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Cullin-RING ligase 4 (CRL4), a complex of Cul4 and DDBI,
regulates the cell cycle, DNA damage repair, and chromatin rep-
lication by targeting a variety of substrates for ubiquitination.
CRLA4 is also hijacked by viral proteins or thalidomide-derived
compounds to degrade host restriction factors. Here we report
that the c-Abl non-receptor kinase phosphorylates DDB1 at res-
idue Tyr-316 to recruit a small regulatory protein, DDA1, lead-
ing to increased substrate ubiquitination. Pharmacological
inhibition or genetic ablation of the Abl-DDB1-DDA1 axis
decreases the ubiquitination of CRL4 substrates, including
IKZF1 and IKZF3, in lenalidomide-treated multiple myeloma
cells. Importantly, panobinostat, a recently approved anti-my-
eloma drug, and dexamethasone enhance lenalidomide-in-
duced substrate degradation and cytotoxicity by activating
c-Abl, therefore providing a mechanism underlying their com-
bination with lenalidomide to treat multiple myeloma.

The cullin-RING ubiquitin ligases (CRLs),> comprising the
scaffold cullins, the E2-interacting RING finger protein
ROC1/2, the adaptor proteins specific for each cullin family
member, and adaptor-interacting substrate receptors, are the
largest family of E3 ligases in eukaryotes, regulating diverse cel-
lular pathways (1). CRL4 uses the damaged DNA binding pro-
tein 1 (DDB1) as the adaptor protein to assemble with a subset
of WD40-containing proteins called DDB1- and Cullin4
(Cul4)-associated factors to target diverse substrates to regulate
the cell cycle, DNA damage repair, and chromatin functions
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(1-3). CRL4 ubiquitinates cellular proteins such as CDT1 (4),
P21 (5, 6), and DDB2 (7) for proteasomal degradation and ten-
eleven translocation (TET) proteins (8) and histones H2A (9),
H3 (10, 11), and H4 (10) to regulate their chromatin-mediated
functions. Several viral proteins can hijack CRL4 to turn over
host restriction factors to promote virus replication, including
STAT]1 targeted by SV5 virus V protein (12-14), SAMHDI1 by
simian HIV Vpr protein (15), and Smc5/6 by hepatitis B virus X
protein (16).

Additionally, immunomodulatory drugs (IMiDs), including
thalidomide and its derivatives lenalidomide and pomalido-
mide, can repurpose CRL4 to target and destroy IKZF1 and
IKZF3 (17, 18), two lymphoid transcription factors essential for
multiple myeloma (MM) cell survival. Similarly, lenalidomide
induces ubiquitination and degradation of casein kinase 1A1
(CK1a), which accounts for the clinical efficacy of lenalidomide
in myelodysplastic syndrome (MDS) with deletion of chromo-
some 5q (del(5q)) (19). Crystal structure studies reveal that the
glutarimide moiety of lenalidomide directly inserts into a
hydrophobic pocket of cereblon (CRBN), a CRL4 substrate
receptor, and that the exposed chemical moiety, together with
CRBN, creates a new surface for receiving substrates (20 -22).
Based on these results, novel chemicals conjugating glutari-
mide to other protein-interacting chemical structures are
designed to control protein stability and thus enable targeting
of previously intractable proteins (23). CRBN by itself mediates
the ubiquitination of several putative substrates, including the
large conductance, Ca®>" - and voltage-activated K™ (BK) chan-
nels (24), MEIS2 (20) and glutamine synthetase (25), suggesting
that the CRL4“*®N ubiquitin ligase activity is diverted by IMiDs
or its derived chemicals from its physiological functions.

Human DDA1 (DDBI1- and DET1-associated protein 1) is a
small (12-kDa) DDB1-interacting protein that co-purifies with
the Cul4-DDBI complex (26, 27). DDA1 associates with some
DDB1- and Cul4-associated factors and is assembled into CRL4
complexes (28), but how this process is regulated remains elu-
sive. Here we present evidence that the c-Abl non-receptor
kinase phosphorylates DDB1 at residue Tyr-316 to recruit
DDAJ, leading to increased substrate ubiquitination. Further-
more, the newly approved anti-myeloma drug LBH589 (pano-
binostat) (29), a histone deacetylase (HDAC) inhibitor, stimu-
lates c-Abl kinase activity to promote lenalidomide-dependent
ubiquitination and degradation of IKZF transcription factors in
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FIGURE 1. c-Abl kinase is required for lenalidomide-dependent cytotoxicity of MM cells. A-C, viability assays of MM1S cells (A), MM 1R cells (B), or U266 cells
(Q) treated with the indicated concentrations of lenalidomide (Len) in combination with 10 umimatinib for 5 days. D, validation of Abl deletion in MM1S-derived
cells by immunoblot analysis. CRISPR-Cas9 lentiviral vectors carrying two single guide RNAs targeting Abl (sgAbl) or two non-targeting sequences (sgCtrl) were
constructed to infect MM1S cells, which were harvested as pools for analysis after selection with 0.5 wg/ml puromycin for 3 days. £, viability assays of MM1S cells
expressing wild-type or knockout c-Abl after treatment with the indicated concentrations of Len for 5 days. F, immunoblot analysis of MM1S cells stably
expressing c-Abl and treated with the indicated concentrations of LBH589 (LBH) in the presence or absence of 10 um imatinib for 24 h. G, proliferation of MM1S
cells treated with 0.05 um Len, 0.5 nm LBH, 10 um imatinib, or their combination for the indicated time. For all cell viability assays, error bars represent mean =

SE.(n=4).

MM cells, justifying their combination in treating MM patients
for better clinical benefits.

Results

Inhibition of c-Abl Kinase Desensitizes MM Cells to Len-
alidomide—IMiDs target the CRLA“®®N ubiquitin ligase to
induce the ubiquitination and degradation of IKZF1 and IKZF3
to block MM cell proliferation (17, 18). c-Abl was reported to
bind and phosphorylate DDBI1 (30), an adaptor protein of the
CRL4 complex, but the exact role of c-Abl in regulating CRL4 is
not clear. We first tested whether c-Abl kinase affects the cyto-
toxicity of lenalidomide in MM cells. In our initial experiments,
imatinib (Gleevec), an inhibitor of Abl family kinases, amelio-
rated the anti-proliferative activity of lenalidomide in several
MM cell lines, including MM1S, MMI1R, and U266 (Fig. 1,
A-C). Deletion of Abl1, which encodes c-Abl, by CRISPR-Cas9
genome editing via lentiviral vectors similarly desensitized
the cells to lenalidomide-induced cell death (Fig. 1, D and E).
These results show that the activity of c-Abl kinase is
required for optimal lenalidomide-induced inhibition of
MM cell proliferation.

Activation of c-Abl Enhances Lenalidomide-induced Cyto-
toxicity—c-Abl can be activated by multiple stress signals, such
as cell adhesion (31) and DNA damage (32). Trichostatin A, a
pan-histone deacetylase inhibitor, was reported to activate
c-Abl by inducing chromatin distortion (33). LBH589 (panobi-
nostat), a pan-histone deacetylase inhibitor, has recently been
approved to treat relapsed MM patients in combination with
bortezomib and dexamethasone (29). We first generated an
MML1S cell line stably expressing c-Abl by lentiviral vectors and
treated these cells with increasing concentrations of LBH589.
Using c-Abl self-phosphorylation (Tyr(P)-245) as a readout, we
confirmed that LBH589 activated c-Abl kinase in a dose-depen-
dent manner in these MM cells (Fig. 1F). To test whether
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LBH589 would affect lenalidomide cytotoxicity in MM cells by
activating c-Abl, we treated MM1S cells with lenalidomide and
LBH589 in the presence or absence of imatinib. Proliferation of
MM1S cells was better inhibited by combination treatment
with LBH589 and lenalidomide, but the enhanced inhibition
could be abolished by imatinib treatment (Fig. 1G).

Dexamethasone is a glucocorticoid approved to treat MM in
combination with IMiDs and proteasome inhibitors (34, 35).
Little is known about the mechanism underlying how dexam-
ethasone enhances the anti-myeloma activity of these drugs.
We found that imatinib similarly reversed the dexamethasone-
dependent increase of lenalidomide-induced MM cell prolifer-
ation arrest (Fig. 34). We conclude that LBH589 and dexam-
ethasone increase the cytotoxic effect of lenalidomide on MM
cells by activating the c-Abl kinase.

Activation of c-Abl Promotes Lenalidomide-dependent Sub-
strate Degradation—We next sought to determine whether
c-Abl enhanced lenalidomide cytotoxicity by stimulating the
turnover of the lenalidomide substrates IKZF1 and IKZF3.
LBH589 increased lenalidomide-induced degradation of IKZF1/
IKZF3 and loss of viability in lenalidomide-sensitive MM cell
lines, including MM1S cells (Fig. 24), OPM2 cells (Fig. 2B), and
U266 cells (Fig. 2C), with no significant effect on the abundance
of CRBN protein (Fig. 2, A-C). LBH589 did not alter IKZF1/
IKZF3 levels or cause significant cytotoxicity in these sensitive
cell lines as a single agent (Fig. 2, A-C, second lanes). We gen-
erated pomalidomide-resistant MM1S-P5000 cells by continu-
ous culture of MM1S cells in medium containing gradually
increasing concentrations of pomalidomide. The final poma-
lidomide concentration in medium was 5 uM to maintain the
growth of these cells. MM1S-P5000 cells are also lenalidomide-
resistant, likely because of the loss of CRBN expression (Fig.
2A). We found that LBH589 did not alter IKZF1/IKZF3 levels

SASBMB

VOLUME 292 +NUMBER 9-MARCH 3, 2017



c-Abl Activates CRL4
D

C sgCtrl sgAbl
A MM1S MM1S-P5000 oPM2 U266 L,
LBH - + - + -+ -+ LBH - + - + LBH:"_';: len - - + + b
Len - - + + -+ o+ Len - - + + n 100 97 34 9 (%) 100 98 58 5 100 93 42 22 (%) Relative band intensity
100 89 24 7 100 92 95 91 (%) 100 98 36 8 (%) 75 —
| 1 75 e ewew— | IKZF3 [P = -~ S e | |KZF3
— PRl To o — 75— =
P Emes e KzF1 [ |IKZF1 = — [xIKZF1 e — N IKZF1
| — ] —— s —
50 [S@@® = cRen 50 _ESSlcren - [E=== cren 150 [S=SS Abl
gg s wweseses|Actin 37 — Actin 37 Actin 37 - Actin
kDa *kk kDa ek kDa - kDa i
] 1.0 1.0
10 - ’_‘ . = 1.0 - l‘| > T |_ z _ _
% ;; % 0.5 g 0.5
Los g 05 s £
3 3 3 3
0.0 © 00! 0.0 0.0
E F kzrsHA ++ + + + + G KZFIHA ++ + + + +
LBH 4 - -+ o+ c-Abl - - + + - - c-Abl - - + + - -
Boii = = m 5 BdoE 4 AbI-KR - - - - + + AbI-KR - + o+
MLN - 4 - 4 - 4 - 4+ Myc-CRBN + + + + + + Myc-CRBN + + + + + +
75 Flag-ub + + + + + + Flag-ub + + + + + +
» - —w - ==| |KZF3 Len - + - + - + i
= |7
£ S oess=e-_8| K1 250 —
50 - 150 —
37 Actin < 192 = Flag (ub) < Flag (ub)
o |7 [ Semess=e -] kzFp3 T T
|75 — o | 50— HC N HC
3 e | KzF1 37 z
5 RN -
| e o - i —
a ‘ Actin ;’:__ HA (IKZF3) HA (IKZF1)
2 | ;; N |KZF3 [ HA (IKZF3) 5 HA (IKZF1)
S| 5, S, 1kzF1 3| 5o _ [ EEEEEE Myc (CRBN) 153 Myc (CRBN)
57 | ——|  Actin = [ 150 — [EEEERRR] c-AbI (AbI/AbI-KR) c-Abl (AbI/AbI-KR)
kDa gg _EEE== Actin Actin
kDa

FIGURE 2. LBH589 enhances lenalidomide-dependent degradation of IKZF1 and IKZF3 and cytotoxicity of MM cells. A, immunoblot for IKZF1/IKZF3 in
MM1S or pomalidomide-resistant MM1S-P5000 cells that were treated with 6 nm LBH for 24 h, 0.1 um Len for 12 h, or both (top panel). Also shown are viability
assays of these cells treated with 0.5 nm LBH, 0.05 um Len, or both on day 5 (bottom panel). B,immunoblot for IKZF1/IKZF3 in OPM2 cells that were treated with
12 nm LBH for 24 h, 0.5 um Len for 12 h, or both (top panel). Also shown are viability assays of OPM2 cells treated with 1.5 nm LBH, 1.6 um Len, or both on day 5
(bottom panel). C, immunoblot for IKZF1/IKZF3 in U266 cells that were treated with 12 nm LBH for 24 h, 0.5 um Len for 12 h, or both (top panel). The asterisk
indicates a nonspecific band. Also shown are viability assays of U266 cells treated with 1.5 nm LBH, 3 um Len, or both on day 5 (bottom panel). D, immunoblot
for IKZF1/IKZF3 in control or c-Abl knockout MM1S cells that were treated with 6 nm LBH for 24 h, 0.1 um Len for 12 h, or both (top panel). Also shown are viability
assays of MM1S cells treated with 0.5 nm LBH, 0.05 um Len, or both on day 5 (bottom panel). Each band of the WB for IKZF3 was quantified with Gel-Pro Analyzer
4.0 software (Media Cybernetics) and normalized to the corresponding actin band (A-D). E,immunoblot for IKZF1/IKZF3 in MM1S, OPM2, and U266 cells treated
with LBH or Len under the same conditions as in A-C, respectively, or their combination with DMSO or 1 um MLN4924 (MLN) for 12 h as indicated. The asterisk
indicates a nonspecific band. F and G, ubiquitination of IKZF3 (F) or IKZF1 (G) by immunoprecipitation (IP) in HEK 293T cells expressing c-Abl or Abl-KR and
treated with 10 um MG132 for 12 hand 5 um Len for 12 h as indicated. HC, heavy chain. For all cell viability assays, error bars represent mean = S.E. (n = 4). The

p values were determined by Student’s t test. ***, p < 0.001.

or cause obvious cytotoxicity in MM1S-P5000 cells as a single
agent or even in combination with lenalidomide (Fig. 24), sug-
gesting that LBH589-induced cytotoxicity is dependent on
lenalidomide. Deletion of c-Abl mitigated the decrease of
IKZF1/IKZFE3 protein levels and the arrest of cell proliferation
in cells treated with LBH589 and lenalidomide (Fig. 2D). Inter-
estingly, treatment with MLN4924, a neddylation inhibitor that
inactivates all CRLs, including CRL4“®EN (36), completely res-
cued the decrease in IKZF1/IKZF3 protein abundance after
treatment with either lenalidomide alone or a combination of
LBH589 and lenalidomide in these three MM cell lines (Fig. 2E).
As LBH589 activated c-Abl, we then examined whether c-Abl
regulates the lenalidomide-dependent ubiquitination of IKZF1/
IKZF3. IKZF1/IKZF3 ubiquitination was detectable in HEK
293T cells only when the cells were treated with lenalidomide,
and expression of exogenous wild-type c-Abl, but not the
kinase-defective c-Abl (Abl-KR), enhanced the levels of IKZF3
and IKZF1 ubiquitination (Fig. 2, F and G). These data suggest
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that LBH589 stimulates the ubiquitination and proteasomal
degradation of IKZF1/IKZF3 in the presence of lenalidomide.
Like LBH589, dexamethasone further destabilized IKZF3
protein (Fig. 3B) and reduced IKZF1/IKZF3 abundance (Fig.
3C) in lenalidomide-treated MM cells, leading to enhanced
inhibition of MM1S (Fig. 34) and OPM2 cell (Fig. 3D) prolifer-
ation. Co-treatment with imatinib abolished the dexametha-
sone-stimulated destabilization of IKZF3 (Fig. 3B) and inhibi-
tion of cell proliferation in lenalidomide-treated MM1S cells
(Fig. 3A). Put together, these results suggest that LBH589 and
dexamethasone promote lenalidomide-induced IKZF1/IKZF3
ubiquitination and degradation by activating c-Abl kinase.
¢-Abl Phosphorylates Multiple Tyrosines of DDBI1 Protein—
c-Abl was reported to bind and phosphorylate DDB1 (30) and
promote the ubiquitination and proteasomal degradation of
DDB2 in cells exposed to UV damage (37). We confirmed that
c-Abl kinase phosphorylated DDB1 in a kinase-dependent
manner (Fig. 44). However, which sites of DDB1 are phosphor-
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FIGURE 4. c-Abl phosphorylates multiple tyrosines of DDB1 protein. A, phosphorylation of DDB1 by IP in HEK 293T cells expressing FLAG-Abl or FLAG-
Abl-KR or treated with 2 um imatinib for 24 h as indicated. B, c-Abl substrate motif (YXXP) and the Tyr-316 site on DDB1. C, phosphorylation of WT or mutant

DDBT1 by IP in HEK 293T cells expressing FLAG-Abl or FLAG-AbI-KR.

ylated is not clear. There are three potential c-Abl target sites in
the primary sequence of DDB1 protein with the consensus
YXXP sequence (Fig. 4B): Tyr-182 and Tyr-718 on the exposed
surface and Tyr-678 inside the DDB1-Cul4 binding scaffold
(27). Mutation at Tyr-182 or Tyr-718, but not Tyr-678, reduced
the phosphorylation of DDB1 (Fig. 4C). These results suggest
that c-Abl phosphorylates diverse tyrosines of DDB1 protein.
c-Abl Phosphorylates DDBI to Recruit DDA 1—Interestingly,
we found that c-Abl kinase promoted the interaction of DDB1
with DDA1 (Fig. 54), a small protein (12 kDa) with no obvious
motif and likely a positive regulator of the CRL4 ligase (28). The
kinase activity of c-Abl is essential for the increased DDBI1-
DDA1 interaction because treating cells with imatinib or

3686 JOURNAL OF BIOLOGICAL CHEMISTRY

expressing kinase-defective Abl-KR abolished this effect (Fig.
5A). A conserved cluster of residues (Tyr-316/Asp-318/Asn-
319) on one of the three seven-bladed WD40 3 propellers (BPA,
BPB, and BPC) of DDB1 (27) is required for DDA1 interaction
(26). Conversion of Tyr-316 of DDBI1 to Phe completely abro-
gated the interaction of DDB1 and DDA1, which also failed to
be enhanced by c-Abl expression (Fig. 5B). However, the total
tyrosine phosphorylation of DDB1 was only marginally reduced
by this mutation (Fig. 5B), consistent with DDB1 harboring
additional sites (Tyr-182 and Tyr-718) phosphorylated by
c-Abl. Besides, c-Abl-induced recruitment of DDA1 was inde-
pendent of phosphorylation at these two sites (Fig. 5C). Triple
mutations (TMs) in Tyr-316/Tyr-182/Tyr-718 of DDB1 exhib-
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its interaction with DDA1 in cytoplasmic and nuclear fractions of HelLa cells.

ited a more severe phosphorylation defect than the double
mutations (DMs, Tyr-182/Tyr-718), indicating that all three
tyrosine residues are phosphorylated (Fig. 5C). c-Abl phosphor-
ylated DDB1 mostly in the cytoplasm, enriched DDA1 in the
nucleus, and promoted the assembly of the DDB1-DDA1 com-
plex in both the cytoplasm and nucleus (Fig. 5D). These data
demonstrate that DDBI1 is phosphorylated by c-Abl at Tyr-316
to recruit DDAI.

Lenalidomide-dependent IKZF3 Degradation Requires DDB1
to Recruit DDA1—To address the role of DDA1 in lenalido-
mide-induced substrate turnover, we examined the ubiquitina-
tion and stability of IKZF3 protein overexpressed in HEK 293T
cells with knockdown of DDA1 expression. Expression of c-Abl
increased the levels of ubiquitinated IKZF3, whereas knocking
down DDAI1 reduced both the basal and Abl-induced IKZF3
ubiquitination levels (Fig. 6, A and B). Similarly, lenalidomide-
dependent destabilization of IKZF3 was abrogated by knock-
down of DDA1 expression but enhanced by overexpression
of c-Abl with intact kinase activity (Fig. 6, C and D). Expres-
sion of c-Abl without lenalidomide treatment did not alter
IKZE3 stability (Fig. 6C). Put together, these results suggest
that DDAL is recruited to DDB1 at phosphorylated Tyr-316
to promote lenalidomide-induced ubiquitination and degra-
dation of IKZF3.
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Discussion

In summary, we have uncovered a mechanism underlying
clinically approved combination treatment options with lena-
lidomide for MM (Fig. 7). Other than their inherent cytotoxic-
ity, small-molecule drugs such as LBH589 and dexametha-
sone can activate the c-Abl kinase, which phosphorylates
DDBI at Tyr-316 to recruit DDA1, leading to increased sub-
strate ubiquitination.

CRL4 assembles with a subset of WD40 proteins to target a
variety of substrates to regulate the cell cycle, chromatin func-
tions, and DNA damage repair (1-3). c-Abl-induced activation
of CRL4 would presumably affect the ubiquitination of all CRL4
substrates. Therefore we checked the ubiquitination of histone
H3 (10, 11) and CK1a (19), substrates of CRL4, and found that
c-Ablincreased ubiquitination of the two proteins (Fig. 8, A and
B). These data suggest that c-Abl kinase can increase the ubiq-
uitination of diverse substrates of CRL4 E3 ligase. In this way, it
would be interesting to explore the functional significance of
c-Abl activation in regulating the turnover of the various CRL4
substrates in physiological or pathological processes.

DDALI is a small protein without an obvious motif that co-
purifies with the Cul4-DDB1 complex (26, 27) and has been
suggested to be a positive regulator of the CRL4 ligase (28),
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FIGURE 6. Lenalidomide-dependent IKZF3 degradation requires DDB1 to recruit DDA1. A, ubiquitination of IKZF3 by IP in HEK 293T cells expressing c-Abl,
siDDAT1, or both and treated with 5 um Len for 12 h and 10 um MG132 for 12 h as indicated. B, RT-PCR assay to determine the efficiency of DDA1 knockdown in
HEK293T cells. Dataare mean + S.D.;n = 3;*,p < 0.05.C, CHX chase analysis for IKZF3 stability in HEK 293T cells expressing IKZF3-HA, FLAG-CRBN, c-Abl, Abl-KR,
siDDA1, or combination of c-Abl and siDDAT1. Cells were treated with 2.5 um imatinib for 12 h, 2 um Len for 12 h, or the indicated combination before addition
of 100 ug/ml CHX for the indicated time. D, time course of IKZF3 protein decay in cells treated with lenalidomide from C. Each band of the WB for IKZF3 was
quantified with Gel-Pro Analyzer 4.0 software (Media Cybernetics) and normalized to the corresponding actin band. Half-life (t: ,) was estimated as the time for

degradation of 50% of the protein.
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FIGURE 7. Schematic depicting how the Abl-DDB1-DDA1 cascade regu-
lates CRL4 substrate ubiquitination and potentiates IMiD cytotoxicity.
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FIGURE 8. c-Abl stimulates ubiquitination of CRL4 substrates. A, ubiquiti-
nation of chromatin-bound histone H3 by IP in HEK 293T cells expressing
c-Abl or Abl-KR. LG, light chain. B, ubiquitination of CK1« by IP in HEK 293T
cells expressing c-Abl or Abl-KR and treated with 10 um MG132for 12 hand 5
um Len for 12 h. HC, heavy chain.

but how DDA1 is assembled into CRL4 is not clear. Here we
show evidence that c-Abl kinase phosphorylates DDB1 at
Tyr-316 to recruit DDA1. Next, we would like to explore how
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DDAI1 recruitment accelerates the ubiquitination of various
substrates.

Lenalidomide is empowered by the activated CRL
ubiquitin ligase to target its substrates more effectively. There-
fore, any intervention that activates Abl kinases would, in prin-
ciple, potentiate the activities of lenalidomide or other IMiDs
that engage CRLA“R®N to treat MM (17, 18) or del(5q) MDS
(19). For example, DNA damage induced by ionizing radiation
or cisplatin can activate c-Abl (32), begging a closer examina-
tion of these agents in DDA1-CRL4 complex assembly, leading
to CRL4 activation and justifying clinical investigation into the
combination of IMiDs with conventional radiotherapy or
chemotherapy in treating MM and del(5q) MDS patients. Addi-
tionally, the development of new drugs to hijack the CRL4<RPN
ubiquitin ligase to degrade previously intractable proteins
should take into account the critical role of Abl kinase activa-
tion in achieving better targeting efficacy (23).

4CRBN

Experimental Procedures

Cell Lines—HEK 293T, 293FT, HeLa, MM1S, MMIR,
OPM2, and U266 cell lines were obtained from the ATCC. Cells
were cultured in media recommended by the ATCC and main-
tained at 37 °C in 5% CO,. Pomalidomide-resistant MM1S-
P5000 cells were generated by culturing MM1S cells in medium
containing gradually increasing concentrations of pomalido-
mide. The final pomalidomide concentration in medium was 5
1M to maintain the growth of these cells.

¢DNA and Plasmids—pMT21 expression vectors carrying a
C-terminal Myc-tagged c-Abl and Abl-KR were gifts from
Stephen Goff (Columbia University, New York, NY). The
FLAG-ub expression vector was a kind gift from Zongping
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Xia (Zhejiang University). The full-length ¢cDNAs (Human
ORFeome Collection) of DDA1, CRBN, Abll, and AblI-KR
were amplified and subcloned into the pXF6H expression
vector (3XFLAG) from Xinhua Feng (Zhejiang University)
between the EcoRI and BamHI restriction sites and named
FLAG-DDA1, FLAG-CRBN, FLAG-Ab], and FLAG-AbI-KR
plasmids. The full-length human DDBI was amplified and sub-
cloned into the pXF4H expression vector (2XHA) from Xinhua
Feng (Zhejiang University) between the Xbal and HindIII re-
striction sites and named HA-DDBI1 plasmid. Site-directed
mutagenesis to generate HA-DDBI1 (Y316F), HA-DDBI1
(Y182F), HA-DDBI (Y678F), HA-DDBI (Y718F), HA-DDBI-
DM (Y182F/Y718F), and HA-DDB1-TM (Y182F/Y718F/
Y316F) mutant expression vectors were carried out utilizing the
QuikChange method (Agilent Stratagene). Human IKZF3 and
IKZFI1 cDNA clones were amplified with an HA tag in the C
terminus and then cloned into the pXF4H expression vector
between the Clal and EcoRI sites and named IKZF3-HA and
IKZF1-HA plasmids. The human CRBN cDNA clone was
amplified with a Myc tag in the N terminus and then cloned into
the pXF4H expression vector between the Clal and EcoRI sites
and named Myc-CRBN plasmid.

Compounds and Antibodies—MG132 (52619), MLN4924
(S7109), LBH589 (S1030), Dexamethasone (S1322), imatinib
(S2475), and lenalidomide (S1029) were purchased from Sell-
eck Chemicals. All compounds were dissolved in DMSO. Anti-
FLAG (F3165, Sigma-Aldrich), anti-HA (H6908 and H3663,
Sigma-Aldrich), anti-Myc (2272, Cell Signaling Technology),
anti-Cul4A (A300-739A, Bethyl), anti-Tyr(P) (94118, Cell Sig-
naling Technology), anti-c-Abl (sc-131, Santa Cruz Biotechnol-
ogy), anti-p-c-Abl(Tyr-245) (2861S, Cell Signaling Technol-
ogy), anti-DDB1 (37-6200, Invitrogen), anti-Actin (1844-1,
Epitomics), anti-IKZF3 (NBP2-24495, Novus Biologicals), anti-
IKZF1 (AP10222B, Abgent), anti-DDA1 (AP14094C, Abgent),
anti-B-tubulin (1559509A, Life Technologies), anti-Lamin A/C
(sc-20681, Santa Cruz Biotechnology), anti-HA affinity gel
(E6779, Sigma-Aldrich), and anti-CRBN (SAB045910, Sigma-
Aldrich) were purchased and used according to the recommen-
dations of the manufacturer. Secondary antibodies were goat
anti-mouse IgG-HRP (sc-2005, Santa Cruz Biotechnology) and
goat anti-rabbit IgG-HRP (sc-2004, Santa Cruz Biotechnology).

Immunoblot Analysis—All Protein lysates were resolved by
standard SDS-PAGE and transferred to PVDF membranes.
Blots were blocked in 5% nonfat milk in Tris-buffered saline
containing 0.1% Tween 20 (TBS-T) and incubated with primary
antibodies in 5% BSA at 4 °C overnight. Blots were washed three
times with 1X TBS-T the next day and then incubated with
secondary antibodies for 1 h at room temperature. Detection
was performed with ECL Western blotting detection reagent
(Thermo Scientific).

Co-immunoprecipitation Assays—Cells were transfected
with the indicated plasmids and lysed in NETN lysis buffer (50
mM Tris-HCI (pH 8.0), 150 mm NaCl, 1% Nonidet P-40, and 1
mMm Na,;VO, supplemented with complete protease inhibitors
(Roche)). After centrifugation at 13,000 rpm for 15 min, super-
natants were subjected to immunoprecipitation by incubation
with anti-HA affinity gel for either 4 h or overnight at 4 °C.
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Samples were washed three times with lysis buffer before being
separated by SDS-PAGE and analyzed by immunoblot.

In Vivo Ubiquitination Assay—Plasmids were transfected
into HEK 293T cells as indicated. Cell lysates were prepared for
ubiquitination assays as described previously (7). For ubiquiti-
nation of histone H3, histones were extracted and purified as
described elsewhere (38) and then subjected to the ubiquitina-
tion assay.

Preparation of Nuclear and Cytoplasmic Extracts—HeLa
cells were transfected as indicated, and the fractions were pre-
pared as described previously (30).

Protein Degradation Analysis and Protein Quantification—
Cells were treated with cycloheximide (CHX, 100 wg/ml), and
cells were harvested for lysate preparation using NETN lysis
buffer at the indicated time points and subjected to immuno-
blot analysis. For quantification, each band of the WB for IKZF3
was quantified with Gel-Pro Analyzer 4.0 software (Media
Cybernetics) and normalized to the corresponding actin band.
The relative IKZF3 protein level at the starting time (0 h) in
each group was set to 1. The relative IKZF3 protein levels at
other time points were compared with that at the starting time.
Data points were adjusted to a one-exponential decay curve
using GraphPad Prism software (GraphPad), and the protein
degradation rate (¢,) was expressed as the time for degradation
of 50% of the protein.

SiRNA Sequences and Transfection—The siRNA sequences
for DDA1 were CCUCAUAGGAGCCGAUGUAATAT and
GCGAGUACCCGUCUGAACAJTAT. Cells were transfected
using Lipofectamine RNAiMax (Invitrogen). Lipofectamine
2000 (Invitrogen) was used for transfection with vectors and
siRNAs simultaneously.

Real-time RT-PCR—Total RNA was extracted using TRIzol
reagent (Life Technologies) and reverse-transcribed into cDNA
using the PrimeScript RT Master Mix Kit (RR036A, TaKaRa)
according to the protocol of the manufacturer. Real-time PCR
was performed in triplicate using Power SYBR Green PCR Mas-
ter Mix (4367659, Life Technologies) and an Applied Biosys-
tems 7500 real-time PCR system. PCR primers were as follows:
DDAI1-F, GTACCCGTCTGAACAGATCATCG; DDAI-R,
GGCAGCGTTCTTTTTGTCCC; GAPDH-F, CGACCACTT-
TGTCAAGCTCA; and GAPDH-R, TTACTCCTTGGA-
GGCCATGT.

Lentiviral Vectors and Virus Infection—Single guide RNA
sequences targeting Abl (#1, GCAGCCCTTACCCCAGA-
CGT; #2, GGTTCATCATCATTCAACGG) and sgControl
(#1, GCCATATCGGGGCGAGACATG; #2, GTGAGGATC-
ATGTCGAGCGCC) sequences were annealed and subcloned
into lentiCRISPRv2 vectors (39, 40). The c-Abl coding
sequences were amplified and cloned into the PLVX-IRES-Neo
vector. The vectors were transfected into HEK 293FT cells
together with pVSVg and psPAX2 vectors using Lipofectamine
2000. The medium was replaced after 24 h. The viral superna-
tant was collected 72 h post-transfection and ultracentrifuged
at 25,000 rpm at 4 °C for 2 h. For viral infection, MM1S cells
were seeded in 12-well plates and supplemented with 6 ug/ml
Polybrene (Sigma). Cells were centrifuged at 2000 rpm for 2 h at
37 °C. Following the spin, the medium was aspirated, and fresh
medium without Polybrene was added.
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Viability Assay—MM cells were seeded in 96-well plates and
treated with compounds at the indicated concentration and
time. Proliferation rates were analyzed using Cell Counting Kit
8 ( Dojindo Laboratories, Kumamoto, Japan) according to the
protocol of the manufacturer.

Statistical Analysis—The data presented were acquired from
a minimum of two independent experiments unless otherwise
indicated. Statistical significance in assays with identical cell
lines was assessed with Student’s ¢ test (two-tailed). GraphPad
Prism 5 (GraphPad) was used for all statistical analyses.
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