beads were washed three times with
5 vol of PBS/0.1% Triton X-100 and prepared for gel electrophore-
sis and immunoblotting.

Cell lysates were run on SDS-PAGE gels and transferred to
Immobilon-FL membranes (Millipore). The membranes were
blocked with Odyssey blocking buffer (LI-COR Biosciences). Pri-
mary antibodies were diluted in 1:1 Odyssey blocking buffer-PBS
with 0.05% Tween 20. Primary antibodies were detected with
secondary antibodies labeled with the near-infrared fluorescent
dyes IRDye800 (Rockland) and Alexa fluor 680 (Molecular
Probes). Secondary antibodies were diluted 1:10,000 in 1:1 Odys-
sey blocking buffer-PBS with 0.05% Tween 20. Blots were
scanned with an Odyssey infrared imager (LI-COR Biosciences)
to visualize proteins, and bands were quantified using the LI-
COR Odyssey software.

Plasmids and siRNA

Construction of expression plasmids CMV-empty, CMV-Myc,
pDEST40-His/V5-c-Myc, pD40-His/V5-c-MycT58A, and pD40-
His/V5-c-MycS62A have been described previously (Sears et al.
1997; Yeh et al. 2004). pDEST40 constructs encoding Xenopus
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Pinl (wild type, WW mutant, and CI09A mutant) cDNAs were
described previously (Farrell et al. 2013).

siRNA was purchased from the following resources and per-
formed according to the manufacturers: Lamin A/C (Sigenome,
Dharmacon), NUP153 (Thermo Fisher, 137886), NUP214 (Santa
Cruz Biotechnology, sc-106320), NUP98 (Thermo Fisher,
AM1670), CDK4 (Santa Cruz Biotechnology, sc-29261), ERK
(Cell Signaling Technology, 6560), CDK2 (Santa Cruz Biotechnol-
ogy, sc-156139), MYC (Qiagen, SI00300902), and PIN1 (Dharma-
con, OnTarget).

Antibodies

The following antibodies were used: MYC (monoclonal anti-pS62
[Abcam, ab78318] and polyclonal anti-pS62 [Zhang et al. 2012]),
anti-pT58 (Abm, YO11034), anti-total (Santa Cruz Biotechnology,
N262 and C33), PIN1 (Santa Cruz Biotechnology, sc-15340; No-
vas Biologicals, 2f2), TPR (Santa Cruz Biotechnology, sc121094
and sc67116), GCN5 (Santa Cruz Biotechnology, sc20698),
CDK2 (Santa Cruz Biotechnology, sc-163), CDK4 (Santa Cruz
Biotechnology, sc-160), ERK (CSG, 4695S) H3 (Upstate Biotech-
nology, 31560), H3ac (Millipore, 06-599), NUP153 (Abcam,
ab24700), NUP98 (Santa Cruz Biotechnology, sc-74578),
NUP214 (Abcam, ab70497), Lamin A/C (Santa Cruz Biotechnol-
ogy, sc-7292, sc-2068, and sc-6215), V5 (Invitrogen, 1718556),
and HA (Abm, G036).

c¢DNA preparation

Transfected HEK293 cells were collected in 1x PBS with 1 mM
EDTA, and 5% of the cells were reserved for pgal assay and West-
ern analysis. RNA was isolated from cells exhibiting transfection
efficiencies within 5% of each other using TRIzol reagent from
Invitrogen. cDNA was made using the M-MLYV reverse transcrip-
tase according to the manufacturer’s protocol (Invitrogen). Immu-
nomix Red (2x) from Bioline was used for PCR analysis of cDNA
(see the Supplemental Material for primer sequence and thermo-
cycler setup).

Quantitative RT-PCR (qRT-PCR) analysis

RNA was isolated from 293tr-V5-Axin1 cells collected in ImL of
TRIzol reagent (Invitrogen) according to the manufacturer’s pro-
tocol. Isolated RNA was DNase-treated in 100 mM MgCl,, 10
mM DTT, RNasin (Promega), and RNase-free DNase (Roche)
for 15 min at 37°C and purified using RNeasy (Qiagen). cDNA
was made from DNase-treated RNA using M-MLV reverse tran-
scriptase (Invitrogen) according to the manufacturer’s protocol
with oligo dT primers. QqRT-PCR analysis was done using the
specified primers (Supplemental Fig. S11) and TBP control as de-
signed by Applied Biosystems on a 7300 qRT-PCR machine
(Applied Biosystems) according to the manufacturer’s preset
gRT-PCR cycle conditions.

STORM

The multicolor imaging of the two-color sample was imaged
on a custom-built multispectral superresolution microscope
(MSSRM) (Huang et al. 2018). Signals from the sample were col-
lected through a 60x TIRF objective (Nikon 60x TIRF) and split
between a positional channel and a spectral channel to enable
simultaneous imaging of multiple fluorophores without having
to use emission filters. The MSSRM setup achieves ~12-nm spec-
tral resolution and hence is able to distinguish single Dyomics
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634 and Alexa fluor 647 molecules reliably, with spatial resolu-
tion of 20 nm.

MSSRM imaging of fluorescently stained cells was performed
in PBS buffer supplemented with 1% p-mercaptoethanol (BME),
5 pg/mL glucose oxidase (Sigma, G2133-50 kU), 0.4 pg/mL cata-
lase (Sigma, C100-50 MG), and 10% (w/v) glucose (Fisher Chem-
icals, D16-500). The EM-CCD was operated in frame transfer
mode at 15 msec per frame with a gain setting of 300. Raw images
were acquired using an open source micromanager software suite
(https://micro-manager.org). Image analyses for extracting single-
molecule localization spectra were all performed with custom
MatLab (Mathworks) scripts as described previously. Coordinates
of single molecules were grouped based on their peak emission
wavelength. Images in each channel were then rendered sepa-
rately and recombined with Fiji software (http://imagej.net/Fiji)
into a composite image.

STORM data analysis

The two-channel images showed significant colocalization of
MYC with NPC, as shown by the yellow color in Figure 1H and
Supplemental Figure S2C. Pair correlation distribution of these
two channels clearly showed that MYC and NPC molecules pre-
dominated in a cluster within a diameter of 100-nm range. Pair
correlation distribution function was processed by a home-built
MatLab/C package (Ripley 1977).

PLA

The PLA was performed following the manufacturer’s protocol
(Duolink, Sigma). Briefly, cells plated on chamber slides were
grown to 70% confluence, fixed with 4% PFA for 15 min, and
blocked with blocking solution for 30 min followed by incubation
of the primary antibodies overnight at 4°C with shaking. The next
day, samples were incubated with PLA probes for 1 h at room
temperature and 1 h at 37°C followed by ligation for 1 h at
37°C. After a brief wash, amplifications were carried out for 2 h
at 37°C (secondary antibodies were added if needed for counter-
staining of the third protein) before staining for DAPI for 5-10
min followed by confocal imaging (Zeiss, LSM880).

For tissue samples, formalin-fixed slides were dewaxed in xy-
lene and rehydrated in decreasing concentrations of alcohol fol-
lowed by washing twice in tap water. The slides were then
incubated in antigen retrieval buffer (Lab Vision citrate buffer,
Thermo Scientific) for 30 min at 99°C, cooled down to room tem-
perature, and rinsed in distilled water (dH,O). Next, the slides
were blocked for 15 min in 1.5% H,O, solution in PBS, rinsed
in dH,0, and rinsed once in Tris-buffered saline with Tween 20
(TBST) buffer. Finally, the PLA was performed following the
PLA protocol for cell staining from blocking slides by blocking
solution.

Tertiary PLA for Supplemental Figure S4B was performed based
on Soderberg et al. (2006). Primary antibodies against TPR,
pS62MYC, and GCN5 were conjugated with probe oligonucleo-
tide A (SH-AAAAAAAAAAGACGCTAATAGTTAAGACGC
TT [UUU]J), probe oligonucleotide B (SH-AAAAAAAAAAA
TGGCCGACTCACGAATT AGA [UUUYJ), and probe oligonucle-
otide C (SH-AAAAAAAAAATATGACAGAACTAGACACTC
TT), respectively. Ligations were performed by adding connector
oligonucleotide A (P-CTATTAGCGTCCAGTGAATGCGAGT
CCGTCTAAGAGAGTAGTACAGCAGCCGTCAAGAGTGTC
TA), connector oligonucleotide B (P-GTTCTGTCATATTTATC
TAATTCGT), and connector oligonucleotide C (P-GAGTCGG
CCATAGTATCCTTTAAGCGTCTTAA). Amplification was
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performed using /5Alexa594/CAGTGAATGCGAGTCCGTCT
and analyzed by Zeiss LSM 880 confocal microscopy.

Nuclear radial distribution analysis

Single-nucleus images were processed in ImageJ to separate the
signal (PLA or FISH) channels from the DAPI channels. The
DAPI channel was processed in Image] to generate a distance
map; the signals were filtered and analyzed by Image] through
the “analyze particles” algorithm and then overlaid with the
DAPI channel to measure the distance from the center of nucleus.
The Image] macros and parameters are available on request. Fi-
nally, histograms were generated using Graphpad Prism.

ChIP-seq analysis

ChIP assays were performed as described previously (Farrell et al.
2013). Cells were cross-linked with formaldehyde to a final con-
centration of 1% in medium and incubated for 10 min at room
temperature. Cells were collected in 1x phosphate-buffered sa-
line (PBS) and 1 mM EDTA and pelleted by gentle centrifuga-
tion. The cells were resuspended in 700 pL of ChIP lysis buffer
(0.1% SDS, 0.5% Triton X-100, 20 mM Tris-HCI at pH 8.1,
150 mM NaCl). The cell lysates were sonicated six times (out-
put=3.5; 30% duty cycle; 10 pulses) and then cleared by centri-
fugation at 14,000 rpm for 15 min at 4°C. Cell lysates were
precleared with 50 puL of a 50% slurry of protein A beads for 1
h with rotation at 4°C. The lysates were again cleared by centri-
fugation at 14,000 rpm for 5 min at 4°C. Immunoprecipitations
were performed with 2 pg of each antibody overnight at 4°C.
Two micrograms of normal rabbit IgG or normal mouse IgG
(Santa Cruz Biotechnology) was used as a negative control.
The immunoprecipitates were washed six times with ChIP lysis
buffer and twice with 1x Tris-EDTA (TE). Samples were rotated
for 15 min at 4°C for each wash step. The immunoprecipitates
were eluted from the beads with elution buffer (0.1 M NaHCO;,
1% SDS) by rotation for 15 min at room temperature. The elu-
tion products were transferred to new tubes, 5 M NaCl was add-
ed to a final concentration of 0.2 M, and samples were incubated
overnight at 65°C. DNA was purified with the QIAquick PCR
purification kit (Qiagen) and used for qPCR analysis with the
specified primers.

ChIP-seq and the analysis were done based on the previously
published method (Xie et al. 2011). ChIP data were filtered to re-
move sequences duplicated more than twice (the first two se-
quences were used). A sliding window of 500 base pairs (bp) was
then used to call peaks with a peak FDR threshold of 0.05. Only
peaks that were at least fourfold over background were accepted
(using YS_Pinl_null bl_ INPUT as background input). Peaks
within 5 kb of satellite repeats were also rejected. “Consistency
analysis of peak calling on replicates” (https://github.com/
spundhir/idr) was applied to each pair of replicate ChIP peaks to
select consistently detected peaks with an IDR FDR threshold
of 0.05 for genome-wide peak calling or 0.10 for peaks around
the TSS. These IDR peaks from both wild-type replicates and
PIN1 knockout replicates were merged to give a set of enriched
and reproducible peaks to further analyze. The original ChIP-
seq data were then filtered to allow only sequence alignments
in these regions. Counts were then normalized to total sequence
counts in these regions. For annotation to genes and binding com-
parisons, sums of these filtered and normalized sequence counts
were generated for 2-kb windows centered on the TSSs for RefSeq
genes. DESeq2 software was used for differential analysis of
unnormalized count data.
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RNA-seq analysis

c¢DNA libraries were sequenced on the Illumina HiSeq 2000 as
101-bp single-end reads. Base calling was performed using Illu-
mina RTA (version 1.13.48), and conversion to FASTQ was per-
formed using CASAVA (version 1.8.2, Illumina). Reads were
then trimmed to 44 bases, discarding the first 4 bases and then
keeping the next 44 bases. Trimmed reads were aligned to the
mm9 reference genome using Bowtie software (version 1.0.0) al-
lowing up to three mismatches and requiring best unique match-
es. Custom R scripts were used to count tags that aligned to the
exons of University of California at Santa Cruz (UCSC) RefSeq
gene models. DESeq2 software was used for differential gene ex-
pression analysis.

ATAC-seq assay and analysis

ATAC-seq was performed using the Omni-ATAC protocol (Cor-
ces et al. 2017) without the use of digitonin. All PCR amplifica-
tion was performed on a Bio-Rad CFX system for real-time
monitoring, and reactions were pulled once exponential amplifi-
cation was reached at 10 cycles. Libraries were sequenced on an
Tllumina NextSeq500. Reads were aligned using bwa mem fol-
lowed by duplicate removal using SAMtools. Peaks were called
using MACS2 with default parameters. We then constructed a
site x sample count matrix that served as the basis for all subse-
quent analyses using the union peak set. Hierarchical clustering
was performed on the Pearson correlation of the term frequen-
cy-normalized count matrix after binarization to the median
threshold. Differential accessibility analysis was performed on
the raw count matrix using a negative binomial test and setting
the threshold for inclusion as a g-value <0.001 and a log, fold
change >1. Peak sets were intersected using Intervene. Motif en-
richment analysis was performed using ChromVAR (Schep et al.
2017). To calculate significance of enrichment for distinct peak
sets, we performed a CHT with the total set of ATAC-seq peaks,
the set of differentially accessible peaks, the set of ChIP-seq peaks
or motif sites that intersect with ATAC-seq peaks, and then the
subset of those intersected peaks that are present in the differen-
tially accessible peak set. We then performed an FDR test to only
consider significantly enriched peak intersections if they meet an
FDR threshold of 5%.

Additional bioinformatics analysis

GSEA was performed with 1000 permutations and default values
for other parameters. Ranked lists were run against the C5_all
gene sets from the MSigDB (http://www.broadinstitute.org/
gsea/msigdb). All GSEA results are available in Supplemental
Table 3. GO analysis was performed using default settings via
DAVID (Huang et al. 2009). All GO results are available in Supple-
mental Table 7. For MYC-binding motif analysis, Peaks were
called using a sliding window-based peak caller. Sex chromo-
somes were ignored, and tags duplicated more that twice were ig-
nored. Some of the highest peaks appeared to be associated with
artifacts and were removed. Reference sequence was obtained
in a range =25 bases around the center of mass of these peaks.
These sequence fragments were filtered to remove any that
spanned repetitive regions as flagged in the reference genome.
The remaining sequence fragments were sorted based on the
height of their associated peaks, and the top 500 of these were
used as input to the Weeder de novo motif discovery tool (version
1.4.2). The following parameters were used with Weeder: “MM
small M S 15” (Pavesi et al. 2001). The R Bioconductor software
package seqLogo was used to generate sequence logos from the
Weeder output. For averaged sequence density profiles at E-box
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sites, sums of filtered and normalized sequence counts in a 5-kb
window centered on canonical CACGTG E-boxes were scaled
based on the number of E-boxes.

In vitro and in vivo wound healing assays

In vivo cutaneous wound healing was performed as described pre-
viously (Chmielowiec et al. 2007). Three pairs of gender-matched
isogenic wild-type and PIN1 knockout siblings at 6 wk were used
for the experiment. For in vitro wound healing assays, ~5000 cells
were plated in each well of 96-well plates. Cells were treated with
10 pg/mL mitomysin C for 2 h before scratching. The wound ar-
eas were generated by WoundMaker (96-well, ESSEN BioScience).
The closure of the wound was analyzed by IncuCyte live-cell
analysis (ESSEN BioScience).

Data and statistics

Each PLA experiment included at least three independent biolog-
ical replicates. PLA was quantified to illustrate the cell-to-cell
variance (from >50 cells) in a representative experiment from at
least three biologic replicates, since the variation of averages
across experiments was less than cell-to-cell variance in all PLA
experiments. To test for global correlation between ChIP-
seq and RNA-seq data, we used the fisher.test() function in R to
test a 2-by-2 contingency table, checking separately for over/
underenrichment of up-regulated or down-regulated genes in
our RNA-seq data (Supplemental Table 4) in the genes with en-
richment of binding within 10 kb of the TSS for our wild-type
Myc ChlIP-seq versus Pinl knockout data (Supplemental Table
5). Graphpad Prism was used to calculate average fold changes
and standard errors. Statistical significance was calculated using
atwo-tailed t-test (P <0.05 [*], P<0.01 [**], and P <0.001[***]) as in-
dicated in the graphs. If no P-value is shown, the comparison was
not relevant or not significant.

Data accessibility

RNA-seq, ChIP-seq, and ATAC-seq data has been deposited into
Gene Expression Omnibus under accession number GSE109459.
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