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The hypoxia-inducible factor 1-a (HIF-1a) enables cells to adapt and respond to hypoxia
(Hx), and the activity of this transcription factor is regulated by several oncogenic
signals and cellular stressors. While the pathways controlling normoxic degradation of
HIF-1a are well understood, the mechanisms supporting the sustained stabilization and
activity of HIF-1o under Hx are less clear. We report that ABL kinase activity protects
HIF-1a from proteasomal degradation during Hx. Using a fluorescence-activated cell
sorting (FACS)-based CRISPR/Cas9 screen, we identified HIF-1a as a substrate of the
cleavage and polyadenylation specificity factor-1 (CPSF1), an E3-ligase which targets
HIF-1a for degradation in the presence of an ABL kinase inhibitor in Hx. We show that
ABL kinases phosphorylate and interact with CUL4A, a cullin ring ligase adaptor, and
compete with CPSF1 for CUL4A binding, leading to increased HIF-1a protein levels.
Further, we identified the MYC proto-oncogene protein as a second CPSF1 substrate and
show that active ABL kinase protects MYC from CPSF1-mediated degradation. These
studies uncover a role for CPSF1 in cancer pathobiology as an E3-ligase antagonizing
the expression of the oncogenic transcription factors, HIF-1a and MYC.
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Oxygen is essential for the survival of all aerobic organisms. As a result, pathways have
evolved to allow cells to sense and respond to fluctuations in oxygen availability. In the
presence of oxygen, hypoxia-inducible factor-ot (HIF-a) is prolyl-hydroxylated by a family
of 2-oxoglutarate-dependent dioxygenases (PHD1-3) and, subsequently, interacts with
the von Hippel-Lindau ubiquitin ligase (pVHL) complex (1-7). This complex ubiquit-
inates HIF-a, promoting its degradation by the 26S proteasome under normoxia (Nx).
In hypoxic cellular environments, VHL does not interact with HIF-a, resulting in its
accumulation in cells (4). Stabilized HIF-a dimerizes with constitutively expressed HIF-1f
to form an active HIF transcriptional complex that controls the expression of target genes
needed for adaptation to hypoxic environments (1, 2, 4).

The mechanism(s) regulating the degradation of HIF-a during Nx by the pVHL com-
plex are well understood. However, the signaling pathways and factors that support the
sustained expression and activation of HIF-a during Hx outside of PHD inhibition are
not as clearly defined (8). We and others have shown that the ABL family of nonreceptor
tyrosine kinases, ABL1 and ABL2, enable cancer cells to respond to diverse stress stimuli
by activating pathways necessary for survival (9—12). The ABL kinases often potentiate
these responses by inducing the stability and/or transactivation of transcriptional regulators
(9, 12-16). Thus, we hypothesized that the ABL kinases may modulate the cellular response
to Hx. We found that ABL kinase activity is necessary for the stabilization of Hx-inducible
factor 1-a0 (HIF-1a) protein during Hx, and activation of the ABL kinases during Nx was
sufficient to elevate HIF-1a protein levels. Further, we show that the ABL kinases promote
HIF-1a protein stability in Hx by protecting it from proteasomal degradation. Using a
flow cytometry-based CRISPR/Cas9 screen, we identified cleavage and polyadenylation
specificity factor-1 (CPSF1) as the E3-ligase targeting HIF-1a for destruction after ABL
kinase inhibition. Notably, we determined that a second oncoprotein transcription factor,
MYC, is also regulated by the ABL-CPSF1 axis. These data reveal a critical role for the
ABL kinases in supporting the stabilization of the oncogenic transcription factors HIF-1a
and MYC by antagonizing the activity of the CPSF1 E3-ligase complex.

Results

ABL Kinase Inhibition Decreases HIF-10t Protein Levels in Hx. Pharmacological inhibition
of the ABL kinases using the allosteric inhibitors ABL0O01 or GNF5 decreased HIF
transcriptional activity as assessed using a Hx response element reporter stably expressed
in either EGFR-mutant PC9 lung cancer cells or in HEK293T cells under hypoxic
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Significance

The hijacking of transcription
factor networks to drive
processes of pathological
importance is a common
occurrence in cancer. Hypoxia-
inducible factor 1-a (HIF-1a) and
MYC are transcription factors
that induce the expression of
genes essential for cancer
progression. Here, we report that
HIF-1a and MYC are both
indirectly targetable through
inhibition of ABL kinases.
Mechanistically, we found that
loss of ABL kinase activity leads
to the recognition and
subsequent ubiquitination of
HIF-1« and MYC by the cleavage
and polyadenylation specificity
factor-1 (CPSF1) E3-ligase
complex leading to their
proteasomal degradation.
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Fig. 1.

ABL kinases are necessary for hypoxic accumulation of HIF-1a. (A and B) Bioluminescence levels of PC9 and 293T cells transduced with a hypoxia

response element reporter and treated with ABLOO1 (20 pM) during normoxia (Nx) or hypoxia (Hx) (1% O,) for 24 h. (C) Immunoblot (IB) analysis of whole-cell
lysates (WCL) derived from HEK293T and PC9 cells treated with ABLOO1 (20 uM) or GNF5 (20 pM) during normoxia or hypoxia (1% O,) for 24 h. (D) IB analysis
of WCL derived from KRAS-mutant lung cancer cells (H460, H2030) and triple-negative (TN-) breast cancer cells (SUM159, MDA-MB-231) treated with GNF5
during normoxia or hypoxia (1% O,) for 24 h. (E) IB analysis of WCL derived from PC9 cells transduced with indicated short hairpin RNA (shRNA) lentiviruses and

cultured under normoxia or hypoxia for 24 h.

conditions (Fig. 1 A and B and SI Appendix Fig. S1 A-C). As the
ABL kinases have previously been shown to regulate the expression
of transcriptional regulators (9, 12-16), we investigated the extent
to which decreased HIF activity observed in hypoxic conditions
was attributable to changes in the abundance of the HIF family
members, HIF-1a, -2a, and 1p. Treatment with allosteric ABL
kinase inhibitors resulted in decreased HIF-1aw protein levels in
multiple EGFR- or KRAS-mutant lung cancer cells and in triple-
negative breast cancer cells without a consistent change in HIF-2a
or HIF-1 levels (Fig. 1 Cand D). Treatment with an orthosteric,
ATP-competitive ABL kinase inhibitor, nilotinib, elicited a similar
decrease in HIF-1a levels without impacting HIF-2a and HIF-
1P levels (S Appendix Fig. S2A). The maintenance of HIF-la
protein levels during pseudohypoxia (chemically induced Hx) was
also dependent on ABL kinase activity (SI Appendix Fig. S2B).
The ABL1 and ABL2 nonreceptor tyrosine kinases have a highly
homologous amino terminal kinase domain (90%) and a carboxy
terminal domain (29%) that evolutionarily diverged after a gene
duplication event (17). We and others have found both overlapping
and nonredundant functions for the ABL kinases (12). Knockdown
of either ABL1 or ABL2 resulted in a profound decrease in HIF-1a
protein levels in hypoxic conditions, suggesting a threshold effect of

decreased ABL kinase activity (Fig. 1£ and SI Appendix Fig. S2C).

ABL Activation Increases HIF-1ct Protein Levels. ABL kinase activity,
but not total protein levels, becomes elevated in Hx (Figs. 1 C and
D and 24). Thus, we investigated whether the activation of the ABL
kinases was sufficient to increase HIF-1a levels. The ABL kinases
can be activated with point mutations that disrupt intramolecular
inhibitory interactions or treatment with an allosteric activator
(SI Appendix Fig. S3A). Site-direct mutagenesis of two proline (P)
residues located in the ABL SH2-SH1 linker to glutamate (E) leads to
a release of the ABL autoinhibited state and increased kinase activity
(18). Mutation of a single proline residue to glutamate led to a partial
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activation, while mutation of both proline residues to glutamate
produced maximally activated ABL1 and ABL2 kinases as detected
by immunoblotting for phosphotyrosine (p-Y) (Fig. 2B). This
dose-dependent increase in ABL kinase activity resulted in a dose-
dependent increase in HIF-1a levels (Fig. 2 Band Cand S7 Appendix
Fig. S3B). Similarly, treatment with an allosteric activator (DPH) of
the ABL kinases increased HIF-1a levels (Fig. 2D).

The enhanced accumulation of HIF-1a protein levels observed
upon coexpression of activated ABL1EE was reversed by ABL
allosteric inhibitors (Fig. 2E). Further, we found that wild-type (WT)
and SH3-domain mutated (P131L) ABL1 induced HIF-1a expres-
sion, while the catalytically inactive (K290M) ABLL1 did not affect
HIF-1a levels (Fig. 2F). Mutation of the SH2 domain of ABLI
(R171K), which disrupts the binding to tyrosine-phosphorylated
substrates, increased HIF-1a protein levels to a lesser extent than
active ABL1 mutants (Fig. 2F). These data demonstrate that the ABL
kinases are necessary to maintain HIF-1a protein under conditions
of Hx and that activation of the ABL kinases is sufficient to
increase HIF-1a protein levels.

ABL Kinase Regulation of HIF-10x Does Not Occur Transcriptionally.
A complex network of signaling pathways enable the accumulation of
HIF-1ain Hx through transcriptional, translational, and posttransla-
tional processes (1, 2, 6-8). To investigate the mechanism(s) by which
ABL kinase activity impacts HIF-1a levels, we first examined the im-
pact of these enzymes on H/FIA mRNA levels. While H/F1A mRNA
decreased during Hx as shown previously (19), neither pharmacologic
inhibition nor short hairpin RNA (shRNA)-mediated knockdown of
the ABL kinases resulted in significant alterations of H/F14 mRNA
levels (SI Appendix, Fig. S4 A and B). Next, we investigated whether
the hypoxic stabilization of HIF-1a produced from an ectopical-
ly expressed HIF-1o transgene under the control of a heterologous
promoter, was impacted by ABL kinase inhibition. Indeed, similar
to endogenous HIF-1a, ABL kinase inhibition resulted in decreased
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ABL Kinases Regulate the Proteasomal Degradation of HIF-1ct.
HIF-1a protein levels are regulated in large part by the activity of
the ubiquitin-dependent 26S proteasome pathway (1, 2). We found
that decreased expression of endogenous HIF-1a protein induced
by ABL allosteric inhibition with GNF5 or upon knockdown of
ABL1 and ABL2, was reversed by inhibition of the proteasome
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ACTIN

10 uM) as indicated for 24 h before harvesting.
(E) 1B analysis of WCL derived from HEK293T
cells transfected with 3xFlag-HIF1A and ABL1-
eGFP constructs for 24 h and then treated with
ABLO01 and GNF5 as indicated for 24 h before
harvesting. (F) IB analysis of WCL derived from
HEK293T cells transfected with 3xFlag-HIF1A and
indicated ABL1-eGFP constructs for 48 h.

with MG132 in lung cancer cells (Fig. 34 and SI Appendix Fig.
S5A). Similarly, inhibition of the proteasome with MG132 reversed
the decrease of exogenous Flag-tagged-HIF-1at protein levels after
ABL kinase inhibition with allosteric inhibitors in HEK293T cells
coexpressing kinase-active ABLIEE-eGFP (Fig. 3B). Moreover,
endogenous HIF-1a was highly ubiquitinated after loss of ABL
kinase activity in both lung cancer and breast cancer cells (Fig. 3C
and S/ Appendix Fig. S5B). Moreover, activation of ABLI and
ABL2 decreased HIF-1a ubiquitination (Fig. 3D and S/ Appendix
Fig. S5C). Importantly, we found that PC9 and HEK293T cells
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Fig. 3. The ABL kinases regulate the
proteasomal degradation of HIF-1a. (A) IB
analysis of WCL derived from PC9 cells treated
with ABLOOT and MG132 (4 uM) as indicated
during hypoxia for 24 h. (B) IB analysis of WCL
derived from HEK293T cells transfected with
3xFlag-HIF1A and ABL1-eGFP constructs for
24 h and then treated with ABL001, GNF5, and
MG132 as indicated for 24 h before harvesting.
(C) IB analysis of IP and WCL derived from PC9
and SUM159 cells treated with ABLOOT and
MG132 as indicated during hypoxia for 24 h. (D)
IB analysis of IP and WCL derived from HEK293T
cells transfected with 3xFlag-HIF1A and ABL1-
eGFP constructs for 24 h. (F) Proposed model
depicting that loss of ABL kinase activity leads
to HIF-1a ubiquitination and proteasome-
mediated protein degradation.
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did not exhibit a global change in total ubiquitination levels and
proteasome activity after treatment with the ABL0O01 allosteric
inhibitor (87 Appendix, Fig. S6 A-C). These data support the
model that ABL kinase activity impairs HIF-1a ubiquitination
and proteasome-mediated protein degradation without impacting
global ubiquitination and proteasome activities (Fig. 3E).

Fluorescence-Activated Cell Sorting (FACS)-Based CRISPR/Cas9
Nominates CPSF1 as the ABL-Dependent HIF-1o¢ Targeting
E3-Ligase. To identify the ABL-dependent E3-ligase(s) regulating
HIF-1la protein stability, we conducted a FACS-based CRISPR/
Cas9 screen using a custom sgRNA library targeting 593 known
and predicted human E3-ligases in PC9 lung cancer cells. This
library was transduced into PC9 cells and then incubated in the
presence of an ABL kinase inhibitor in hypoxic conditions for 24 h
(Fig. 4A). Staining with a fluorophore-conjugated antibody against
HIF-1la and subsequent FACS-based sorting of HIF-1a high- and
low-expressing cell populations, revealed E3-ligase components that
impacted HIF-1a protein levels after ABL inhibition (Fig. 48 and
SI Appendix, Fig. S7 A-D). The top scoring genes whose loss rescued
HIF-1a protein levels during ABL inhibition included RBX1 and
CPSF1, while VHL did not score as a hit (Fig. 4B and SI Appendix,
Fig. S7 E-G). RBXI is a well-studied component of the catalyt-
ic core in the majority of multisubunit cullin ring ligase (CRLs)
complexes (-500 complexes) (20). Thus, we evaluated how CPSF1
protein might be involved in the regulation of HIF-1a stability.

CPSF1 Is an E3-Ligase Targeting HIF-1ot. CPSF1 is an essential gene
whose primary known function is as a core scaffolding component
of the CPSF complex (21). This complex is necessary for proper
3’-polyadenylation of eukaryotic pre-mRNAs, and loss of CPSF1
impairs the maturation of the bulk of eukaryotic mRNA transcripts

(22). In addition to its role in mRNA maturation, CPSF1 shares
significant structural similarity with the CRL adaptor DDB1 (23).
However, an E3-ligase activity has not previously been ascribed to
CPSF1, although it was reported that immunoprecipitated CPSF1
protein complexes from cultured cells exhibit in vitro E3-ligase
activity (23, 24). Mining the BioGRID database uncovered CPSF1
as a potential HIF-1a interactor (25, 26). We demonstrated that
CPSF1 coimmunoprecipitates with HIF-1a in the presence of
the proteasome inhibitor MG132 (Fig. 4C). Expression of CPSF1
led to a profound loss of HIF-1a protein accumulation in Hx
that was reversed by proteasomal inhibition (Fig. 4 D and E and
SI Appendix Fig. S8). HIF-1a was highly ubiquitinated following
CPSF1 expression in Hx, thereby establishing a link between this
E3 ligase, ubiquitination, and the proteasome (Fig. 4 Fand G).

CPSF1 Is an E3-Ligase Targeting the HIF-1o¢ DNA-Binding
Domain (DBD). We next mapped the sites/domains within HIF-
la that were required for CPSF1-dependent degradation. It was
determined using deletion analysis that a mutant encompassing
the basic helix-loop-helix ((HLH) DBD of HIF-1a (AA 1-71)
remained responsive to CPSF1-mediated degradation (Fig. 5A4).
Since the structures of full-length CPSF1 and the DBD of HIF-1a
are available, we performed in silico docking of the HIF-1ae DBD
onto CPSF1 using the HDOCK protein—protein docking server.
CPSF1 was predicted to interact with the HIF-1a DBD using the
equivalent pocket that DDB1 uses to interact with DDB2 (Fig. 5B)
(23). The CPSF1 paralog DDBI1 has been shown to interact with
DxR/DxxR/DxxxR motifs in binding partners such as DDB2,
and mutation of the D and R residues is often sufficient to break
complex formation (27). Thus, we evaluated whether the single
DxxR motif in the HIF-1ae DBD might mediate the HIF-1o—
CPSF1 interaction. Indeed, mutation of D24 and R27 to alanine
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Fig. 4. CPSF1is a HIF-1o-targeting E3-ligase. (A) Scheme of the FACS-based CRISPR E3 ligase screen performed. (B) Snake plot depicting the f scores across 593
E3-ligase-related gene identified in PC9 lung cancer cells treated with ABL kinase inhibitor under hypoxia. (C) IB analysis of IP- and WCL-derived HEK293T cells
transfected with 3xFlag-HIF1A and HA-CPSF1 constructs for 24 h and then treated with MG132 during hypoxia for 24 h before harvesting. (D) IB analysis of WCL
derived from HEK293T cells transfected with 3xFlag-HIF1A and HA-CPS1 constructs for 24 h and then exposed to normoxia or hypoxia for 24 h. (E) IB analysis of
WCL derived from HEK293T cells transfected with 3xFlag-HIF1A and HA-CPSF1 constructs for 24 h and then treated with or without MG132 during hypoxia for
24 h before harvesting. (F) IB analysis of IP derived from HEK293T cells transfected with 3xFlag-HIF1A and HA-CSPF1 constructs for 24 h and then treated with
MG132 for the final 24 h. (G) Proposed model depicting CPSF1-dependent HIF-1a ubiquitination and proteasome-mediated protein degradation.
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residues (HIF-1oe D24A/R27A) resulted in a HIF-1a protein that
was not susceptible to degradation by CPSF1 (Fig. 5C, lanes 2 and
4). Further, HIF-1ae D24A/R27A failed to coimmunoprecipitate
with CPSF1 (Fig. 5D). Notably, the HIF-1ae D24A/R27A mutant,
which is no longer regulated by CPSF1, is also resistant to ABL
kinase inhibitor-induced degradation (Fig. 5E). HIF-1a D24 is
predicted to pair with CPSF1 R1049 using the HDOCK program
(Fig. 5B). We tested this prediction and found that the CPSF1
R1049A mutant did not induce HIF-1a turnover (Fig. 5F).

Our data revealed that a HIF-1ae D24A/R27A mutant is resistant
to CPSF1-dependent degradation (Fig.5 C and G). Others
reported that a HIF-la P402A/P564A is resistant to
VHL-dependent degradation (3) (Fig. 5G). Consistent with this
report, we found that expression of VHL led to profound loss of
WT HIF-1a protein levels but failed to degrade the HIF-la
P402A/P564A mutant protein (Fig. 5H). In contrast, VHL expres-
sion down-regulated the HIF-1a D24A/R27A mutant protein that
is resistant to CPSF1-induced degradation (Fig. 5H). These data
support the model that VHL and CPSF1 regulate HIF-1a protein
stability through distinct binding sites. Further support for this
model is provided by our finding that CPSF1 expression was suf-
ficient to decrease HIF-1a P402A/P564A protein levels (Fig. 51).
Further, while ABL kinase inhibition failed to down-regulate the
HIF-1a D24A/R27A mutant, ABL inhibition decreased expression
of the HIF-1a P402A/P564A mutant to the same extent as HIF-1a
wild type (Fig. 5 £and /). Together, these results support a role for
an ABL-dependent CPSF1 E3-ligase-targeting HIF-1a.

ABL Kinase Activity Protects HIF-1at from CPSF1-Dependent
Degradation. To determine whether CPSF1 is the E3-ligase
responsible for ABL inhibitor-dependent HIF-1a turnover,
we generated pools of cells (in the PC9 and HEK293T cell
background) in which CPSF1 was knocked out using CRISPR/
Cas9. In these CPSFl-depleted cells, HIF-la protein is
stabilized and is rendered insensitive to ABL kinase inhibition.

(Fig. 6A4). Further, expression of ABLI reversed the CPSF1-
dependent loss of HIF-1a (Fig. 6B). Moreover, endogenous
CPSF1 and HIF-1a only formed a detectable complex in cells
after treatment with an ABL kinase inhibitor (Fig. 6C). These
data are consistent with the model that active ABL kinases
support the stabilization of HIF-1a by inhibiting CPSF1 E3-
ligase activity (Fig. 6D).

ABL Interacts with and Phosphorylates CUL4A. Because ABL
tyrosine kinase activity is necessary to protect HIF-1a from
CPSF1-dependent degradation, we next investigated whether
HIF-1a and/or CPSF1 might be tyrosine phosphorylated by
ABL1. We did not detect ABL-dependent phosphorylation of
either protein (SI Appendix, Fig. S9). Unexpectedly, mining the
BioGRID database revealed that both ABL1 and ABL2 could
interact with the cullin adaptor CUL4A, which might function
as a potential CPSF1-scaffold protein in an E3 ligase complex
(25, 28). Indeed, we found that endogenous ABL1 and ABL2
coimmunoprecipitated with endogenous CUL4A (Fig. 7 A-C).
Importantly, the interaction between ABL kinases and CUL4A
was impaired by treatment of lung cancer cells with ABL0O1
(Fig. 7 A-C and SI Appendix Fig. S104).

To characterize the interaction between the ABL kinases and
CUL4A, we coexpressed eGFP-tagged ABL1 WT, kinase-inactive
(K290M), SH2-defective (R171K), and SH3-defective (P131L)
proteins with Flag-tagged CUL4A. While WT and SH3-defective
ABL1 proteins strongly coimmunoprecipitated with Flag-tagged
CULA4A, the SH2-defective ABL1 protein interacted with CUL4A
to a lesser extent (Fig. 7D). Notably, the kinase-inactive ABL1
K290M protein did not interact with CUL4A. These findings
suggest that the interaction between the ABL kinases and CUL4A
is dependent on ABL kinase activity. To identify the region of
CUL4A required for its interaction with ABLI, we generated
CUL4A truncation mutants (Fig. 7E). We found that the CUL4A
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DDB1 IS = DDB1 interaction site; CH domain = Cullin homology domain.

with His-tagged ABLI as deletion of the CUL4A DDBI1 IS
domain impairs binding to ABL1 (Fig. 7E).

Because ABL kinase activity is necessary for interaction with
CULA4A, we evaluated whether CUL4A is an ABL substrate.
Indeed, coexpression active ABL1-EE resulted in a marked
increase of CUL4A tyrosine phosphorylation (Fig. 7D and
SI Appendix Fig. §9). As ABL1 interacts with the CUL4A DDB1
IS domain (Fig. 7E), we reasoned that the site(s) of ABL-mediated
CUL4A tyrosine phosphorylation may localize within this
domain. Therefore, we generated phosphorylation-deficient
tyrosine to phenylalanine mutants for the five tyrosine residues
(Y58,Y81,Y87,Y103, and Y160) located within the DDB1 IS
domain (87 Appendix Fig. S10B). Both the CUL4A Y87F and
Y103F mutants demonstrated a partial reduction in
ABLI-dependent tyrosine phosphorylation (SI Appendix Fig.
S10B). Importantly, the CUL4A Y87F/Y103F double mutant
exhibited a marked decrease in binding to ABLI, as well as
ABLI-dependent tyrosine phosphorylation (Fig. 7F). Together,
these data demonstrate that the CUL4A scaffold protein is an
ABL1 substrate and interacts with the ABL kinases in a
kinase-domain and SH2-dependent manner.

ABL Kinase and CPSF1 Form Mutually Exclusive Complexes
with CUL4A. To evaluate whether CUL4A might function as
a scaffold protein to recruit CPSF1, we performed reciprocal
coimmunoprecipitation of endogenous CPSF1 and CUL4A
during Hx. Interestingly, we were only able to detect a complex

PNAS 2023 Vol.120 No.16 2210418120

between endogenous CPSF1 and CUL4A after ABL kinase
inhibition (Figs. 6Cand 8A). Interestingly, the CUL4A DDB1 IS
domain, which mediates interaction with ABLI, is also necessary
for interaction with CPSF1 (Fig. 8B). This finding suggested that
ABL1 and CPSF1 may form mutually exclusive complexes with
CULA4A. To assess this possibility, we examined whether expression
of active ABL1 might disrupt CPSF1 binding to CUL4A. Indeed,
while we readily detected an interaction between CUL4A and
CPSF1, coexpression of active ABLI resulted in disruption of
the CUL4A-CPSF1 complex and formation of a CUL4A-ABL1
complex (Fig. 8C). Collectively, these data support the model
that during Hx, active ABL kinases phosphorylate and interact
with CUL4A and compete with CPSF1 for binding to the same
CUL4A DDBL IS site, thereby promoting increased HIF-1a
protein expression (Fig. 8D). Conversely, upon ABL kinase
inhibition, the ABL1-CUL4A interaction is disrupted leading
to increased formation of the CPSF1-CUL4A E3-ligase complex,
and subsequent HIF-1a ubiquitination and proteasomal-mediated
degradation of HIF-1a (Fig. 8D).

ABL Kinases Protect MYC from CPSF1-Dependent Degradation.
CPSF1 is likely to target additional E3-ligase substrates beyond
HIF-1a. A proteomic dataset generated in U20S cells revealed
that MYC might be a potential CPSF1 interactor (25, 29).
Notably, we previously demonstrated that ABL kinase inhibition
or genetic depletion in lung cancer cells resulted in a decrease of
MYC protein accumulation through an unknown mechanism
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(14). We mapped the site of regulation on HIF-1a by CPSF1
to the HIF-1a bHLH DBD (Fig. 5). Interestingly, MYC, like
HIF-1a, is a bHLH transcription factor that functions to induce
expression of genes that drive cancer pathobiology (30). Indeed,
we showed that CPSF1 coimmunoprecipitates with MYC in the
presence of the MG132 proteasome inhibitor, and that increased
expression of CPSF1 led to a dose-dependent loss of MYC protein
levels that was reversed upon proteasomal inhibition (Fig. 9 A-C).
Importantly, we found that the bHLH DBD of MYC is necessary
for CPSF1 regulation of MYC protein accumulation as deletion
of this domain ablated CPSF1-dependent degradation (Fig. 9D).
Further, activation of ABL1 led to an increase in MYC protein
levels (Fig. 9E). Moreover, treatment with ABL kinase inhibitors
decreased endogenous and exogenous MYC protein levels in
a proteasome-dependent manner under normoxic conditions
(Fig. 9 F-H). Further, expression of exogenous-activated ABL1-
EE reversed the CPSF1-dependent degradation of MYC (Fig. 91).
Together, these studies highlight a previously unknown ABL-
CPSF1-dependent mechanism for regulating both MYC and
HIF-1a protein levels (Fig. 9/).

Discussion

The mechanism governing the normoxic turnover of HIF-1a by
oxygen-dependent prolyl-hydroxylation, ubiquitination by the VHL
E3-ligase complex, and degradation by the 26S proteasome is well
understood and validated (1-5). In contrast, much less is known
about the processes that maintain HIF-1a protein levels during Hx

80f 12 https://doi.org/10.1073/pnas.2210418120

Fig. 8. The ABL kinases and CPSF1 form mutually exclusive
complexes with CUL4A. (A) IB and IP analysis of WCL derived
from PC9 cells treated with ABLO01 (24 h) and MG132 (final 6 h)
during hypoxia for 24 h. IgG sample added to the vehicle and
MG132-treated lysate. (B) IB analysis of IP- and WCL-derived
HEK293T cells transfected with 3xFlag-CPSF1 and indicated
Clover-CUL4A constructs for 24 h and exposed to hypoxia for
24 h before harvesting. (C) IB analysis of IP and WCL-derived
HEK293T cells transfected with 3xFlag-CPSF1, His-ABI1EE, Clover-
CUL4A constructs as indicated for 24 h and exposed to hypoxia
for 24 h before harvesting. DDB1 IS = DDB1 interaction site, CH
domain = Cullin homology domain. (D) Model for the ABL kinases
regulation of HIF-1a through CPSF1.

beyond inactivation of PHD1-3 (8). Our studies revealed that ABL
kinase activity is necessary for the maintenance of HIF-1at during
Hx. The ABL nonreceptor tyrosine kinases are central signal trans-
ducers that are commonly exploited by cells to survive environmental
and chemical stresses (12, 31). We report that ABL kinase activity
becomes elevated in Hx and is necessary for the hypoxic accumulation
of HIF-1a. Treatment with allosteric or orthosteric ABL kinase inhib-
itors leads to a striking loss of HIF-1a protein levels in multiple cell
and cancer types during Hx. Moreover, knockdown of the ABL
kinases individually or together ablates hypoxic HIF-1a protein lev-
els. Conversely, activation of the ABL kinases by point mutations or
treatment with an allosteric activator is sufficient to decrease HIF-1at
ubiquitination and increase total HIF-1at levels. The ABL kinases
and HIF-1a have both been implicated in the regulation of cellular
processes such as lung injury and regeneration, as well as brain metas-
tases which are linked to tissue Hx (9, 32-34). Our findings demon-
strate that the ABL kinases are a druggable node that can be utilized
to modulate HIF- 1ot protein levels in pathologies associated with Hx.

We employed an unbiased approach to identify the
ABL-dependent E3-ligase(s) regulating HIF-1a protein stability.
A FACS-based CRISPR/Cas9 screen using a custom E3-ligase
targeted sgRNA library revealed CPSF1 as the ABL-dependent
E3 ligase regulator targeting HIF-1a protein. CPSF1 is an under-
studied protein whose primary function is to serve as a core scaf-
folding component of the CPSF complex involved in
3’-polyadenylation of eukaryotic pre-mRNAs (21). Even though
CPSF1 shares significant structural similarity with the known
E3-ligase component DDB1 and CPSF1 complexes have been

pnas.org



A MG132 B C D

HA-CPSF1 + +

Flag-MYC_ —  + Flag-MYC
ag- + + + + +
CPSF1 “ . FlagMYC —+  + + + + HA-CPSF1  — + + + + a0 W H [ feHHEe-439
8 100 i HA-CPSF1 — 4 MG132_— - —) Ol [ [ [ [ |354
: MYC [ = o1 -
well ;,—n MYC e A cllil M W {1
(Flag) L@ (Flag) n 50 0 Flag-MYC a a b b ¢ ¢

CPSF1 i
(HA) L 100

CPSF1 CPSF1 [ - HA-CPSF1_— + - + - +
_mwew, v TRE

-100 MYC | -

s Flag) e —
MYC ACTIN| S s s a— — ACTIN 9 e .
(Fiag) - — CPSF1 " N
ACTIN| — — 37 (HA) H . .‘_100
E F G ACTIN | -—— ——-———-137
ABL < — + _ _ GNF5 — +
et ¥ 1 ABLOOT —  + ABLOOT — —
GNF5 +
MYC -— FlagMYC + + + 3
(Flag) 50 MYC MYC| -
?GBI}IJ) =l (Flag) - 50 CR |
pCRKL - » 37
PCRKL —37 PCRKL (- 7 ABL kinase
CRKL | 37 CRKL i CRKL| . s 37 inactivation
ACTIN| == =], ACTIN| = s e ACTIN| o o S|
HIF-1a and MYC
S B
H | ubiquitination
Flag MYC + + + o
ABLOOT — + — + E (D", crsr
MG132 — — + + ABL‘] EE eGFP = =

NYC| -
50

o =
(GFP) 50
CRKL —— — — (.37 pCRKL
ACTIN[ CRKL| e = o 37
37 ACTIN | w—— s |

HIF-1a MyYC

degradation degradation

Fig. 9. ABL kinase protects MYC from CPSF1-dependent degradation. (A) IB analysis of IP- and WCL-derived HEK293T cells transfected with Flag-MYC and
HA-CPSF1 constructs for 48 h. (B) IB analysis of WCL derived from HEK293T cells transfected with Flag-MYC and HA-CPSF1 constructs for 48 h. (C) IB analysis of
WCL derived from HEK293T cells transfected with Flag-MYC and HA-CPSF1 constructs for 24 h and then treated with MG132 for 24 h before harvesting during
normoxia. (D, Top) Structural diagram of full-length MYC and truncation mutants. (A, Bottom) IB analysis of WCL derived from HEK293T cells transfected with
HA-CPSF1 and indicated Flag-MYC truncation constructs for 24 h and exposed to hypoxia for 24 h. (E) IB analysis of WCL derived from HEK293T cells transfected
with Flag-MYC and ABL1-eGFP constructs for 48 h during normoxia. (F) IB analysis of WCL derived from HEK293T cells transfected with Flag-MYC for 24 h and
then treated with ABLOO1 and GNF5 as indicated for 24 h during normoxia. (G and H) IB analysis of WCL derived from PC9 cells treated with ABL0O01, GNF5, and
MG132 as indicated for 24 h during normoxia. (/) IB analysis of WCL derived from HEK293T cells transfected with Flag-MYC, ABL1-eGFP, and HA-CPSF1 constructs
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shown to possess in vitro E3-ligase activity (23, 24), the identity
of CPSF1 E3-ligase substrates was unknown.

In this study, we demonstrated that CPSF1 interacts with HIF-1a
in cells in the presence of a proteasomal inhibitor. Ectopic expression
of CPSFl resulted in increased ubiquitination and
proteasomal-dependent degradation of HIF-1a. We mapped the
interaction site of CPSF1 on HIF-1a to the HIF-1ae DBD. Using
in silico docking of the HIF-1ae DBD onto CPSF1 followed by
in vitro validation, we identified that amino acids D24 and R27 on
HIF-1oc and R1049 on CPSF1 are essential for the interaction. The
site of interaction on HIF-1a (D24 and R27) is flanked by two
mutation cluster regions found in patients’ tumors reported in the
TCGA database (35). Even though genetic mutations in other genes
have been shown to alter HIF-1a levels, few studies have investi-
gated the impact of mutations in the H/FIA gene. Future studies
evaluating the impact of these mutations on the CPSF1-dependent
regulation of HIF-1a may be relevant in hypoxic disease settings.
Further, we demonstrate thac ABL kinases antagonize
CPSF1-dependent degradation of HIF-la as overexpression of
active ABLI reversed the loss of HIF-1ot after CPSF1 expression.

Tyrosine phosphorylation has been shown to regulate the pro-
teasomal degradation of substrates through multiple mechanisms
including 1) phosphorylation of the substrate itself, 2) phosphoryl-
ation of the E3-ligase substrate receptor, and 3) phosphorylation of
E3-ligase scaffolding proteins (36-38). Protein tyrosine kinases can
promote the activation of signaling cascades that target multiple
steps of the ubiquitin-proteasomal degradation pathway (37-39).

PNAS 2023 Vol.120 No.16 2210418120

The ABL kinases and ABL-fusion proteins can regulate the stability
of target proteins through direct tyrosine phosphorylation of sub-
strates or activation of serine/threonine protein kinase signaling
cascades (12, 17, 31, 40). Here, we uncovered that ABL-meditated
inactivation of the CPSF1-E3-ligase complex is mediated by phos-
phorylation of the CPSF1-scaffold protein CUL4A. We showed
that CUL4A interacts with the ABL kinases in Hx, and that this
interaction is lost upon ABL kinase inhibition. Using ABL
domain-impaired mutants, we demonstrated that ABL kinase and
phospho-tyrosine binding activities are necessary for interaction
with CUL4A. Further, we determined that the major sites of ABL
kinase phosphorylation on CUL4A are two tyrosine residues (Y87
and Y103) located within the DDB1 IS domain of CUL4A.

The interaction between endogenous CPSF1 and CUL4A was
only detected after ABL kinase inhibition. We demonstrated that
the DDB1 IS domain of CUL4A is essential for interaction with
both CPSF1 and ABL. Since the ABL kinases and CPSF1 interact
with the same domain on CUL4A and the endogenous complexes
are detected under distinct ABL kinase activity states, we hypoth-
esized that CPSF1 and ABL kinases form mutually exclusive com-
plexes with CUL4A. Indeed, coexpression of active ABL1 was
sufficient to disrupt the interaction of CUL4A with CPSF1. Thus,
our data support a model in which
active ABL kinases phosphorylate and interact with CUL4A,
thereby preventing the formation of a CPSF1-CUL4A E3-ligase
complex (Fig. 8D). Further, upon ABL kinase inhibition, forma-
tion of the ABL-CUL4A complex is impaired, allowing for
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increased formation of the CPSF1-CUL4A complex, leading to
polyubiquitination of HIF-1a and its proteasomal degradation.

Notably, we identified the MYC oncoprotein as a second
CPSF1- E3 ligase substrate. The BioGRID database was employed
to find potential CPSF1 interactors, which revealed an uncharac-
terized interaction between CPSF1 and MYC (25, 29). MYC, like
HIF-1a, belongs to the family of bHLH transcription factors and
is commonly coopted by cancer cells to drive expression of genes
essential for tumor development and progression (30). We demon-
strated that CPSF1 interacts with MYC. Further, expression of
CPSF1 or loss of ABL kinase activity resulted in the
proteasome-mediated degradation of MYC. Conversely, activation
of ABL1 was able to reverse the CPSF1-dependent loss of MYC.
Importantly, similar to the HIF-1oo bHLH, we found that the
MYC bHLH domain is the site of CPSF1-mediated regulation.

We identified two substrates of the CPSF1 E3-ligase complex
using a hypothesis-driven approach. Future work is needed to
interrogate the CPSF1-mediated degradome using unbiased
proteomics approaches to identify additional CPSF1 substrates.
The two substrates we identified, HIF-1a and MYC, are bBHLH
transcription factors (41), and the site of regulation by CPSF1
is the bHLH DBD in both HIF-lat and MYC. The bHLH
transcription factor in humans contains over 130 family mem-
bers divided into five families (A, B, C, D, and E). HIF-1a and
MYC are found on different branches of the same E family (41).
It would be of interest to determine whether additional bHLH
transcription factors are CPSF1 substrates, and, if so, whether
these substrates cluster in the E family or other distinct families.
As we identified that the CPSF1-dependent regulation of
HIF-1a and MYC is antagonized by ABL kinase activity, it will
be of interest to investigate whether the stability of additional
bHLH factors is also ABL dependent. ABL1 is a component of
the constitutively active fusion oncoprotein BCR-ABL1, which
is the oncogenic driver of chronic myeloid leukemia (CML)
(12). The loss of BCR-ABLLI kinase activity has previously been
shown to decrease both MYC and HIF-la protein levels in
CML cell lines (42, 43). We therefore questioned whether
BCR-ABLI antagonized the CPSF1-dependent degradation of
MYC and HIF-1a. However, unlike the adherent cell lines PC9
and HEK293T which can survive CPSF1 gRNA expression,
the CML BCR-ABLI1-positive cell lines K-562 and MEG-01
did not survive loss of CPSF1 expression upon transduction
with lentiviruses encoding CPSF1-specific gRNAs or shRNAs.
Notably, oncogenic activation of ABL kinases in the absence of
chromosomal translocations is observed in solid tumors with
high-level expression and activation of ABL kinases downstream
of oncogenic tyrosine kinases, Hx, or metabolic stress (12). Our
findings suggest that dynamic regulation of the CPSF1-CUL4A
complex by ABL kinases might contribute to the regulation of
MYC and HIF-1a protein stability and their oncogenic activ-
ities in selected solid tumors.

Materials and Methods

Cell Lines and Cell Culture Methods. HEK293T, MDA-MB-231, and SUM159
cells were purchased from American Type Culture Collection (ATCC). PC9 and H2030
cells were gifts from Joan Massagué (Memorial Sloan Kettering Cancer Center, New
York). H460 cells were gifts from Fernando Lecanda (University of Navarra, Pamplona,
Spain). The HEK293T cells and MDA-MB-231 cells were maintained in Dulbecco's
Modified Eagle's Medium (DMEM)(Life Technologies) supplemented with 10% fetal
bovine serum (FBS). The SUM159 cells were maintained in Ham's F-12 Nutrient
Mix (ThermoFisher) supplemented with 10% FBS, 10 mM Hepes, 5 pg/mLinsulin,
and 1 pg/mL hydrocortisone. The PC9 and H2030 cells were maintained in RPMI
1640 (Life Technologies) supplemented with 10% FBS, 10 mM Hepes, 1 mM sodium
pyruvate, and 0.2% glucose. Al cells were grown at 37 °Ciin 5% CO, with either
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1% or 20% O,. Transient transfections were performed using Lipofectamine 2000
(Invitrogen) according to the manufacturer's instructions. Media was changed 24 h
post transfection and cells were harvested 24 h thereafter. Generation of lentivirus
and transductions of target cell lines were performed as described previously (4, 10).
Transduced cells were selected with 1 ug/mL puromycin.

For experiments assessing effects of pharmacologic agents in vitro, drugs were
dissolved in dimethyl sulfoxide (DMSO) unless indicated elsewise, with the final
concentration of DMSQ in culture media not exceeding 0.1% vol/vol. ABLOOT, GNF5,
and Nilotinib were synthesized by the Duke University Small Molecule Synthesis
Facility and were validated by TH-NMR techniques and liquid chromatography-
mass spectrometry. DPH [5-(1,3-diaryl-1H-pyrazol-4-yl) hydantoin, 5{3-(4-fluoro-
phenyl)-1-phenyl-1H-pyrazol-4-yl]-2,4-imidazolidinedione] (Sigma) was dissolved
in DMSO.The proteasomal inhibitor MG132 (Selleckchem) was dissolved in DMSO.
The Hx mimetic cobalt chloride (CoCl,) (Sigma) was dissolved in water. All drugs
were treated at concentrations indicated in figures and figure legends.

Plasmid Construction. The following plasmids were obtained from Addgene:
HA-HIFTalpha-pcDNA3 (#18949), pCMV4a-Flag-c-Myc (#102625), pcDNA3-myc3-
CUL4A(#199571), pcDNA3-myc3-CULAB (#19922), pCl-His-hUbi (#31815), 3xFLAG-
FUS-WT (#44985), HAVHL-pRc/CMV (#19999), HA-Clover (#163366), pcDNA3.1-HA
(#128034). The pCMV-CPSF1-Flag-Myc (C203519) plasmid was purchased from
Origene.The shRNA constructs targeting the ABL kinases were described previously
(4).The pN1-ABL1 and ABL2 constructs were described previously (4).

All constructs were confirmed by Sanger sequencing. The 3xFlag-HIF1A, CPSF1,
and CUL4A constructs were generated by PCR amplification of HIFTA ¢cDNA from
HA-HIFTalpha-pcDNA3, CPSF1 cDNA from pCMV-CPSF1-Flag-Myc, and CUL4A from
the pcDNA3-myc3-CUL4A plasmids prior to subcloning into the 3xFLAG-FUS-WT
vector via restriction enzyme digestion. The HA-CPSF1 construct was generated by
PCR amplification of CPSF1 cDNA from the pCMV-CPSF1-Flag-Myc plasmid and
subcloned into the pcDNA3.1-HA construct after restriction enzyme digestion. The
HA-Clover-CUL4A construct was generated by PCR amplification of CULAA cDNAfrom
the pcDNA3-myc3-CUL4A plasmid and subcloned into the HA-Clover construct after
restriction enzyme digestion.

The CPSF1 targeting gRNA-CRISPR/Cas9 lentiCRISPR2 constructs were gener-
ated using the Zhang lab protocol. The sgRNA sequences are listed below (5-3"):

sgCPSF1 #1

1) FWD: AAGAAGCGAGTGGATGCGAG

2) REV: CTCGCATCCACTCGCTTCTT

sqCPSF1 #2

3) FWD: TACAGCGTGGACTTCATGGG

4) REV: CCCATGAAGTCCACGCTGTA

The following constructs were generated by using the QuickChange Lightning
site-directed mutagenesis kit (Stratagene) according to the manufacturer’s pro-
tocol. Mutagenesis primers are listed below (5'-3"):

HIF-1 a Constructs. D24A and R27A on the 3xFlag-HIF1A plasmid
5) FWD: TCTTTACTTCGCCGAGATGCGGCTGCAGCTCGAGACTTITCTTTTC
6) REV: GAAAAGAAAAGTCTCGAGCTGCAGCCGCATCTCGGCGAAGTAAAGA
P402A on the 3xFlag-HIF1A plasmid
1) FWD: CTCCAGCGGCTGCGGCCAGCAAAGT
2) REV: ACTTTGCTGGCCGCAGCCGCTGGAG
P564A on the 3xFlag-HIF1A P402A plasmid
1) FWD: CCATTGGGATATAGGCAGCTAACATCTCCAAGTCTAA
2) REV: TTAGACTTGGAGATGTTAGCTGCCTATATCCCAATGG
L72(STOP) on the 3xFlag-HIF1A plasmid
1) FWD: ATCACCAGCATCCAGCTATTTCCTCACACGCAAATAGCTGATGGT
2) REV: ACCATCAGCTATTTGCGTGTGAGGAAATAGCTGGATGCTGGTGAT
Q299(STOP) on the 3xFlag-HIF1A plasmid
1) FWD: GTACTGTCCTGTGGTGACTTATCCTTTAGTAAACATATCATG
2) REV: CATGATATGTTTACTAAAGGATAAGTCACCACAGGACAGTAC

ABL1 Constructs. P249E on the pN1-ABLT WT-eGFP plasmid (PE mutant)
3) FWD: TCTCCCACTTGTCGTAGITCTCGGACACACCATAGACAGTG
4) REV: GCCCCAAAGCGCAACAAGGAGACTGICTATGGTGIGTCC
P242E on the pN1-ABL1 P249E-eGFP plasmid (PPEE mutant)

1) FWD: GGACACACCATAGACAGTCTCCTTGTTGCGCTTTGGGGC
2) REV: GCCCCAAAGCGCAACAAGGAGACTGICTATGGTGIGTCC
P131Lon the pN1-ABLT P242/249E-eGFP plasmid

1) FWD: GGTGATGTAGITGCTTAGGACCCATCCTTGGCC

2) REV: GGCCAAGGATGGGTCCTAAGCAACTACATCACC

R171K on the pN1-ABL1 P242/249E-eGFP plasmid

1) FWD: CAGGACTGCTCTCACTCTCCTTCACCAAGAAGCTGCCATTG
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2) REV: CAATGGCAGCTTCTTGGTGAAGGAGAGTGAGAGCAGTCCTG
K290M on the pN1-ABL1 P242/249E-eGFP plasmid

1) FWD: CCTCCTTCAAGGTCATCACGGCCACCGIC

2) REV: GACGGTGGCCGTGATGACCTTGAAGGAGG

ABL2 Constructs. P276E on the pN1-ABL2 WT-eGFP plasmid (PE mutant)
3) FWD: CATTTCCCACTTGTCATGGATCTCAGACACGCCATAGACGGTTGG
4) REV: CCAACCGTCTATGGCGTGTCTGAGATCCATGACAAGTGGGAAATG
P269E on the pN1-ABL2 P276E-eGFP plasmid (PPEE mutant)
5) FWD: AGACACGCCATAGACGGTCTCCTTGTTGCACTTCGGTGC
6) REV: GCACCGAAGTGCAACAAGGAGACCGTCTATGGCGTGTCT

CPSF1 Constructs. R1049E on the HA-CPSF1 plasmid
1) FWD: CTCGCCAGTCATGGCTGGGATGCGGGCA
2) REV: TGCCCGCATCCCAGCCATGACTGGCGAG

CUL4A Constructs. Y58F on the Clover-CUL4A plasmid
1) FWD: CTGCCCGACAACTTCACGCAGGACACG
2) REV: CTGCCCGACAACTTCACGCAGGACACG
Y81F on the Clover-CUL4A plasmid
1) FWD: GCTCCTCGAGGTTGAACCTGATGGAGGIG
2) REV: CACCTCCATCAGGTTCAACCTCGAGGAGC
Y87F on the Clover-CUL4A plasmid
1) FWD: CACAGCCTGGAAGAGCTCCTCGAGGTTGTA
2) REV: TACAACCTCGAGGAGCTCTTCCAGGCTGIG
Y103F on the Clover-CUL4A plasmid
1) FWD: CTGACGCAGTTGCTTGAAGAGCATTGGGGAGAC
2) REV: GTCTCCCCAATGCTCTTCAAGCAACTGCGTCAG
Y160F on the Clover-CUL4A plasmid
1) FWD: GAGTTCTGCAGCACAAAGGTGCGGTCCAAGAAC
2) REV: GTITCTTGGACCGCACCTTTGTGCTGCAGAACTC
F582(STOP) on the Clover-CUL4A plasmid
1) FWD: GGAATTCCTTCTTCCCTTCTTTCTACTCCGCTTTTAAAACAGCATG
2) REV: CATGCTGTTTTAAAAGCGGAGTAGAAAGAAGGGAAGAAGGAATTCC
D434(STOP) on the Clover-CUL4A plasmid
1) FWD: GAACAGGATCATGATCTTCTACAACGTCCGCTCCAGCT
2) REV: AGCTGGAGCGGACGTTGTAGAAGATCATGATCCTGITC
[170(STOP) on the Clover-CUL4A plasmid
1) FWD: GTTCTAATCCCATATCCCACTAGGAGGGCAGCGTGGAGTTC
2) REV: GAACTCCACGCTGCCCTCCTAGTGGGATATGGGATTAGAAC
R51(STOP) on the Clover-CUL4A plasmid
1) FWD: GGCAGCCGAGGTCAGTCTCGGAAGTTC
2) REV: GAACTTCCGAGACTGACCTCGGCTGCC

MYC Constructs. K355(STOP) on the Clover-CUL4A plasmid
1) FWD: TTGTGTGTTCGCCTCTAGACATTCTCCTCGGTG
2) REV: CACCGAGGAGAATGTCTAGAGGCGAACACACAA
T304(STOP) on the Clover-CUL4A plasmid
1) FWD: CTGCGTAGTTGTGCTGATGCTAGGAGACGTGGCACCTCTTG
2) REV: CAAGAGGTGCCACGTCTCCTAGCATCAGCACAACTACGCAG

Immunoblot (IB) and Immunoprecipitation Analyses. For IB analysis of
whole-cell lysates (WCL), cells were lysed in RIPA lysis buffer [RIPA buffer (50 mM
Tris-HCl pH 7.4, 150 mM NaCl, T mM EDTA, 1% Triton X-100, 1% sodium deoxy-
cholate, and 0.1% sodium dodecy! sulfate (SDS) containing protease-phosphatase
inhibitor cocktail (Cell Signaling). Lysates were rotated for 10 min at4 °Cand cell
debris was cleared by centrifugation at 15,000 RPM for 10 min at 4 °C. Protein
concentration was determined using the DC Protein Assay (Bio-Rad). For WCL,
25 pg of total proteins was loaded per well.

For ectopic immunoprecipitation analysis, cells were lysed in RIPA lysis
buffer [RIPAbuffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 1% sodium deoxycholate, and 0.1% SDS containing protease-phos-
phatase inhibitor cocktail (Cell Signaling). Lysates were incubated on ice for
30 min and vortexed every ten minutes (30 min, 20 min, 10 min, and 0 min).
Cell debris was cleared by centrifugation at 15,000 RPM for 10 min at 4 °Cand
protein concentration was determined using the DC Protein Assay (Bio-Rad).
1 mg of total protein was diluted to 800 pL and 200 pg of total protein was
saved for later WCLimmunoblotting. A volume of 20 pL anti-FLAG M2 or GFP-
Trap affinity gel was added to each sample and rotated overnight (~16 h) at 4
°C. Beads were washed three times with RIPA lysis buffer. Immunoprecipitated
proteins were eluted by boiling in 150 pL of 4x SDS Laemmli Sample Buffer
(BioRad). For endogenous immunoprecipitation analysis, the protocol was
performed as described previously (9, 13).
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Theimmunocomplexes and WCLsamples were separated by SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred onto nitrocellulose membranes using
the Transblot Turbo Transfer system (Bio-Rad). The nitrocellulose membranes were
blocked in 5 % milk in tris-buffered saline- Tween 20 (TBST) (20 mM Tris pH 7.6,
150 mM NaCl, and 0.1% w/v Tween 20 detergent) for 30 min at room temperature
and then incubated in primary antibodies overnight. All antibodies were diluted in
5 % milk in TBST, except for HIF-Ter, HIF-2a, HIF-1B, pCRKL, and 4G10, which were
diluted in 5% BSAin TBST. The nitrocellulose membranes were washed 3 times with
TBSTand incubated in secondary antibodies diluted in 5% milk in TBSTfor 1 h. After
washing 3 times in TBST, the blots were developed using either film ora ChemiDoc
XRS+ imager (Bio-Rad).

The following primary antibodies were used for IB analyses: ABL1 (Sigma
MAB1130 1:1,000), ABL2 (Abnova, H00000027-M03, 1:500), ACTIN (Cell
Signaling 3700 1:10,000), CPSF1 (Bethyl A301-580A 1:1,000), CRKL (Santa
Cruzsc-3191:1,000), CRKL p-Y207 (Cell Signaling 3181 1:500), Flag (Sigma M2
1:5,000), GFP (Cell Signaling 2956 1:1,000), HA(Cell Signaling 2367 1:1,000),
HIF-1a (BD Bioscience 610959 1:1,000), HIF-2a (Novus NB100-122 1:1,000),
HIF-1B (Novus NB100-124 1:1,000), MYC (Cell Signaling 5605 1:5,000), Ubb
(Santa Cruz s¢-166553 1:1,000), and p-Y 4G10 (Sigma 05-321). The following
secondary antibodies were used for IB analyses: Peroxidase AffiniPure Goat Anti-
Mouse IgG (H+L) (Jackson Immunoresearch 115-035-003 1:2,000), AffiniPure
Goat Anti-Mouse 1gG (H+L) (Jackson Immunoresearch 115-035-1441:2,000),
and TidyBlot (BioRad STAR209 1:500).

Real-Time Quantitative PCR. RNAwas extracted and purified from cells using the
RNeasy RNA Isolation Kit (QIAGEN). cDNA synthesis was generated by performing
reverse transcription on 1 pg total RNA using oligo(dT) primers and M-MLV reverse
transcriptase (Invitrogen). Quantitative PCR was performed using Taq Universal
SYBR Green Supermix (Bio-Rad). Analysis was performed using the 2~ method.

Luciferase Assay. Luciferase assay was performed using the Pierce Firefly
Luciferase Glow Assay (Promega) according to the manufacturer-provided proto-
col. Cells were seeded into 96-well plates in triplicate and plates were read using
aTecan Infinite M1000 Microplate-Reader.

Proteasome Activity Assay. Proteasome activity assay was performed using
the Proteasome activity Assay Kit (Sigma) according to the manufacturer-provided
protocol. Cells were seeded into 96-well plates in triplicate and plates were read
using a Tecan Infinite M1000 Microplate-Reader.

FACS Screen. A custom CRISPR sgRNA library targeting 593 known or pre-
dicted human E3 ligases (5 sgRNAs per gene, 2,965 total) and nontargeting
controls (50 total) was designed and subsequently synthesized by Custom
Array. The oligo pool was prepared and cloned into the lentiCRISPRv2 back-
bone (Addgene #52961) using Gibson assembly as described by Shalem etal.,
with minor modifications (31,44, 45). Lentivirus was produced by transfecting
HEK293FT cells with the lentiCRISPRv2 sgRNA library plasmid pool and psPAX2
(Addgene #12260) and pMD2.G (Addgene #12259) packaging plasmids using
Lipofectamine 2000 and PLUS Reagent (Thermo) as previously described (44).
After 6 h, the transfection mixture was replaced by harvest media (DMEM, 30%
FBS). After 48 h, the virus-containing media was harvested, passed through
a 0.45-um low-binding filter, and aliquoted and stored at =80 °C. PC9 cells
were seeded into nontissue culture-treated 6-well plates at a density of 2 x
10° cells/well with 8 pig/mL polybrene and transduced at a low multiplicity of
infection ~0.3 via spinfection to achieve greater than 3,000 coverage of the
sgRNA library. Immediately following spinfection, the cells were transferred
from 6-well plates to 15 cm tissue culture dishes at a seeding density of 4 x 10°
cells per plate and were allowed to recover. After 24 h, media was replaced with
fresh media containing 2 pg/mL puromycin and cells selected for 48 h. The cells
were passaged and maintained above 3,000 x coverage for 7 d postspinfection
to allow for stable integration and Cas9-directed knockout of target genes. The
cells were then splitinto triplicate conditions (7.5 x 10° cells per replicate) and
treated with 5 uM Nilotinib immediately prior to incubation in 1% 0, for 24 h.
After hypoxicincubation, the cells were fixed and permeabilized using the eBi-
oscience Foxp3 Transcription Factor Staining Buffer Set (Thermo) according to
manufacturer's recommendations, with minor modifications. Fixed and perme-
abilized cells were incubated overnight at 4 °C, rotating with a PE-conjugated
HIF-Tar antibody (BioLegend) at 5 pL per 1,000,000 cells. For each replicate,
stained cells were then sorted by FACS, collecting the top and bottom 10% of
HIF-To-expressing cells on the basis of PE signal; the cells were collected in
FBS-coated tubes, maintaining approximately 300 x coverage per high and low
population. An ungated control sample was also collected for each replicate.
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Immediately thereafter, the collected samples were individually subjected to
reverse-cross-linking and genomic DNA extraction using the Arcturus PicoPure
DNA Extraction Kit (Thermo), according to manufacturer's recommendations.
sgRNA libraries were PCR amplified from gDNA using NEBNext Ultra Il Q5
Master Mix (New England Biolabs) according to manufacturer’s instructions,
using the following primers:

FWD 5'- AATGATACGGCGACCACCGAGATCTACACAATTTCTTGGGTAGTTTGCAGTT

ReV 5'- CAAGCAGAAGACGGCATACGAGAT (6 bp index sequence)

GACTCGGTGCCACTTTTTCAA

Amplified libraries were purified using SPRIselect beads (Beckman Coulter)
using right-sided selection of 0.75x then to 1.2x the original volume. Each
sample was quantified using the Quant-iT dsDNA Broad Range Assay Kit (Thermo).
Samples were pooled and sequenced on a NextSeq 500 (Illumina) with 20 bp
single-end sequencing using the following custom read and index primers:

Custom Read 5’- GATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCG

Custom Index 5’- GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC

Raw sequencing read counts were trimmed and processed, and analysis of
enrichment and depletion metrics comparing the top and bottom 10% sorted
populations was performed using the MAGeCK software analysis pipeline under
default settings.

Molecular Docking. The HIF-1a: DBD (AA 1-71) (PDB:4ZPR) was docked onto
full-length CPSF1 (PDB: 6F9N) using the HDOCK protein-protein docking server
(http://hdock.phys.hust.edu.cn/). The predicted complexes with the highest scores
were visualized using Chimera (University of California, San Francisco).

statistics. Statistical differences between groups were determined using a
repeated-measure ANOVA followed by post hoc testing (Tukey's). All statistical
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tests were performed in JMP and a Pvalue of 0.05 was selected as the significance
cutoff. All data shown indicated averages with SEM.

Data, Materials, and Software Availability. All data are available in the main
text or the supporting information. CRISPR dataset has been deposited at Gene
Expression Omnibus (GEO) and is publicly available as of the date of publication
(BioProject ID: PRINA945492) (46).
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