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SUMMARY

Tumors that overexpress the MYC oncogene are
frequently aneuploid, a state associated with highly
aggressive cancers and tumor evolution. However,
how MYC causes aneuploidy is not well understood.
Here, we show that MYC overexpression induces
mitotic spindle assembly defects and chromosomal
instability (CIN) through effects on microtubule
nucleation and organization. Attenuating MYC
expression reverses mitotic defects, even in estab-
lished tumor cell lines, indicating an ongoing role
for MYC in CIN. MYC reprograms mitotic gene
expression, and we identify TPX2 to be permissive
for spindle assembly in MYC-high cells. TPX2 deple-
tion blocks mitotic progression, induces cell death,
and prevents tumor growth. Further elevating TPX2
expression reduces mitotic defects in MYC-high
cells. MYC and TPX2 expression may be useful bio-
markers to stratify patients for anti-mitotic therapies.
Our studies implicate MYC as a regulator of mitosis
and suggest that blocking MYC activity can atten-
uate the emergence of CIN and tumor evolution.

INTRODUCTION

Aneuploidy, a state of abnormal chromosome number, is a hall-
mark of cancer, with >70% of common solid tumors found to be
aneuploid (Boveri, 2008; Cimini, 2008). Aneuploidy is frequently
caused by chromosomal instability (CIN), chromosome misse-
gregation that leads to chromosome loss or gain (Lengauer
et al.,, 1997; Thompson and Compton, 2008). CIN is a major
driver of tumor evolution and promotes drug resistance and
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metastasis (Bakhoum et al., 2018; Greaves, 2015; Turajlic and
Swanton, 2017); however, the major mechanisms that induce
CIN remain poorly understood.

The MYC oncogene is frequently overexpressed in a wide
variety of aggressive and metastatic tumors and has been asso-
ciated with aneuploidy (Felsher and Bishop, 1999a; Karlsson
et al., 2003; McCormack et al., 1998; Soucek and Evan, 2010).
One of the key biological functions of MYC is its ability to facili-
tate entry and progression through G1 and S phases of the cell
cycle by regulating gene transcription (Bretones et al., 2015).
However, whether MYC also affects mitotic progression and in-
duces CIN is unclear. We and others have found that cells with
elevated MYC activity are sensitive to mitotic interruption such
as treatment with microtubule-targeting agents, mitotic kinase
inhibitors, or small interfering RNA (siRNA)-mediated depletion
of spindle-related genes (Dauch et al., 2016; Goga et al., 2007;
Horiuchi et al., 2012; Kessler et al., 2012; Littler et al., 2019; Mar-
tins et al., 2015; Menssen et al., 2007; Pereira et al., 2017;
Topham et al., 2015). However, a molecular mechanism for the
synthetic-lethal interactions of MYC with mitotic regulators is
missing. Clarifying such a mechanism could reveal novel treat-
ment strategies for aggressive MYC-overexpressing cancers.

Chromosome segregation is mediated by the mitotic spindle,
while spindle error detection occurs through the spindle assem-
bly checkpoint (SAC). The SAC delays chromosome segregation
until appropriate attachments of chromosomes to spindle micro-
tubules are established (Joglekar, 2016). In cancer cells, where
CIN is common, chromosomes frequently missegregate as a
result of microtubule-chromosome attachment errors that are
not detected by the SAC (Bakhoum et al., 2009). Various defects
in spindle formation can cause attachment errors and CIN
(Cimini, 2008). One key mediator of spindle formation is the
microtubule-binding protein TPX2, which is overexpressed in
many aggressive human tumors, and its overexpression is highly
correlated with CIN (Carter et al., 2006; Hu et al., 2012). However,
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the mechanisms of TPX2 deregulation and its specific role in CIN
formation remain unclear (Carter et al., 2006; Neumayer et al.,
2014). Here, we identify the MYC oncogene to reversibly induce
CIN in various cellular models through effects on mitotic spindle
formation. Using gene expression data and genomic functional
screening approaches, we identify TPX2 as an important factor
for the survival of cells with MYC overexpression.

RESULTS

MYC Overexpression Delays Mitotic Progression and
Causes CIN
Although MYC overexpression has been frequently associated
with more rapid cellular proliferation, its role in regulating mitosis
remains poorly understood. We sought to determine whether
MYC alters mitotic progression in human non-transformed
epithelial cell lines. We engineered human retinal pigment epithe-
lium (RPE-1) cells to constitutively overexpress MYC (RPE-MYC)
or a control plasmid (RPE-NEO) (Goga et al., 2007; Yang et al.,
2010). We performed immunofluorescence on fixed cells to
examine kinetochore and chromosome localization. MYC over-
expression was associated with an increased percentage of cells
with misaligned chromosomes in metaphase and lagging chro-
mosomes in anaphase (Figures 1A and 1B). Lagging chromo-
somes often form micronuclei in the subsequent S phase (Cimini
et al.,, 2002). Consistent with this, we observed more micro-
nucleated RPE-MYC cells compared to RPE-NEO cells (Figures
1A and 1B). We next asked whether MYC alters mitotic
progression. We performed time-lapse microscopy of H2B-
mCherry-expressing cells to compare the time from chromo-
some condensation to the onset of chromosome segregation,
an established assay for mitotic timing (Knouse et al., 2018; Mer-
aldi et al., 2004; Stolz et al., 2010) (Figure 1C). RPE-MYC cells
took more time to reach anaphase onset compared to RPE-
NEO cells (Figure 1D). Anaphase onset can be delayed by the
SAC. To check whether SAC function is affected by MYC, we
probed for Mad1 localization (Kuhn and Dumont, 2017; Maldo-
nado and Kapoor, 2011). Mad1 localized to kinetochores in
RPE-MYC cells, indicating a functional SAC (Figure S1A). Thus,
anincrease in mitotic errors, a prometaphase delay, and a robust
Mad1 staining suggest an MYC-induced activation of the SAC.
Long-term MYC overexpression could lead to genomic
changes and the accumulation of mutations, hindering the ability
to discern direct versus indirect effects. To examine the temporal
dependence on MYC to elicit mitotic errors, we tested early
passage non-immortalized human mammary epithelial cells
(HMECs) that express an MYC-estrogen receptor (ER) trans-
gene, allowing for transient activation of MYC following treat-
ment with 4-hydroxytamoxifen (TAM) (Horiuchi et al., 2016).
Activation of MYC in HMECs for 3 days (MYC ON) increased
the number of cells with misaligned and lagging chromosomes
and enhanced micronuclei formation (Figure 1B). MYC activation
also delayed anaphase onset in H2B-mCherry-expressing
HMECs, confirming the results observed in RPE1 cells (Fig-
ure 1D). Thus, unlike the ability of MYC to accelerate transition
through the G1/S checkpoint (Amati et al., 1998; Ryl et al.,
2017; Sheen and Dickson, 2002), we find that increased MYC ac-
tivity delays progression through mitosis and induces CIN.

MYC-Induced CIN Is Reversible

To test whether MYC-induced CIN is reversible, we derived a
cell line from an MYC-driven transgenic mouse model of triple-
negative breast cancer, in which MYC overexpression is
inducible with doxycycline (MMTV-rtTA TetO-Myc [MTB-
TOM]) (Camarda et al., 2016; D’Cruz et al., 2001; Pfefferle
et al., 2013). We immortalized MTB-TOM cells in the presence
of doxycycline to ensure MYC overexpression. Expression of
the human MYC transgene was drastically reduced 2 days af-
ter doxycycline withdrawal (Figure 1E; see STAR Methods for
characterization). We determined whether MTB-TOM cells
grown in the presence of doxycycline (MYC ON) display CIN.
A total of 15% of MYC ON MTB-TOM cells had lagging chro-
mosomes, and 4% were micronucleated, similar to the fre-
quency found in RPE-MYC cells (Figure 1F). We next tested
whether turning off MYC expression decreases CIN. The num-
ber of lagging chromosomes and micronucleated cells
decreased to 1.2% and 1.3%, respectively (MYC OFF; Fig-
ure 1F). To test whether the MYC-induced anaphase delay
observed in RPE-1 cells and HMECs is reversible, we per-
formed time-lapse microscopy of H2B-mCherry-expressing
MTB-TOM cells. Turning off MYC expression reduced the
time for transition from prophase to anaphase on average by
~9 min, suggesting an earlier satisfaction of the SAC and a
reduction in chromosome attachment errors (Figure 1G).

We next wondered whether the attenuation of MYC overex-
pression also reverses CIN in established human tumor cell
lines. We quantified the number of micronucleated cells and
measured mitotic timing in two MTB-TOM cell lines,
HCC1143 and MDA-MB-231, that exhibit elevated MYC
expression (Horiuchi et al., 2012) (Figure S3F). Both cell lines
demonstrated chromosomal instability, with 6.7% of MDA-
MB-231 cells and 11.6% of HCC1143 cells being micro-
nucleated (Figure 1H). Depleting MYC with a pool of siRNAs
reduced the number of micronucleated cells to 3.1% and
4.3%, respectively, suggesting that MYC-induced CIN is
partially reversible (Figures 1H, 1l, S1H, and S1J). MYC deple-
tion also reduced time to anaphase onset in HCC1143 cells,
indicating an earlier satisfaction of the SAC (Figure 1J). Un-
treated MDA-MB-231 cells completed mitosis very quickly
(29 min), and MYC depletion did not further accelerate the pro-
cess (Figure 1J). However, MDA-MB-231 cells have been re-
ported to have a weakened SAC, providing an explanation for
the early anaphase onset even in the presence of considerable
CIN (6.7% micronucleated cells) (Riffell et al., 2009). To exclude
off-target effects, we also tested two individual siRNAs target-
ing MYC in HCC1143 cells. Single siRNAs were less efficient to
deplete MYC; however, even partial MYC depletion resulted in
fewer micronuclei (Figures S1F-S1H). Thus, we observed a cor-
relation between the level of MYC expression and percentage
of micronucleated cells across several cell lines and depletion
experiments (Figure S1l). Those data, together with the data
from other MYC-high and -low cell lines (i.e., RPE-MYCs versus
RPE-NEOs, HMECs, MTB-TOMs), argue that MYC reversibly
induces mitotic defects. Attenuation of MYC expression can
reverse CIN, even in established, genetically complex cancer
cell lines, suggesting an ongoing role for MYC in the persis-
tence of CIN.
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Figure 1. MYC Reversibly Induces CIN

(A) Images of mitotic defects in RPE-MYC cells. Arrows indicate misaligned and missegregated chromosomes. Scale bars, 10 pm.

(B) Percentage of mitotic defects. HMEC MYC ON, MYC activated for 3 days. Fisher’s exact test, n = 100-300 mitotic cells and n = 800-1,000 cells for micronuclei
from 3 independent experiments.

(C) Fluorescent time-lapse images of RPE-NEO and RPE-MYC cells expressing H2B-mCherry. Scale bars, 10 pm.

(D) Time from chromosome condensation to anaphase onset (average time shown above each plot). Mean + SD. Unpaired t test, n = 140-380 from 3 independent
experiments.

(E) Western blot analysis of MYC in MTB-TOM cells grown in the presence (MYC ON) and absence of doxycycline (MYC OFF).

(F) Percentage of mitotic defects in MTB-TOM MYC ON and MYC OFF (3 days) cells. Fisher’s exact test, n = 1,628 and 520 for micronuclei and 178 and 164 for
mitotic errors, 3 independent experiments.

(G) Time from chromosome condensation to anaphase onset of MTB-TOM cells expressing H2B-mCherry (average time shown above each plot). Mean + SD.
t test, n = 178 and 164, 3 independent experiments.

(H and 1) Percentage of micronucleated MDA-MB-231 (H) and HCC1143 (1) cells 3 days after transfection with non-targeting (NT) or MYC siRNA. Mean + SD.
Fisher’s exact test, n = 628-1,056, 3 independent experiments. See also Figures STH-S1L.

(J) Time from chromosome condensation to anaphase onset 3 days after treatment with NT or MYC siRNA (average time shown above each plot). Mean + SD.
Unpaired t test, n = 171-179, 3 independent experiments.

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.

MYC Overexpression Impairs Mitotic Spindle Formation spindle assembly are affected by MYC. Nocodazole incubation
Multiple kinds of mitotic defects can lead to chromosome attach-  depolymerizes microtubules and arrests cells in prometaphase
ment errors and CIN (Thompson et al., 2010). We performed noco-  (Cavazza et al., 2016). Upon washout, microtubules nucleate
dazole washout assays to determine which aspects of mitotic  from both centrosomal and non-centrosomal sites to reform the
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spindle (Figure 2A) (Petry and Vale, 2015). 2 min after washout, we
observed more total microtubule nucleation sites and, in partic-
ular, more microtubules nucleated from non-centrosomal sites
in RPE-MYC cells compared to control cells (Figures 2B and
S2A). MYC overexpression also inhibited the coalescence of
microtubule asters even 30 min after washout (Figure 2B). Conse-
quently, chromosome alignment was impaired: only 30% of RPE-
MYC cells had aligned chromosomes 30 min after washout
compared to 83% of RPE-NEO cells (with an additional 4.6% +
2.6% of RPE-NEO cells having completed anaphase, n = 3) (Fig-
ure 2C). We next tested whether short-term MYC activation also
attenuates spindle reassembly in HMECs. We observed similar
defects of microtubule assembly and chromosome alignment in
HMEC MYC ON, indicating a specific effect of MYC on mitotic
spindle formation (Figures S2B-S2D).

The increased number of microtubule asters observed in
MYC-high cells could be the result of increased centrosome
numbers (Sugihara et al., 2004) or of increased microtubule
nucleation from non-centrosomal sites. To test the former pos-
sibility, we examined untreated cells by immunofluorescence
microscopy. We found an 11% and a 12% increase in the fre-
quency of multipolar spindles in RPE-MYC and HMEC MYC
ON, respectively, compared to control cells (Figure 2D).
Confocal microscopy revealed that 31% and 39% of those
multipolar spindles contained >2 centrioles per pole in RPE-
MYC and HMEC MYC ON, respectively (Figures S2E and
S2F). A small number of bipolar RPE-MYC cells (0.7%) also
had extra free centrioles, suggesting that MYC causes centriole
amplification. Although we observed an 11% (RPE-MYC) and a
12% (HMEC MYC ON) increase in multipolar spindles due to
MYC overexpression or activation, this difference cannot ac-
count for the spindle reformation defects we observed in
>70% of cells in the nocodazole washout assay. We next
used confocal microscopy to reveal the localization of microtu-
bule nucleation sites after nocodazole washout. We observed
more microtubule nucleation sites at non-centrosomal sites in
RPE-MYC and in HMECs MYC ON compared to control cells
(Figures 2E and 2F).

Confocal microscopy after nocodazole washout also revealed
shorter microtubule asters in MYC-high cells compared to
control cells, suggesting that MYC impairs microtubule growth

(Figure 2G). Growing microtubules are required to push apart
centrosomes during spindle formation. Thus, MYC-induced de-
fects in microtubule growth may impair centrosome segregation.
To test whether centrosome segregation was affected by MYC,
we measured centrosome distance 30 min after washout. We
found that centrosomes were positioned closer together in
RPE-MYC cells and HMECs MYC ON compared to control cells,
which is consistent with the observed defects in microtubule
aster length (Figure 2H).

We next asked whether MYC depletion can rescue spindle-
formation defects. Spindle re-assembly after nocodazole
washout in doxycycline-treated MTB-TOM cells (MYC ON)
resembled the phenotype of RPE-MYC cells. A high number of
microtubule asters emanated from non-centrosomal sites, and
chromosome alignment was slow (Figures 21, 2J, and S2G).
Switching off MYC expression rescued spindle-formation
defects. The number of microtubule nucleation sites decreased,
nucleation was found predominantly at the centrosomes,
chromosome alignment was accelerated, and centrosome
segregation increased (Figures 2I-2K). We next examined the
reversibility of spindle defects in MYC-high human breast cancer
cell lines MDA-MB-231 and HCC1143. MYC depletion using
siRNA partially reversed microtubule nucleation defects, aster
growth, and chromosome alignment, demonstrating the revers-
ibility of MYC-induced mitotic errors (Figures S2H-S2K). MYC
influences several steps of spindle assembly and mitotic pro-
gression, resulting in a delay of bipolar spindle formation and
chromosome alignment. Attenuating MYC expression, even in
established MYC-driven tumor cells, reverses spindle-formation
defects.

MYC Regulates Genes Involved in Spindle Formation

We next investigated how MYC may induce mitotic aberrations.
MYC is a transcription factor that binds to active promoters of
direct target genes (Chen et al., 2008; Lin et al., 2012; Nie
et al.,, 2012; Walz et al.,, 2014). To investigate whether the
mitotic defects are dependent on the transcriptional activity
of MYC, we tested whether a transcriptionally inactive MYC
mutant can increase the time from prophase to anaphase onset
in previously described Ratla cells (Schwinkendorf and
Gallant, 2009). Wild-type Ratla cells took an average of

Figure 2. MYC Impairs Mitotic Spindle Formation
(A-C) Nocodazole washout assay in RPE-NEO and RPE-MYC cells.
(A) Representative images. Scale bars, 10 um.

(B) Number of microtubule foci/asters. Mean + SEM t test, n = 26-99, 3 independent experiments. See also Figure S2A.
(C) Percentage of cells with aligned chromosomes. Mean + SEM. Fisher’s exact test, n = 13-139, 3 independent experiments.
(D) Percentage of multipolar spindles. HMEC MYC ON, MYC activated for 3 days. Mean + SEM. Fisher’s exact test, n = 97-315, 3 independent experiments.

See also Figures S2E and S2F.
(E-G) Confocal microscopy after nocodazole washout.

(E) Representative images of HMEC cells 2 min after washout. Scale bar, 10 um. Insets show a 3-fold magnification of microtubule asters nucleating at
non-centrosomal sites colocalizing with (1) or nucleating next to kinetochores (2).

(F) Number of microtubule asters at non-centrosomal sites 2 min after washout. Mean + SD. Unpaired t test, n = 16-35, 2 independent experiments.

(G) Length of microtubule asters 5 min after washout. Mean + SD. Fisher’s exact test, n = 139-286, 2 independent experiments.

(H) Centrosome distance 30 min after nocodazole washout. Mean + SD. Unpaired t test, n = 26-73, at least 3 independent experiments.

(I-K) Nocodazole washout assay in MTB-TOM MYC ON and MYC OFF (3 days).

() Number of microtubule asters. Mean + SEM. t test, n = 47-208, 3 independent experiments. See also Figure S2G.
(J) Percentage of cells with aligned chromosomes. Mean + SEM. Fisher’s exact test, n = 81-209 cells, 3 independent experiments.
(K) Centrosome distance 30 min after washout. Mean + S.D. Unpaired t test, n = 41 and 63 cells, 3 independent experiments.

*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001.
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(C) Percentage of micronucleated cells. Mean + SD. Fisher’s exact test, n = 730-1,478, 3 independent experiments.

(D) Deregulated mitotic spindle genes in murine MTB-TOM breast and liver tumors compared to the corresponding normal tissue and in human TNBC compared

to RPBC (TCGA data). Log2 fold change >1, FDR < 0.05.

(E) Western blot analysis of MYC in MTB-TOM tumors (MYC ON, n = 4), tumors off doxycycline for 3 days (MYC OFF, n = 4) and normal mammary gland (n = 2).
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(G) Deregulated mitotic spindle genes when MYC expression is turned off in MTB-TOM breast tumors and Eu-tTA/TRE-MYC lymphoma cells compared to the 29
MYC-induced spindle genes identified in (D). Log2 fold change > -1, FDR < 0.05. See also Table S2.

***p < 0.0001.

13 min to proceed from prophase to anaphase onset (Fig-
ure 3B). Overexpressing mouse MYC in Ratla cells that
have had the endogenous rat MYC gene knocked out (Rat1a
myc™) (Bush et al., 1998) caused a significant delay in
anaphase onset (21.4 min) (Figures 3A and 3B) and micronuclei
formation, indicating CIN (Figure 3C). In contrast, expression
of the transcriptionally inactive mutant MYCAMBII in Ratla
myc ™'~ cells did not alter mitotic timing or micronuclei forma-
tion, indicating that the transcriptional function of MYC is
required to induce mitotic defects (Figures 3A-3C).

Next, we wondered which mitotic genes could be transcription-
ally affected by MYC. We analyzed the expression of 1,452 genes
associated with the Gene Ontology terms kinetochore, microtu-
bule, mitosis, and mitotic spindle (called spindle genes) in two
transgenic tumor mouse model systems. Tumors are driven by
conditionally expressed MYC in the LAP-tTA x TetO-MYC
(LT2-MYC) bi-transgenic liver tumor mouse model (Anderton
etal., 2017; Shachaf et al., 2004) and the transgenic mouse model
of MTB-TOM (D’Cruz et al., 2001). A total of 115 spindle genes
were differentially expressed in mouse liver tumors and 359
were differentially expressed in breast tumors compared to
normal tissue (Table S2). We next examined human breast cancer
patient data from The Cancer Genome Atlas (TCGA). Previously,

as a subset, receptor-triple negative breast cancer (TNBC) tumors
were found to express elevated MYC compared to receptor-pos-
itive breast cancer (RPBC) tumors (Cancer Genome Atlas
Network, 2012; Horiuchi et al., 2012). By comparing TNBC and
RPBC tumors, we found that 191 spindle genes were differentially
expressed (Table S2). The expression of 29 spindle genes was
altered across all 3 datasets, suggesting that those may mediate
the MYC-induced spindle defects (Figure 3D). We next wondered
whether spindle gene expression is reversible. To test this, we
briefly turned off MYC expression in four MTB-TOM tumors (Fig-
ure 3E) and in a cell line from the double-transgenic Eu-tTA/
TRE-MYC lymphoma mouse model (Felsher and Bishop, 1999b;
Goga et al., 2007) (Figure 3F). Depletion of MYC for 3 days
reversed the expression of 27 of the 29 spindle genes (Figure 3G;
Table S1). To determine whether those genes are direct transcrip-
tional targets of MYC, we analyzed chromatin immunoprecipita-
tion sequencing (ChlP-seq) data from 2 prior studies (Sabo
etal., 2014; Walz et al., 2014). Among the 24 genes that were pre-
sent in both datasets, 20 were found to have MYC bound to pro-
moters in at least 3 of 4 cell types (Table S1). These data indicate
that MYC alters the transcription of multiple mitotic spindle genes,
many of which have been shown to regulate microtubule behavior
and spindle assembly.
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Figure 4. TPX2 Expression Correlates with MYC and Its Depletion Kills MYC-High Cells

(A) Percentage of cell death in RPE-NEO (white bars) and RPE-MYC cells (gray bars) 3 days after siRNA treatment normalized to control siRNA, and after
treatment with 10 uM purvalanol A normalized to DMSO. Bars, mean + SEM. t test, n = 3.

(B) Correlation of MYC and TPX2 protein levels in RPE-MYC and MTB-TOM (engineered MYC ON, yellow), RPE-NEO, and MTB-TOM off doxycycline for
2 days (engineered MYC OFF, blue), 4 triple negative breast cancer (TNBC) cell lines (red), 4 receptor-positive breast cancer (RPBC) cell lines (dark green),
5 patient-derived xenograft (PDX) TNBC tumors (orange), 7 RPBC PDX tumors (light green), and non-transformed mouse mammary gland (white). See also

Figures S3C-S3F. The correlation coefficient was computed using Pearson correlation.

(C) Western blot of TPX2 in HMEC MYC ON and HMEC MYC OFF.
(D) Western blot of TPX2 and MYC in MTB-TOM MYC ON and MYC OFF.

(E) ChIP of MYC in RPE-NEO and RPE-MYC followed by qPCR against the promoter region of TPX2 and LDHA (positive control) and an upstream region of the
LDHA promoter (negative control). Mean + SEM. Unpaired t test, n = 3. See also Figure S3B.

(F) Western blot of TPX2, pHH3, Cyclin A, and Cyclin B1in RPE-NEO and RPE-MYC cells; time after release from a double thymidine block is indicated. Mitotic cell
rounding observed by light microscopy is indicated with line. See also Figure S3G.

*p < 0.05, **p < 0.01, **p < 0.001.

Elevated TPX2 Expression Facilitates Mitotic
Completion in MYC-High Cells

All or a subset of the MYC-regulated spindle genes may
contribute to the observed mitotic aberrations. TPX2, BIRC5 (sur-
vivin), and KIF11 (Eg5) proteins have been previously found to
interact with the spindle. TPX2 is the main factor that facilitates
microtubule nucleation at chromosomes (Gruss et al., 2002), reg-
ulates spindle pole formation via Eg5 (Eibes et al., 2018; Ma et al.,
2011), and its localization depends on survivin (Xia et al., 2008).
Our observations that MYC-high activity leads to spindle abnor-
malities and that MYC actively regulates the expression of spin-
dle genes led us to hypothesize that MYC-high cells may depend
on the expression of these genes. If this were true, then targeting
these genes may lead to therapeutically beneficial synthetic-
lethal interactions in the context of MYC-high cells. To elucidate
whether MYC-high cells depend on TPX2, survivin, or Eg5, we
performed siRNA knockdown in RPE-NEO and RPE-MYC cells
and measured cell death (Figure 4A). We included several control
genes—MAP7, PDS5B, and LMNA—whose expression was not
altered in an MYC-dependent manner, but they do have a func-
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tion in mitosis (Carretero et al., 2013; Dechat et al., 2007; Faire
et al.,, 1999; Gallaud et al., 2014; Heald and McKeon, 1990).
We also examined STMNT1, a protein that destabilizes microtu-
bules, and NPM1, whose expression was MYC dependent in
four of five RNA sequencing (RNA-seq) datasets (Table S2) and
plays a role in centrosome duplication (Okuda, 2002; Wittmann
et al., 2004). As a positive control, we included treatment with
the cyclin-dependent kinase 1 (CDK1) inhibitor purvalanol A,
which has previously been shown to be synthetic-lethal with
MYC overexpression (Goga et al., 2007). Depletion of TPX2,
survivin, and Eg5 markedly reduced the viability of RPE-MYC
cells while minimally affecting RPE-NEO cells (Figure 4A).

We focused on the microtubule-binding protein TPX2 because it
is required for the initiation of microtubule growth from non-centro-
somal sites, controls centrosome movement, and is important for
efficient mitotic completion (Eibes et al., 2018; Gruss et al., 2001;
Petry, 2016). We speculated that it may be a central player in regu-
lating the MYC-induced mitotic aberrations. We sought to explore
in more detail the connection between MYC and TPX2 expression.
In addition to finding TPX2 mRNA upregulation in various



MYC-driven tumor contexts (Figures 3D and 3G; Table S1), we
found a significant co-occurrence of MYC and TPX2 mRNA in pri-
mary human breast tumors (cBioportal; Figure S3A). We next
wondered whether MYC and TPX2 protein levels also correlate.
We performed western blot analysis of MTB-TOM cells in the
absence and presence of doxycycline (to regulate MYC expres-
sion), non-tumor mouse mammary gland, tumor tissue from 12
breast cancer patient-derived xenograft (PDX) models and various
cell lines, including RPE-NEO, RPE-MYC, and 8 TNBC and RPBC
celllines (Figures S3C-S3F). We found a significant co-occurrence
of TPX2 and MYC protein levels. Non-transformed tissues ex-
pressed low levels of both proteins, while aggressive cancer cells
expressed high levels (Figure 4B). Furthermore, TPX2 expression
was rapidly and reversibly induced when MYC activity was regu-
lated in HMECs and MTB-TOM tumors, which is consistent with
a direct role for MYC in regulating TPX2 expression (Figures 4C
and 4D). To validate that TPX2 is a transcriptional target of MYC,
we analyzed publicly available ChlP-seq data from the Encode
project. MYC and its binding partner MAX are bound to the pro-
moter region of TPX2 in multiple cell lines (Figure S3B). To confirm
that TPX2 is a target of MYC in RPE-1 cells, we performed ChIP
followed by gPCR against the promoter region of TPX2 and lactate
dehydrogenase A (LDHA) (positive control) and an upstream
sequence of LDHA (negative control) (Figure 4E). We found MYC
bound to the promoter region of TPX2 in RPE-MYC, but much
less so in RPE-NEO cells, indicating that TPX2 is transcriptionally
regulated by MYC. These data, together with data from Walz
et al. (2014) and Sabo et al. (2014) (Table S1), strongly suggest
that TPX2 is a direct transcriptional target of MYC.

TPX2 expression increases through the cell cycle and peaks in
late G2 and mitosis and is degraded upon mitotic exit (Gruss et al.,
2002). To examine TPX2 protein expression in MYC-high cells, we
synchronized cells at the G1/S boundary by a double thymidine
block and released them to harvest lysates at 2-h intervals post-
release. RPE-NEO and RPE-MYC cells entered mitosis at
~10 and 12 h, respectively, as evidenced by histone H3 phos-
phorylation, increased cyclin A and B levels, and cell rounding
observed by phase microscopy (Figures 4F and S3G). In RPE-
MYC cells, more TPX2 protein is found at every cell-cycle stage
and is not fully degraded at the end of mitosis, demonstrating
that TPX2 protein expression is elevated in MYC-high cells.

TPX2 Depletion Is Synthetic-Lethal with MYC

TPX2 depletion selectively caused cell death in RPE-MYC, but
not in RPE-NEO cells (Figure 4A). We confirmed TPX2 knock-
down efficiency by western blot (Figure 5A). To further evaluate
whether TPX2 induces apoptotic cell death preferentially in
MYC-high cells, we monitored poly (ADP-ribose) polymerase
(PARP) cleavage as a marker of apoptosis. Notably, PARP cleav-
age 3 days after TPX2 knockdown was induced in RPE-MYC, but
not in RPE-NEO cells (Figure 5A), and together with morphologic
changes (Figure 5B) demonstrated cell death. To confirm the
specificity of the siRNA effect, we generated an allelic series of
three doxycycline-inducible short hairpin  RNAs (shRNAs)
directed against TPX2. The greatest TPX2 knockdown induced
the highest amount of cell death, whereas partial depletion
induced less, indicating specificity and dose-dependent effects
(Figures S4A and S4B).

We next tested whether the MYC-TPX2 synthetic-lethality also
occurs in other cell lines. Knockdown of TPX2 in HMECs induced
PARP cleavage only after MYC activation (Figure 5C). Bright-field
microscopy and quantification of cell death confirmed cell deathin
HMECs with activated MYC (Figures 5D and S4C). Next, we tested
whether breast cancer cell lines with varying MYC levels are sensi-
tive to TPX2 loss. We treated eight cell lines with control or TPX2
siRNA and measured cell viability and PARP cleavage. The loss
of TPX2 reduced viability by ~50% to 80% in MYC-high TNBC
cell lines (Figure 5E). In contrast, the viability of only one RPBC
cell line, T47D, decreased ~30% after TPX2 knockdown, while
the other RPBC cell lines were less sensitive. Similarly, PARP
cleavage was observed in all TNBC cell lines, mildly in the RPBC
cell line ZR75B, and strongly in the RPBC cell line T47D (Fig-
ure S4D). Despite being receptor positive, T47D cells have rela-
tively high levels of MYC and TPX2, providing a possible explana-
tion for the sensitivity of those cells to TPX2 depletion (Figure S3F).

The most stringent test of a synthetic-lethal interaction is to
determine whether it can block in vivo tumor formation. Since a
selective small-molecule inhibitor of TPX2 does not yet exist,
we sought to test whether TPX2 depletion can regress MYC-
high xenograft tumors. We generated two TNBC cell lines
(BT549 and HCC1143) that express a doxycycline-inducible
shRNA against TPX2 (shTPX2) or GFP as control (shGFP). Doxy-
cycline treatment induced TPX2 knockdown and cell death in
cultured cells (Figures S4E and S4F). Similarly, after allowing tu-
mors to form, BT549 tumors shrank rapidly upon the expression
of shTPX2, and the survival of all mice was prolonged (Figures 5F
and S4G) compared to shGFP expression. Likewise, HCC1143
tumors completely disappeared 20 days after the induction of
shTPX2 expression, indicating that TPX2 is required for tumor
survival in vivo (Figure 5G). Western blot analysis showed that
doxycycline administration depleted TPX2 in tumors expressing
shTPX2 and not in tumors expressing shGFP (Figures 5H and 5I).
Thus, TPX2 is a synthetic-lethal interaction partner of MYC, and
its depletion can regress established tumors.

High TPX2 Expression Is Required for Spindle Assembly
in Cells that Overexpress MYC

We sought to determine how TPX2 depletion differentially af-
fects MYC-high versus low cells. We found that TPX2 localiza-
tion was not altered upon MYC overexpression. TPX2 localized
to the nucleus in interphase and to spindle pole microtubules in
mitosis in RPE-NEO and RPE-MYC cells, as reported previ-
ously (Gruss et al., 2002) (Figures S5A and S5B). It has been
shown that TPX2 loss causes spindle-formation failure in
Hela cells, which reportedly express high levels of MYC (Cap-
pellen et al., 2007; Garrett et al., 2002; Gruss et al., 2002).
However, the consequences of TPX2 loss in non-transformed
MYC-low cells are not established. To understand whether
TPX2 depletion differentially affects MYC-high versus -low
cells, we performed live-cell imaging of cells expressing the
FUCCI (fluorescent ubiquitination-based cell-cycle indicator)
cell-cycle reporter (Sakaue-Sawano et al., 2008) (Figure 6A). Af-
ter TPX2 knockdown, the majority (55%) of RPE-MYC cells
died in mitosis after a prolonged arrest (Figure 6B), and 23%
of the arrested cells slipped into G1 and subsequently died.
Only ~20% of RPE-MYC cells survived 48 h of siRNA treatment
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Figure 5. TPX2 Is Required for the Survival of MYC-High Cells

(A and B) Western blot of TPX2 and cleaved PARP (A) and micrographs (B) of RPE-NEO and RPE-MYC cells 3 days after transfection with control (ctrl) or TPX2

siRNA. Scale bar, 100 um.

(C and D) Western blot of TPX2 and cleaved PARP (C) and percentage of cell death (D) of HMEC MYC OFF and HMEC MYC ON 3 days after transfection with

control (ctrl) or TPX2 siRNA. Mean + S.D., t test, n = 6. See also Figure S4C.

(E) Percent viability of breast cancer cell lines three days after transfection with TPX2 siRNA normalized to control siRNA. Mean + SEM, t test, n = 3. See also

Figure S4D.

(F and G) Relative volume of BT549 (F) and HCC1143 (G) xenograft tumors expressing doxycycline inducible shRNA against TPX2 (shTPX2) or GFP (shGFP). Mean
+ SEM. BT549 shGFP (n = 7), shTPX2 (n = 7), HCC1143 shGFP (n = 6), and HCC1143 shTPX2 (n = 5). Unpaired t test. See also Figures S4E-S4F.
(H and I) Western blot of TPX2 in BT549 (H) and HCC1143 (I) xenograft tumors at endpoint (n = 3).

*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

compared to ~92% of RPE-NEO cells (Figure 6B). DNA content
analysis confirmed a partial G2 arrest in RPE-NEO cells and
dramatic cell death in RPE-MYC cells (observed as cells with
<2N DNA content) after TPX2 knockdown (Figure 6C). Further-
more, ~25% of RPE-MYC cells accumulated >4N DNA con-
tent, consistent with the observed mitotic slippage followed
by possible endoreduplication (Figure 6B).

We next examined the effects of TPX2 depletion on mitotic
spindle regrowth after nocodazole washout (Figure 6D). Only
4% of mitotic RPE-MYC cells formed a spindle (1.5% formed
normal spindles and 2.5% formed small spindles) 24 h after
TPX2 knockdown compared to 45% of mitotic RPE-NEO cells
(10.4% normal spindles and 34.8% small spindles) (Figures 6D
and 6E). We next examined spindle structures with confocal mi-
croscopy in an asynchronous growing cell population following
TPX2 depletion (Figures S5C-S5E). None of the mitotic RPE-
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MYC cells formed a normal-appearing spindle: 17.4% formed
a small spindle, while the remainder of the cells did not form
any spindle 18 h after TPX2 depletion (Figure S5D). RPE-NEO
cells were affected to a lesser extent: 81.25% formed a small
spindle and only 6.25% did not form a spindle (Figure S5D).
Thus, our data suggest that MYC-high cells rely on high levels
of TPX2 to efficiently build the mitotic spindle. In contrast, non-
transformed, low-MYC cells are less sensitive to TPX2 depletion,
as even very low TPX2 levels appear to be sufficient for spindle
assembly and progression through mitosis.

High TPX2 Expression Is Protective for Cells that
Overexpress MYC

We next sought to determine whether the observed high levels of
TPX2 cause spindle-formation defects, or rather, whether they
are necessary for the survival of MYC-high cells. We tested
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(A) Time-lapse images of RPE-MYC cells expressing the FUCCI cell-cycle marker 12 h after transfection with control (sictrl) or TPX2 (siTPX2) siRNA. Fluorescence

and phase-contrast images were overlaid. Scale bars, 20 pm.

(B) Percentage of cells undergoing cell death in mitosis (M), after aberrant mitosis and in interphase (I) 12-24 h after TPX2 knockdown in RPE-NEO and RPE-MYC

cells. n = 3.

(C) Cell-cycle profiles 48 h after siRNA treatment with percentage of dead cells (<2N), cells in G1 (2N), and G2-M (4N) phases of the cell cycle and cells with >4N

DNA content.

(D) Images of RPE-NEO (top) and RPE-MYC (bottom) cells 24 h after transfection. Scale bar, 10 um.
(E) Percentage of mitotic cells with normal, small, or no spindles 24 h after transfection with siTPX2. Mean + SEM. Fisher’s exact test, n = 36—-126 mitotic cells,

3 independent experiments. See also Figure S5.
*p < 0.05, **p < 0.01, ***p < 0.0001.

several doxycycline-inducible shRNAs against TPX2 in RPE-
MYC cells and identified one that partially lowers TPX2 expres-
sion to a level similar to that of RPE-NEO cells and that did not
induce appreciable cell death (Figures 7A and 7B). To assess
the consequences of partial TPX2 depletion, we tested time in
mitosis, frequency of micronuclei formation, and spindle assem-
bly. Partially lowering TPX2 levels to endogenous levels in
RPE-MYC cells further increased the time in mitosis from
39 min in control cells to 67 min in TPX2-depleted cells (Fig-
ure 7C). It also increased the percentage of micronucleated cells
from 7.2% to 13.7%, indicating increased CIN (Figure 7D).
Whereas partially lowering TPX2 did not affect the number of

microtubule nucleation sites after nocodazole washout, it did
delay chromosome alignment and centrosome positioning. At
90 min after washout, <5% of cells had aligned chromosomes
compared to 32% of control cells, and centrosomes were posi-
tioned closer together (Figures 7E-7H). These data indicate that
lowering TPX2 expression to endogenous levels does not rescue
MYC-induced mitotic defects, but rather worsens the defects.
We hypothesized that high TPX2 expression is required for the
completion of mitosis and survival of MYC-high cells. To test this
hypothesis, we asked whether further increasing TPX2 levels in
MYC-high cells rescues aspects of mitotic progression and
CIN. We transduced RPE-MYC cells with a lentivirus to stably
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Figure 7. TPX2 Overexpression Is Necessary for MYC-High Cells to Progress through Mitosis

(A-H) RPE-MYC cells expressing doxycycline-inducible shRNA against TPX2 in the absence (—shTPX2) and presence (+shTPX2) of doxycycline for 4 days.
(A) Western blot analysis of TPX2.

(B) Cell-cycle profiles.

(C) Time from nuclear envelope breakdown to anaphase onset quantified from time-lapse microscopy experiments. Mean + SD. t test, n = 164 and 164,
3 independent experiments.

(D) Percentage of micronucleated cells. Fisher’s exact test, n = 223 and 182, 3 independent experiments.

(E-H) Nocodazole wash-out assay.

(E) Representative images. Scale bar, 10 um.

(F) Number of microtubule asters. Mean + SEM. Unpaired t test, n = 45-117, 3 independent experiments.

(legend continued on next page)
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express a TPX2-mEmerald fusion protein (TPX2-mEm) or a lenti-
virus carrying the empty mEmerald vector (mEm) (Figure 7I).
Overexpression of TPX2-mEm partially rescued the mitotic delay
caused by MYC overexpression (Figure 7J) and reduced the
frequency of micronucleated cells, indicating that additional
TPX2 reduces CIN (Figure 7K). In summary, TPX2 overexpres-
sion in MYC-high cells prevents rather than causes mitotic spin-
dle defects, thus protecting cells from deleterious amounts of
CIN and cell death.

DISCUSSION

We show that MYC overexpression reversibly induces and main-
tains CIN, providing insights into how MYC contributes to aneu-
ploidy, tumorigenesis, and tumor evolution. MYC affects various
aspects of spindle assembly by deregulating multiple mitotic
spindle genes, many or all of which may contribute to the
observed defects. For example, motor proteins, such as Eg5
or KIF15, facilitate microtubule aster coalescence and spindle
pole separation; STMN1 and KIF2C regulate microtubule dy-
namics; and the centromeric protein CENP-F is important for
kinetochore-microtubule attachment formation (Musinipally
et al., 2013; Talapatra et al., 2015; Tanenbaum et al., 2009; Witt-
mann et al., 2004). Further studies are needed to evaluate which
of these genes contribute to the mitotic spindle defects of MYC-
high cells.

Here, we show that high TPX2 expression is required for spin-
dle assembly of MYC-high cells. Several mitotic functions of
TPX2 are mediated by its role as an Aurora kinase A (AURKA)
activator (Bayliss et al., 2003; Eyers et al., 2003; Kufer et al.,
2002). In fact, AURKA inhibition was shown to be synthetic-lethal
with MYC; however, MYC degradation in interphase rather than
a mitotic role has been proposed to cause cell death (Dauch
etal., 2016; Gustafson et al., 2014). TPX2 also recruits Eg5 to mi-
crotubules, where it regulates microtubule density and spindle
length. TPX2 also acts as a scaffold protein for the chromosomal
passenger complex, where it interacts with survivin (BIRC5) and
activates AURKB (Aguirre-Portolés et al., 2012; Bird and Hyman,
2008; lyer and Tsai, 2012). To understand which functions of
TPX2 are important for the observed MYC-TPX2 dependency,
expression of TPX2 mutants with distinct effects on spindle as-
sembly and mitotic function would be an interesting area for
future research. Besides spindle-associated genes, MYC also
deregulates the expression of apoptotic proteins that may influ-
ence the cellular response to the loss of TPX2 (Goga et al., 2007;
Horiuchi et al., 2012; Topham et al., 2015).

The reversibility of MYC-induced spindle abnormalities indi-
cates that MYC overexpression not only initiates but also main-
tains CIN. Increased MYC expression has been observed in early

tumor metastasis (Lawson et al., 2015) and drug-resistant can-
cers (Singleton et al., 2017), situations that are associated with
CIN and tumor evolution. Several small-molecule inhibitors that
modulate MYC transcriptional activity are undergoing preclinical
development and evaluation (Delmore et al., 2011; Horiuchi
et al., 2014; Struntz et al., 2019; Wang et al., 2013; Zeng et al.,
2018). We postulate that the inhibition of MYC and thereby CIN
may be a useful strategy to prevent tumor evolution, drug resis-
tance, and tumor relapse. Since TPX2 protein structure is largely
intrinsically disordered, the development of anti-cancer drugs to
directly inhibit TPX2 activity may pose a challenge (Zhang et al.,
2017). Identifying other synthetic-lethal dependencies between
MYC and spindle-associated genes should lead to further under-
standing of MYC-induced mitotic spindle stress and may permit
the development of novel treatment strategies for MYC-overex-
pressing cancers. For example, inhibitors against Eg5 and other
mitotic proteins are available and are being tested in clinical trials
(Dominguez-Brauer et al., 2015; Owens, 2013). Finally, we
propose that the expression of MYC and TPX2 in tumors may
be a useful biomarker to stratify patients for new anti-mitotic
therapies.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-a-tubulin, clone DM1 Sigma Cat# T6199; RRID:AB_477583
Human anti-centromere Antibodies Incorporated Cat# 15-234; RRID:AB_2687472
Rabbit anti-y-tubulin Sigma Cat# T3559; RRID:AB_477575
Mouse anti-centrin, clone 20H5 Millipore Cat# 04-1624; RRID:AB_10563501
Rabbit anti-TPX2 Sigma Cat# HPA005487; RRID:AB_1858223
Mouse anti-MAD1, clone BB3-8 Millipore Cat# MABE867; RRID:AB_831526
Anti-B-actin-HRP Santa Cruz Cat# sc-47778; RRID:AB_2714189
Anti-c-MYC, clone Y69 Abcam Cat# ab32072; RRID:AB_731658

Anti-cleaved PARP

Rabbit anti-Cyclin B1

Rabbit anti-Cyclin A, clone C-19
Anti-mouse conjugated to Alexa Fluor 488
Anti-human conjugated to Alexa Fluor 594
Anti-rabbit conjugated to Alexa Fluor 647

Cell Signaling Technology
Abcam

Santa Cruz Biotechnology
Thermo Fisher

Thermo Fisher

Abcam

Cat# 9542; RRID:AB_2160739
Cat# ab2949

Cat# sc-596; RRID:AB_631330
Cat# A11029; RRID:AB_138404
Cat# A11014; RRID:AB_2534081
Cat# ab150079; RRID:AB_2722623

Biological Samples

Patient-derived xenogafts (PDX) DeRose et al., 2011 N/A
Chemicals, Peptides, and Recombinant Proteins

Nocodazole Sigma Cat# M1404
Purvalanol A Sigma Cat# P4484
Propidium iodide Sigma Cat# P4170
RNase A Sigma Cat# R6513
Critical Commercial Assays

PrestoBlue Cell Viability Reagent Thermo Fisher Cat# A13261
Guava ViaCount Viability Assay Millipore Cat# 4000-0040
Trypan Blue Stain Thermo Fisher Cat# T10282
ChIP DNA purification kit Active Motif Cat# 58002
Power Up Sybr Master Mix Thermo Fisher Cat# A25741

Deposited Data

RNA sequencing of Ep-tTA/TRE-MYC
lymphoma cells and MMTV-rtTA/TetO-
MYC tumors

Gene expression values of LAP-tTA x
TetO-MYC (LT2-MYC) liver tumors

The Cancer Genome Atlas

This paper

Anderton et al., 2017

Cancer Genome Atlas Network, 2012

GEO: GSE130922

GEO: GSE73295

GEO: GSE62944

Experimental Models: Cell Lines

RPE-NEO
RPE-MYC
MDA-MB-231
HCC1143
BT549
HCC3153
HCC1428
T47D

LY2

Goga et al., 2007
Goga et al., 2007
ATCC
ATCC
ATCC
Neve et al., 2006
ATCC
ATCC
Neve et al., 2006

N/A
N/A
HTB-26
CRL-2321
HTB-122
N/A
CRL-2327
HTB-133
N/A
(Continued on next page)

Cell Reports 30, 3368-3382.e1-e7, March 10, 2020 e1

OPEN

ACCESS
CellPress




OPEN

ACCESS
CellPress

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
ZR75B ATCC CRL-1500
HMEC MYC ER Horiuchi et al., 2012 N/A
eu-tTX/TRE-MYC cells Goga et al., 2007 N/A
MTB-TOM cells This study N/A

293T ATCC CRL-3216
Ratla Goga et al., 2007 N/A
Rat1a myc’/’MYC Schwinkendorf and Gallant, 2009 N/A
Rat1a myc‘/‘MYCAMBII Schwinkendorf and Gallant, 2009 N/A
RPE-MYC shTPX2 CDS1 This study N/A
RPE-MYC shTPX2 CDS2 This study N/A
RPE-MYC shTPX2 CDS3 This study N/A
RPE-MYC shGFP This study N/A
RPE-MYC shResTPX2-mEm This study N/A
Experimental Models: Organisms/Strains

Mouse: MMTV-rtTA/TetO-MYC D’Cruz et al., 2001 N/A
Mouse: NOD/MrkBomTac-Prkdcsc@ Taconic Biosciences N/A
Oligonucleotides

shRNA sequences see Table S3 This study N/A
Primer for TPX2 shRNA resistant see Table This study N/A

S3

Primer for gPCR see Table S3 This study N/A
Primer for ChIP PCR see Table S3 This study N/A

Recombinant DNA

pCDII-EF-MCS mKO2-hCdt1(30/120)
pCDII-EF-MCS mAG-hGeminin(1/110)
pLenti6/V5-DEST H2B-mCherry
Tet-PLKO-puro

pHR-mEmerald

Sakaue-Sawano et al., 2008
Sakaue-Sawano et al., 2008
Pemble et al., 2017
Wiederschain et al., 2009
Hu and Mullins, 2019

GenBank accession# AB370332
GenBank accession# AB370333
N/A

Addgene Plasmid #21915

N/A

Software and Algorithms

Fiji

STAR aligner
edgeR package
DESeq?2 package
limma R package

Schindelin et al., 2012
Dobin et al., 2013
Robinson et al., 2010
Love et al., 2014
Ritchie et al., 2015

https://fiji.sc/
https://github.com/alexdobin/STAR
https://doi.org/10.18129/B9.bioc.edgeR
https://doi.org/10.18129/B9.bioc.DESeq2
https://doi.org/10.18129/B9.bioc.limma

LEAD CONTACT AND MATERIALS AVAILABILITY

Lead Contact Andrei Goga (andrei.goga@ucsf.edu). Further information and requests for resources and reagents should be directed
to and will be fulfilled by Andrei Goga. All unique/stable reagents (e.g., plasmids and cell lines) generated in this study are available
from the Lead Contact with a completed Materials Transfer Agreement, as needed.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

In Vivo animal studies
All protocols described in this section regarding mouse studies were approved by the UCSF Institutional Animal Care and Use
Committee. The study complied with all relevant ethical regulations. The ethical end point for tumor experiments was reached
when a tumor reached > 2 cm in any single dimension.

MTB-TOM (MMTV-rtTA/TetO-MYC) mice (D’'Cruz et al., 2001) were bred and maintained off of doxycycline. At 12-15 weeks of age,
female mice were fed doxycycline chow (200 mg/kg doxycycline, Bio-Serv) to induce MYC expression and tumorigenesis. Mice were
monitored daily for tumor growth by inspection and caliper measurement in two dimensions. For RNA sequencing, when tumors
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reached 1 cm in any single dimension, tumors were either flash-frozen in liquid nitrogen or mice were taken off doxycycline for three
days to switch off MYC expression. Littermates were randomly assigned to experimental groups. All samples used to generate
patient-derived xenograft (PDX) tumors were obtained from DeRose et al. (2011). For cell line xenografts, HCC1143 and BT549 cells
expressing Tet-pLKO-puro-shTPX2 no. 1 or Tet-pLKO-puro-shGFP were used. Xenografts were generated as follows: 3 mm? PDX
tumor chunks or 1 x 10° cells were transplanted into the cleared mammary fat pads of 4-week-old female NOD/SCID mice (Taconic
Biosciences). For cell line xenograft studies, once the tumors reached 1 cm®, mice were fed doxycycline chow (200 mg/kg, Bio-Serv)
to induce shTPX2 or shGFP expression. Tumor growth was monitored three times a week by caliper measurement in two dimensions.
Mice were euthanized after 30 d of treatment or after tumors reached 2 cm in any dimension. Tumor volume was normalized to the
volume before shRNA induction (Figures 5F and 5G).

Cell lines

The female breast cancer cell lines MDA-MB-231 and LY2 were grown in DMEM supplemented with 10% FBS and 10 U/ml penicillin,
10 mg/ml streptomycin at 37°C. HCC1143, BT549, HCC3153, HCC1428, T47D, ZR75B breast cancer cell lines were grown in RPMI
supplemented with 10% FBS and 10 U/ml penicillin, 10 mg/ml streptomycin at 37°C. RPE-NEO and RPE-MYC (female) were grown in
DMEM supplemented with 10% FBS and 10 U/ml penicillin, 10 mg/ml streptomycin at 37°C (Goga et al., 2007). RPE-NEO were not
used beyond passage 16. Primary human mammary epithelial cells expressing MYC-ER and an shRNA targeting the p16 isoform-
encoding sequence of CDKN2A (HMEC) were cultured as described (Horiuchi et al., 2016). Although expression of p16 shRNA delays
senescence, the cells are not immortalized and undergo spontaneous senescence when continuously cultured. Therefore, cells
were not used beyond 12 passages after derivation. HMEC cells were treated with 500 nM 4-hydroxytamoxifen (TAM) to induce
MYC activation. T cell ymphoma cells from the conditional bi-transgenic model (Felsher and Bishop, 1999b) were infected with re-
combinant retrovirus expressing pMIG-BCL2-GFP, sorted for GFP expression and cultured in DMEM supplemented with 10% FBS
and 10 U/ml penicillin, 10 mg/ml streptomycin at 37°C (Goga et al., 2007). Rat1 a cells were grown in DMEM supplemented with 10%
FBS and 10 u/ml penicillin, 10 mg/ml streptomycin at 37°C as previously described (Schwinkendorf and Gallant, 2009).

All cell lines were continuously tested negative for mycoplasma contamination using PCR.

Generation and characterization of the MTB-TOM cell line

A tumor from an MTB-TOM (MMTV-rtTA/TetO-MYC) mouse was removed, weight determined, chopped and incubated in 5 ml/g
resuspension medium (RPMI 1640 supplemented with 10 mM HEPES pH 7.4, 2.5% FBS, 1 ng/ml doxycycline and 1 mg/ml collage-
nase IV (Sigma)) for one hour at 37°C and 200 rpm shaking. Then, the cells were washed four times with wash medium (RPMI 1640
supplemented with 10 mM HEPES and 2.5% FBS) with centrifugation at 1200 rpm for 2 min and 3 quick spins (1200 rpm for 5 s). Cells
were plated into PyMT medium (DMEM/F12 supplemented with 5 ug/ml Insulin, 1 ug/ml Hydrocortisone, 10 ng/ml EGF, 10% FBS,
10 U/ml penicillin, 10 mg/ml streptomycin, 50 ng/ml Gentamycin, 2 mM Glutamine, 10 mM HEPES pH 7.4, 1 pg/ml doxycycline) at
37°C. 1x10° cells were passaged every 3 days. After passage 10, cells were grown in DMEM (DMEM, 10% FBS, 10 U/ml penicillin,
10 mg/ml streptomycin) supplemented with 1 ug/ml doxycycline for another 10 passages. To switch off MYC expression, cells were
grown in the absence of doxycycline for three days. In the absence of doxycycline, MTB-TOM cells continued to proliferate with a
slightly decreased proliferation rate and a small amount of cell death suggesting that the effects of MYC overexpression are reversible
(Figures S1B and S1C). Reportedly, withdrawal of doxycycline leads to an increase in endogenous MYC in MTB-TOM tumors (D’Cruz
etal.,, 2001). Thus, we determined whether turning off expression of the human MYC transgene results in a corresponding increase in
expression of the endogenous mouse MYC gene. Upon doxycycline withdrawal, endogenous murine MYC expression increased
over time, detectable by gPCR and as a slightly upward shifted band by western blot that was shown to correspond to mouse
MYC (Figures S1C and S1D) (Lehmann et al., 2012). We did not exceed three days incubation without doxycycline for the analysis
of these cells to ensure low endogenous MYC expression.

METHOD DETAILS

Lentiviral constructs and cloning

The FUCCI plasmids pCDII-EF-MCS containing mKO2-hCdt1(30/120) and mAG-hGeminin(1/110) have been described previously
(Sakaue-Sawano et al., 2008) (GenBank accession number AB370332 and AB370333). H2B-mCherry pLenti6/V5-DEST has been
described previously (Pemble et al., 2017). For inducible shRNA expression, the following short hairpin sequences were cloned
into the Tet-PLKO-puro vector as published (Wiederschain et al., 2009): shTPX2 no. 1: 5-CCGGGAACAATCCATTCCGTCAAATCT
CGAGATTTGACGGAATGGATTGTTCTTTTT —3'; shTPX2 no. 2: 5'- CCGGCTAATCTTCAGCAAGCTATTGCTCGAGCAATAGCTTG
CTGAAGATTAGTTTTT —3’; shTPX2 no.3: 5- CCGGTCCAGACCTTGCCCTACTAAGCTCGAGCTTAGTAGGGCAAGGTCTG
GATTTTT —3'. For control shRNA against GFP with the following sequence was used: 5'-CCGGTACAACAGCCACAACGTCTATCTC
GACATAGACGTTGTGGCTGTTGTATTTTTG —3'. For overexpressing TPX2 a shRNA-resistant (shRes) human TPX2 mutant was
generated by overlapping PCR using the following primers to insert the indicated silent mutations into the shRNA target sequence:
forward primer 5 -CAGAAAAAGAAAATCTTGTGGAGCAATCTATCCCATCAAACGCTTGTTCTTCCCTGGAAG- 3/, reverse primer
5 -CTTCCAGGGAAGAACAAGCGTTTGATGGGATAGATTGCTCCACAAGATTTTCTTTTITCTG- 3'. The shRes TPX2 mutant was
cloned into pHR-mEmerald using Miul and BamHI restriction sites.
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Lentiviral infection

293T cells were grown in DMEM medium with high glucose supplemented with 10% FBS and penicillin/streptomycin. Virus was pro-
duced in 10 cm plates and 1 mL supernatant with 8 ug/ml polybrene was used to infect 100,000 cells for 12 hours. Cells were selected
for five days with 0.5 ug/ml puromycin. Cells expressing a fluorescent protein (FUCCI, H2B-mCherry and TPX2-mEmerald) were
sorted using fluorescence associated cell sorting on a BD FACSAria Il flow cytometer (Becton Dickinson).

Transfection and siRNA treatment

Cells were transfected using Lipofectamine RNAIMAX Transfection Reagent (Thermo Fisher), according to the manufacturer’s
instructions. All siRNAs were purchased from GE Dharmacon (ON-TARGETplus, four siRNAs per gene). For screening spindle genes
in RPE-NEO and RPE-MYC (Figure 4A), 50 nM siRNA was used. For any other TPX2 knock down experiment 1.7 nM siRNA was used.
For MYC knock down 30 nM siRNA was used. To verify specificity of the MYC knock down, the single siRNA sequences J-003282-
23-0002 and J-003282-24-0002 were used (Dharmacon).

MTB-TOM growth curve and quantitative PCR

To determine the effects of c-Myc loss on MTB-TOM cell proliferation, cells were seeded in 6-well plates at 7.5 X 10* (Dox-On) or
2 x 10° (Dox-Off) cells/well. Media and doxycycline (1 pg/ml) or vehicle were replaced daily, and cells were harvested at 24, 48,
72 h. Cell counts were determined using the Countess Automated Cell Counter (Life Technologies) according to the manufacturer’s
instructions.

For quantitative PCR, 2 x 10° cells were seeded into a 6-well plate in presence of 1 mg/ml doxycycline or vehicle. RNA was purified
using the RNeasy kit (QIAGEN). 1 ng total RNA was used for reverse transcription using the iScript cDNA synthesis kit (Bio-Rad).
Relative expression of human c-Myc, mouse c-Myc, and mouse GAPDH was analyzed using a SYBR Green Real-Time PCR kit
(Thermo Fisher) with an Applied Biosystems QuantStudio 6 Flex Real-Time PCR System thermocycler (Thermo Fisher). Using
GAPDH mRNA levels as an internal loading control, variation was determined using the AACT method (Livak and Schmittgen,
2001). The following primers were used: Human MYC forward 5-GGCTCCTGGCAAAAGGTCA, human MYC reverse 5- CTGC
GTAGTTGTGCTGATGT, mouse MYC forward 5- ATGCCCCTCAACGTGAACTTC, mouse MYC reverse 5'- GTCGCAGATGAAAT
AGGGCTG, mouse GAPDH forward 5'-AGGTCGGTGTGAACGGATTTG and mouse GAPDH reverse 5'-TGTAGACCATGTAG
TTGAGGTCA.

Immunostaining

Mitotic spindle staining and quantification of spindle defects

Cells were grown on glass coverslips (Fisherbrand), fixed with 100% methanol at —20°C for 3 min, rehydrated with Tris-buffered sa-
line supplemented with 0.1% Tween 20 (TBS-T), washed three times with TBS-T for 5 minutes, blocked with antibody diluting solution
(Abdil; 2% BSA, 0.1% sodium azide in TBS-T) for 20 minutes and incubated with primary antibodies diluted in Abdil for one hour.
Then, cells were washed three times with TBS-T, incubated with secondary antibodies in Abdil for 30 minutes, washed three times
with TBS-T, incubated with 4’,6-diamidino-2-phenylindole (DAPI, 1:10,000) and mounted with ProLong Gold reagent (Invitrogen).
The following antibodies were used as indicated: mouse anti-a-tubulin DM1 (1:1,000, T6199, Sigma), human anti-centromere
(CREST, 1:50, 15-234 Antibodies Incorporated), rabbit anti-y-tubulin (1:1,000, T3559, Sigma), rabbit anti-TPX2 (1:500,
HPAQ005487, Sigma), mouse anti-centrin 20H5 (1:300, 04-1624, Millipore). Mouse and human secondary antibodies conjugated to
Alexa Fluor 488 and 594, respectively (1:1,000, A11029 and A11014, Thermo Fisher) and a rabbit secondary antibody conjugated
to Alexa Fluor 647 (1:1,000, ab150079, Abcam) were used.

For quantification of mitotic spindle defects, mitotic cells with CREST-positive (kinetochore containing) lagging and misaligned
chromosomes were counted and the percentage of total mitotic cells calculated. For MTB-TOM cells, lagging chromosomes
were quantified from time-lapse microscopy experiments of H2B-mCherry expressing cells.

Mad1 staining

Cells were permeabilized in PHEM (120 mM PIPES, 50 mM HEPES, 20mM EGTA, 4 mM Magnesium Acetate) supplemented with 1%
Triton-100 for 15 s, fixed with 3% paraformaldehyde in PHEM for 15 minutes at 37°C, washed four times with PHEM supplemented
with 0.05% Triton-100, incubated with PHEM supplemented with 1% Triton-100 for 10 minutes, washed twice with PHEM supple-
mented with 0.05% Triton-100, blocked with PHEM supplemented with 0.05% Triton-100 and 2% BSA for one hour and incubated
with mouse anti-MAD1 BB3-8 (1:300, MABE867, Millipore) and human anti-centromere (CREST, 1:50, 15-234 Antibodies Incorpo-
rated) diluted in PHEM supplemented with 0.05% Triton-100 and 2% BSA for one hour. Then, cells were washed four times with
PHEM supplemented with 0.05% Triton-100 and incubated with mouse and human secondary antibodies conjugated to Alexa Fluor
488 and 594, respectively (1:1,000, A11029 and A11014, Thermo Fisher) for one hour, washed four times and mounted with ProLong
Gold reagent (Thermo Fisher).

Microtubule regrowth assay

Cells were seeded onto 12 mm coverslips into 24-well plates at 100,000 cells per well. To depolymerize microtubules, cells were
incubated with 0.2 ng/ml nocodazole (M1404, Sigma) for 5 to 7 hours. Coverslips were drained on tissue and washed by placing
into 5 mL prewarmed media without nocodazole. Cells were fixed at indicated time points after nocodazole wash-out and stained
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with anti-e-tubulin (a-tub), anti-y-tubulin (y-tub, centrosome), anti-CREST (kinetochores) and DAPI (DNA). a-tubulin positive micro-
tubule foci and asters were counted manually. Co-localization with y-tubulin indicated centrosomal localization. Centrosomal
distance was manually measured using Fiji if positioned in the same z-plane. For quantifying cells with aligned chromosomes, all cells
that started to align their chromosomes plus cells with metaphase plates were included. Monopolar spindles were not included in the
quantification. Microtubule aster length was manually determined from confocal images using Fiji.

Microscopy

Time-lapse microscopy

For live-cell analyses, cells were seeded into 12 well plates at 50,000 cells/well and followed by time-lapse microscopy at 37°C and
5% CO,. Images were acquired on an inverted microscope (Nikon Eclipse Ti), operated by NIS-Elements software and equipped with
a CoolSNAP HQ2 CCD camera (Photometrics). Cells were imaged with phase contrast (20-100 ms exposure), 488 nm or 594 nm laser
light (75-200 ms exposure) through a 20x 0.45 Ph1 objective using perfect focus every 7-10 min, in a stage-top incubation chamber
(Okolab) maintained at 37°C and 5% CO.. The time from nuclear envelope breakdown (loss of nuclear FUCCI) or chromosome
condensation (H2B-mCherry/bright field) until the beginning of anaphase (start of chromosome movement to the poles) or cell death
was determined. Graphs were generated using the Prism software package, version 7 (GraphPad Software).

Fluorescence microscopy

Fixed cells were imaged with exposure times of 5-200ms with DAPI, GFP, TRITC, and CY5 filter cubes and a mercury arc lamp on a
Zeiss AxioPlan2 epifluorescence microscope (operated by MicroManager 1.4.13) with a 40x 1.3 DIC oil objective and a QIClick cam-
era (Qlmaging). Images were recorded with a Z-optical spacing of 0.2 um and analyzed using the Fiji software (Schindelin et al., 2012).
Confocal microscopy

TPX2 immunofluorescence was imaged at 37°C with a 100x NA 1.49 objective lens (CFI APO TIRF; Nikon) on an inverted microscope
system (TE2000 Perfect Focus System; Nikon) equipped with a Borealis modified spinning disk confocal unit (CSU10; Yokogawa)
with 200-mW, 405 nm, 488 nm, 561 nm and 643 nm solid-state lasers (LMM5; Spectral Applied Research), electronic shutters, a Clara
cooled scientific-grade interline CCD camera (Andor), and controlled by NIS-Elements software (Nikon).

Imaging of multipolar spindles and nocodazole wash-out was performed on an inverted (Eclipse Ti-E; Nikon, Tokyo, JPN), spinning
disk confocal (CSU- X1; Yokogawa Electric Corporation, Tokyo, JPN) microscope. 4-color fixed imaging was performed with a Di01-
T405/488/568/647-13x15x0.5 (Semrock, Lake Forest, IL) head dichroic along with four diode laser lines [405 nm (100mW), 488 nm
(150 mW), 561 nm (100 mW), and 642 nm (100 mW)], different emission filters [ET460/50 m, ET525/50M, ET630/75M, and ET690/50M
(Chroma, 323 Bellows Falls, VT)], and a Zyla camera (Andor Technology, Belfast, UK; bin = 1, 65.7 nm/pixel). Fluorescent cell images
were acquired in z-planes spaced 200-500 nm apart, and laser powers and exposures optimized (but acquisition settings were kept
constant across all coverslips in a single experiment) with a 100 x 1.45 Ph3 oil objective through a 1.5 x lens (Metamorph 7.7.8.0;
Molecular Devices, San Jose, CA).

Western blotting

Cells were lysed in Laemmli buffer (60 mM Tris-HCI, pH 6.8, 1 uM DTT, 2% (w/v) SDS) supplemented with protease inhibitor cocktail
(Roche) and phosphatase inhibitor cocktail (Roche). Protein concentration was determined using the DC Protein Assay (BioRad).
30 ng Protein extracts were resolved using 4%-12% SDS-PAGE gels (Life Technologies) and transferred to nitrocellulose mem-
branes using iBlot (Life Technologies). Membranes were probed with primary antibodies overnight on a 4°C shaker, then incubated
with horseradish peroxidase (HRP)-conjugated secondary antibodies, and signals were visualized with ECL (Bio-Rad). The following
primary antibodies were used: Anti-f-actin (actin) (1:10,000, sc-47778 HRP, Santa Cruz Biotechnology), as loading control, Anti-c-
MYC (MYC) (1:1,000, ab32072, Abcam), Anti-TPX2 (1:1,000, HPA005487, Sigma), Anti-cleaved PARP (1:1000, 9542, Cell signaling),
Anti-Cyclin A (1:1,000, sc-596, Santa Cruz Biotechnology), Anti-Cylin B1 (1:1,000, ab2949, abcam). Protein levels were quantified by
normalizing to B-actin using ImageJ.

Quantification of TPX2 and MYC protein levels (Figure 4B)

To quantify TPX2 and MYC protein level, band intensities were measured using Fiji, and normalized to B-actin from at least three
independent experiments. To compare between different blots, TPX2 and MYC levels were normalized to RPE-NEO. The correlation
coefficient was computed using Pearson correlation.

Cell viability assays

To screen spindle genes in RPE-NEO and RPE-MYC, cells were seeded in 12-well plates at 50,000 cells/well and transfected with
50 nM siRNA as described above or treated with 10 uM of the CDK1 inhibitor Purvalanol A (P4484, Sigma) (Figure 4A). Cells were
harvested after 72 h and cell viability was assessed by performing the flow cytometry-based Guava ViaCount Viability Assay
(4000-0040, Millipore) according to the manufacturer’s instructions. For further validation of the effects of siTPX2 treatment, cells
were seeded in 6-well plates at 100,000 cells per well and transfected with 1.7 nM siRNA as described above. Cells were harvested
at 72 hours and cell viability determined using the PrestoBlue Cell Viability Reagent (A13261, Thermo Fisher) (Figure 5E) or the
Countess Automated Cell Counter and Trypan Blue Stain (0.4 %) (Invitrogen) (Figure 5D) according to the manufacturer’s instructions.
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Cell cycle profiles

To determine cell cycle profiles after siTPX2 treatment RPE-NEO and RPE-MYC cells were seeded in 6-well plates at 100,000 cells per
well and transfected with 1.7 nM siRNA as described above. Cells were harvested after 48 hours, trypsinized, washed with PBS and
fixed in 95% ethanol overnight at 4°C. Fixed cells were collected by centrifugation at 5000 rcf. at 4°C. The pellet was washed twice with
PBS, then incubated in staining solution (80 png/ml propidium iodide, 150 ng/ml and RNaseA, 1% Tween 20 in PBS) for one hour. Cells
were centrifuged at 5000 rcf. at 4°C and the pellet was resuspended in 300 uL PBS. Flow cytometry was performed on a BD LSRII flow
cytometer (Becton Dickinson) and at least 20,000 events were counted. Data were analyzed using FlowJo 2 (FlowJo, LLC).

ChIP-gPCR

RPE-NEO and RPE-MYC cells were grown to 80% confluency on 15 cm? dishes. On the day of harvest, cells were fixed on the dish
with 1% formaldehyde in PBS for 8 minutes at room temperature. The reactions were quenched with 0.125 M glycine for 5 minutes.
The cells were then washed with 1X PBS, twice, and lifted off in cell lysis buffer (10 mM Tris-HCI pH 8.1, 10 mM NaCl, 1.5 mM MgCI2,
0.5% NP-40), supplemented with protease inhibitors (Roche). The cell lysate was then incubated for 15 minutes on ice and crude
nuclear extracts were collected by centrifugation at 600 rcf. for 5 min at 4°C. The pellet was resuspended in 0.5 mL of nuclear lysis
buffer (50 mM Tris-HCI pH 8.1, 5 mM EDTA, 1% SDS) supplemented with protease inhibitors. The chromatin was fragmented with a
Diagenode Bioruptor (20 cycles of 30 s on followed by 30 s off, at 4°C). To remove insoluble components, the samples were centri-
fuged at 13,000 rcf. for 15 min at 4°C and the supernatant was recovered. The supernatant was diluted 1:1 with dilution buffer
(16.7 mM Tris-HCI pH 8.1, 1.1% Triton X-100, 0.01% SDS, 167 mM NaCl, 1.2 mM EDTA) supplemented with protease inhibitors
and quantified by DC protein assay (Biorad). For each sample, 20 uL of protein A Dynabead magnetic beads (Invitrogen) was added
to 500 ug of protein in 500 uL of dilution buffer and incubated with 3 ug of MYC [Y69] antibody (Abcam, ab32072) or no antibody
control overnight at 4°C. The next day, samples were washed with each of the following buffers, once, in the order of: low salt
(0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris HCI pH 8.1, 150 mM NaCl), high salt (0.1% SDS, 1% Triton X-100, 2 mM
EDTA, 20 mM Tris HCI pH 8.1, 500 mM NacCl), LiCl (1% NP-40, 1% deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.1, 250 mM
LiCl), and TE (10 mM Tris-HCI pH 8.1, 1 mM EDTA). ChIP DNA was eluted off the beads by incubating beads in 100 uL elution buffer
(10mM Tris-HCI pH 8.1, 1 mM EDTA, 1% SDS, 150 mM NaCl), supplemented with DTT at a final concentration of 5 mM, for 10 minutes
at 65°C. The supernatant was removed, and the ChIP DNA was eluted a second time in the same fashion. The combined supernatant
was then incubated overnight at 65°C to reverse crosslinks and proteinase K treated for 1 hour the next morning. Samples were
purified using a ChIP DNA purification kit (Active Motif) per manufacturer’s protocol.

ChIP samples were diluted 1:10 and used as template in the Power Up Sybr Master Mix (Invitrogen) and DNA was amplified
using the QuantStudio 6 & 7 Flex Real-Time PCR system. The data was analyzed using the fold enrichment method. The
following primer sequences were used: negative control LDHA Forward: 5-GGGCCACCGAATGCTC-3' and Reverse:
5'-AATGGCCCTGGCTGCAG-3'; positive control LDHA Forward: 5-TCCTGACTCAGGCTCATGGC-3' and Reverse: 5'-AGACAACC
GACCGGCAGA-3' (Kim et al., 2004). For TPX2, primer was designed around the transcription start site. Forward primer 5'-GAGC
ACTCCGGTCTTTGTAATA-3' and Reverse primer 5'-CAATACCGGAAGTCAGAAGGAG-3'.

RNA sequencing and gene expression analysis

MTB-TOM tumors from 10 mice that were fed doxycycline (MYC ON), mammary glands from three mice that were never fed doxy-
cycline and MTB-TOM tumors from five mice that were taken off doxycycline for 72 hours (MYC OFF) were flash-frozen in liquid
nitrogen. The Ep-tTX/TRE-MYC lymphoma cell line was grown in the absence of doxycycline (MYC ON) and in the presence of doxy-
cycline for three days (MYC OFF) as previously described and flash frozen using liquid nitrogen (Felsher and Bishop, 1999b; Goga
et al., 2007). Three biological replicates were performed. RNA was isolated using the RNAeasy kit (QIAGEN). Library preparation and
lllumina RNA sequencing was performed by Q? Solutions (https://www.q2labsolutions.com). Sequencing reads were mapped to the
mouse transcriptome (mm9 for lymphoma cells, GRC38/mm10 for MTBTOM) using STAR aligner (Dobin et al., 2013). The read count
was used for differential gene expression (DGE). DGE analysis of Eu-tTX/TRE-MYC cells MYC OFF compared to MYC ON was pro-
cessed using the edgeR package (Robinson et al., 2010). DGE analysis of MTB-TOM tumors MYC ON compared to normal mammary
gland, and MYC OFF tumors compared to MYC ON tumors was performed using the DESeq2 package (Love et al., 2014). The human
TCGA breast-invasive carcinoma dataset was sourced from the TCGA Research Network (https://www.cancer.gov/about-nci/
organization/ccg/research/structural-genomics/tcga), made available on the University of California, Santa Cruz (UCSC) Cancer
Browser. DGE analysis of triple-negative compared to receptor positive breast cancer excluding normal tissue was calculated using
the limma R package and as described in Camarda et al. (2016). DGE of MYC-driven liver mouse tumor compared normal liver was
sourced from Anderton et al. (2017). A gene set was compiled containing genes associated with the Gene Ontology terms kineto-
chore, microtubule, mitotic spindle and mitosis with log, fold change > 1 or < —1 and a false discovery rate (FDR) < 0.01 (Table S2).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are shown as mean =+ standard deviation (SD) or standard error of the mean (SEM) as indicated. For comparisons, unpaired

two-sided Student’s t test for continous data or Fisher’s exact test on raw counts were applied using the Prism software (GraphPad)
as indicated. All cell-based experiments were independently repeated at least three times. Statistical significance is indicated as
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follows: *p < 0.05, ™ p < 0.01, ** p < 0.001, *** p < 0.0001. No statistical method was used to pre-determine sample size throughout
this study. The investigators were not blinded to allocation for the in vivo experiments.

DATA AND CODE AVAILABILITY

RNA sequencing data from MTB-TOM tumors and Ep-tTA/TRE-MYC lymphoma cells were deposited in NCBI GEO under accession
number GEO: GSE130922.

Secondary accessions: the human breast cancer RNA-sequencing datasets are derived from the TCGA Research Network
(https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga) and are available from GEO: GSE62944.
Gene expression values for the MYC-driven liver tumors are available from GEO: GSE73295.
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Supplemental tables

Table S1. MYC regulates the expression of mitotic spindle genes, related to Figure 3 and
Table S2. Twenty-seven mitotic genes expressed in a MYC-dependent manner in different
model systems and datasets (see Figure 3G). We examined occupancy of their promoters by
MYC in three cell lines according to (Walz et al., 2014) and murine B-cell tumors according to
(Sabo et al., 2014). CPC — Chromosomal passenger complex. SAC — spindle assembly
checkpoint. APC — Anaphase promoting complex.

MYC bound promoters

Walz et al. Sabo
et al.
Gene Function Tcells MEFs Pancre B-cell

as cells tumor

e e
Bircd CPC, localizes TPX2 to microtubules

(Survivin) * * * *
Bub1 kinase, SAC - - 4
Ccnb2 cyclin, activates CDK1 - +
Cdc20 activates APC + +
Cdcab sister chromatid cohesion na na na +
Cdca8 gggirlril;;l?o:]nduced microtubule + + + +
Cdt1 kinetochore-microtubule attachments + + + +
Cenpa centromere protein + + = +
Cenpf centromere protein + + + +
Chek1 kinase, DNA damage checkpoint + + + +
Kif11 (Eg5) | motor protein + + + +
Kif14 motor protein na na na +
Kif15 motor protein - - +
Kif18a motor protein, microtubule depolymerase + - +
Kif20a motor protein - + - +
Kif2c motor protein, microtubule depolymerase + + +
Kifc1 motor protein + -
Melk kinase na na na +
Mybl2 transcription factor + + +
Plk1 mitotic kinase = + +
Psrc1 microtubule depolymerase recruitment - + - +
Stmn1 microtubule destabilization + + + +




Tpx2

Ttk

Ube2c
Ube2s

acentrosomal microtubule nucleation,
AURKA activation

kinase, centrosome duplication, AURKB
activation

ubiquitin ligase, APC

ubiquitin ligase, APC



Supplemental Figures

Figure S1
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Figure S1. MYC reversibly induces CIN and characterization of the MTB-TOM cell line,
related to Figure 1 and STAR Methods. A Mad1 localizes to kinetochores indicating an active
SAC. Staining of RPE-MYC cells with anti-Mad1, anti-CREST (kinetochores) and DAPI (DNA).
Co-localization of Mad1 and CREST staining is observed. B Growth curve of MTB-TOM MYC
ON and MYC OFF. Mean +/- S.D., n=3. C Cell cycle profile of MTB-TOM MYC OFF for three
days. Sub 2N DNA content, mean +- S.D., n=6. D Western blot of MYC in human RPE-NEO

and RPE-MYC and murine MTB-TOM MYC ON and MYC OFF for three days. The anti-MYC



Y69 antibody recognizes a slightly smaller product for the human protein but has the same
affinity for both mouse and human (Lehmann et al., 2012). E Relative expression of murine
MYC measured by quantitative PCR in MTB-TOM MYC ON and MYC OFF. Mean, S.D., n=2. F
MY C protein level in MDA-MB-231 cells three days after treatment with non-targeting (NT)
siRNA or MYC siRNA normalized to beta-actin. Mean +/- S.D., unpaired t-test, n=4. G-l MYC
protein level in HCC1143 three days after treatment with non-targeting (NT), two single (siRNA1
and 2) or pooled siRNA (siPool). G Representative western blot of MYC. H MYC level
normalized to beta-actin. Mean +- S.D., unpaired t-test, n=3-7. | Percent of cells with
micronuclei. Mean +/- S.D., Fisher’'s exact test, n=849-1437. J Correlation of MYC protein levels
and percent of HCC1143 (1143) and MDA-MB-231 (231) cells and HMEC MYC OFF with
micronuclei. Correlation coefficient was computed using Pearson correlation.

* p<0.05, ** p< 0.01, *** p<0.001, **** p<0.0001.



Figure S2
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Figure S2. MYC impairs mitotic spindle formation, related to Figure 2. A-D Cells were fixed

at the indicated time points after nocodazole washout and stained with anti-a-tubulin, anti-y-



tubulin, anti-CREST (kinetochores) and DAPI (DNA). A Percent RPE-NEO and RPE-MYC cells
with non-centrosomal microtubule asters. Mean +/- S.E.M. Fisher’s exact test, n=26-99 from
three independent experiments. B Number of microtubule asters in HMEC MYC OFF and MYC
ON. Mean +/- S.E.M. t-test, n=29-101 from three independent experiments. C Percent HMEC
cells with non-centrosomal microtubule asters. Mean +- S.E.M. Fisher’s exact test, n=29-101
from three independent experiments. D Percentage of HMEC cells with aligned chromosomes.
Mean +- S.E.M. Fisher’s exact test, n=29-101 from three independent experiments. At 30
minutes, 17% + 8.8 of HMEC MYC OFF cells enter anaphase. E Representative confocal
micrographs of RPE-NEO and RPE-MYC cells stained with anti-a-tubulin, anti-centrin and DAPI
(DNA). Insets show centrosomes with two centrioles (upper row, RPE-NEQ), one centriole
(middle row, RPE-MYC) and three centrioles (lower row, RPE-MYC). Arrow: free centriole that
is not associated with a spindle pole. Scale bar 5 um. F Percent multipolar RPE-MYC and
HMEC MYC ON cells with free centrioles, two, more than two and less than two centrioles per
pole quantified from confocal micrographs. Mean, n=59-141. G Percent MTB-TOM MYC ON
and MYC OFF for three days with non-centrosomal microtubule asters. Mean +- S.E.M, Fisher’s
exact test, n=80-208 from three independent experiments. H-K Nocodazole wash-out assay in
breast cancer cell lines. H Number of microtubule asters in MDA-MB-231 cells. Mean +- S.E.M.
t-test, n=47-106 from three independent experiments. | Percentage of MDA-MB-231cells with
aligned chromosomes. Mean +/- S.D. Fisher’s exact test, n=47-106 from three independent
experiments. J Number of microtubule asters in HCC1143 cells. Mean +/-S.E.M. t-test, n=17-51
from three independent experiments. K Percentage of HCC1143 with aligned chromosomes.
Mean +/- S.D. Fisher’s exact test, n=17-51 from three independent experiments.

* p<0.05, ** p< 0.01, *** p<0.001, **** p<0.0001.



Figure S3
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Figure S3. Correlation betweenTPX2 and MYC expression, related to Figure 4. A MYC and
TPX2 mRNA correlation in human breast cancer. Data were obtained from cBioportal, Breast

Invasive Carcinoma (TCGA, provisional, 960 samples). B ChlIP sequencing data for MYC and



MAX binding to the promoter region of TPX2 (chr20:31,734,166-31,744,376) from the ENCODE
project (human Dec 2013 (GRCh38/hg38) assembly). C-F Representative western blots of MYC
and TPX2 in C RPE-NEO and RPE-MYC, D MTB-TOM tumors from four mice on doxycycline
diet (MYC ON), four tumors from mice that were off doxycycline for three days (MYC OFF) and
two non-tumor mammary glands (N1 and N2), E patient-derived xenograft tumors and mouse
mammary gland (N1 and N2) and F triple-negative (TN) and receptor positive (RP) breast
cancer cell lines. G Micrographs of RPE-NEO (top) and RPE-MYC (bottom) cells taken every
two hours after release from a double thymidine block. The appearance of mitotic cells is

indicated with a bar for each cell line.
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Figure S4. TPX2 is required for the survival of MYC high cells, related to Figure 5.

A and B Western blots (A) and cell cycle profiles with sub2N quantification (B) of RPE-MYC
cells expressing three different doxycycline-inducible shRNAs against TPX2 (shTPX2 1 - 3)
three days after adding doxycycline. C Micrographs of HMEC MYC OFF and MYC ON for two
days, three days after transfection with control (ctrl) or TPX2 siRNA. D Western blot of breast
cancer cell lines three days after transfection with control (ctrl) or TPX2 siRNA. E and F
Western blots (E) and cell cycle profiles (F) of BT549 and HCC1143 cells expressing
doxycycline-inducible shTPX2 1 three days after adding doxycycline. G Kaplan-Meier survival

curve of BT549 xenograft tumor mice following the indicated shRNA expression.
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Figure S5. TPX2 protects mitotic spindle function in MYC high cells, related to Figure 6. A
and B Confocal micrographs of RPE-NEO (A) and RPE-MYC cells (B), fixed and stained with
an antibody against TPX2 (green) and DAPI (white). C Representative confocal micrographs of
asynchronously growing RPE-NEO (left) and RPE-MYC (right) 18 hours after transfection with
TPX2 siRNA. Cells were fixed and stained with anti-a-tubulin, anti-y-tubulin and DAPI (DNA).
Scale bar, 10 um. D Percent RPE-NEO and RPE-MYC cells with normal, small or no spindles
12 hours after transfection with TPX2 siRNA. Mean, Fisher’s exact test, n=16 and 23 from two

independent experiments. *** p<0.001, **** p<0.0001.
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