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ABSTRACT

Mammalian cells are thought to protect themselves and their host organisms from DNA double strand
breaks (DSBs) through universal mechanisms that restrain cellular proliferation until DNA is repaired. The
Cyclin D3 protein drives G1-to-S cell cycle progression and is required for proliferation of immature T and
B cells and of mature B cells during a T cell-dependent immune response. We demonstrate that mouse
thymocytes and pre-B cells, but not mature B cells, repress Cyclin D3 protein levels in response to DSBs.
This response requires the ATM protein kinase that is activated by DSBs. Cyclin D3 protein loss
in thymocytes coincides with decreased association of Cyclin D3 mRNA with the HuR RNA binding protein
that ATM regulates. HuR inactivation reduces basal Cyclin D3 protein levels without affecting Cyclin D3
mRNA levels, indicating that thymocytes repress Cyclin D3 expression via ATM-dependent inhibition of
Cyclin D3 mRNA translation. In contrast, ATM-dependent transcriptional repression of the Cyclin D3 gene
represses Cyclin D3 protein levels in pre-B cells. Retrovirus-driven Cyclin D3 expression is resistant to
transcriptional repression by DSBs; this prevents pre-B cells from suppressing Cyclin D3 protein levels and
from inhibiting DNA synthesis to the normal extent following DSBs. Our data indicate that immature B and
T cells use lymphocyte lineage- and developmental stage-specific mechanisms to inhibit Cyclin D3 protein
levels and thereby help prevent cellular proliferation in response to DSBs. We discuss the relevance of
these cellular context-dependent DSB response mechanisms in restraining proliferation, maintaining
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genomic integrity, and suppressing malignant transformation of lymphocytes.

Introduction

External and internal stimuli regulate cellular proliferation.
These stimuli control the activities of cyclin and cyclin-depen-
dent kinase (CDK) proteins that function as heterodimeric
enzymes to move cells through the cell cycle.'” Growth pro-
moting stimuli activate Gl phase cyclin:CDK complexes to
drive G1 progression and S phase entry. After DNA replication
in S phase, other types of cyclin:CDK complexes transition cells
through the G2 and M cell cycle phases where chromosomes
are condensed and segregated into daughter cells, respectively.
In response to DSBs or other types of damage, cells activate
mechanisms to inhibit cyclin:CDK complexes and thereby
block cell cycle progression at G1/S or G2/M checkpoints.* The
repair of damage inactivates these checkpoints, enabling
resumption of cellular proliferation. The ability of cells
to repress activities of cyclin:CDK complexes following stress is
critical to maintain cellular viability and function and suppress
malignant cellular transformation.*

Mitogenic stimuli cause proliferation of mammalian cells by
inducing expression of one or more D-type cyclins, which bind

and activate CDK4 and/or CDKG6 to drive G1 phase progression
and commit cells to enter the cell cycle."” Cyclin D:CDK4/6
complexes phosphorylate the Retinoblastoma (Rb) family
proteins that sequester and inhibit E2F transcription factors.
Rb phosphorylation triggers E2F release, leading to E2F-medi-
ated transcription of the Cyclin E gene. Resultant CyclinE:
CDK2 complexes further phosphorylate Rb proteins to initiate
a positive feedback loop that ultimately allows E2F proteins to
transcribe S phase genes and/or phosphorylate DNA replica-
tion proteins. When Cyclin D:CDK4/6-dependent Rb phos-
phorylation passes a threshold, cells become irreversibly
committed to exit G1 and transit through S, G2, and M phases.
After this “restriction point,” D-type cyclins are no longer
needed for cells to progress through the cell cycle and back into
G1 phase. However, cells only commit to another cell cycle if
D-type cyclin protein levels are re-induced in Gl phase by
growth promoting stimuli. Observations that increased expres-
sion of D-type cyclins shortens G1 phase, occurs in diverse
human cancers, and promotes malignant transformation of
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mouse cells highlight the major role of these proteins in driving
cellular proliferation.'

The three mammalian D-type cyclin proteins (D1, D2, and
D3) are expressed in overlapping tissue-specific and develop-
mental stage-specific patterns and exhibit context-dependent
redundant or unique functions in driving cell cycle progres-
sion.” Analyses of mice with global inactivation of Cyclin
D2 (Ccnd2™’~ mice) or Cyclin D3 (Cend3™"~ mice) established
the paradigm for context-dependent roles of D-type cyclins in
stimulating cellular proliferation. The most obvious phenotypes
of Ccnd3™'~ mice are reduced numbers of developing and
mature T and B lineage lymphocytes®” and impaired ability of
mature B cells to participate in a T cell-dependent immune
response.*” Consistent with Cyclin D3 being the only D-type
cyclin expressed in pro-T cells that have assembled Tcrf genes,
Ccnd3™~ mice exhibit reduced TCRB-mediated cycling and
expansion of thymocytes.” Mice expressing a Cyclin D2 cDNA
from the Ccnd3 locus have equivalently defective proliferation
and expansion of pro-T cells as Ccnd3™'~ mice,'” indicating
that Cyclin D3 has unique function in directing cell cycle pro-
gression of Tcrp-selected thymocytes. Although both Cyclin
D2 and Cyclin D3 are expressed in pro-B cells that have assem-
bled Igh genes and in IgH-selected large cycling pre-B cells,
only Ccnd3™'~ mice display impaired cycling and expansion of
these types of immature B cells.® Similarly, while both Cyclin
D2 and Cyclin D3 are expressed in mature B cells, only B cells
from Ccnd3™'~ mice exhibit impaired ability to promote IgH
class switch recombination and participate in a T cell-depen-
dent immune response.*’ The impaired proliferation of imma-
ture and mature B lymphocytes of Ccnd3™'~ mice occurs
despite compensatory increased Cyclin D2 protein levels in
these cells,” indicating that Cyclin D3 also has unique function
in driving proliferation of B lineage lymphocytes at specific
developmental stages. Notably, these above-mentioned studies
revealed that Cyclin D3 is critical for expansion of lymphocytes
during rapid bursts of proliferation associated with genetically
programmed DSBs induced in G1 phase cells during antigen
receptor gene rearrangements.

Mammalian cells protect themselves and their host organ-
isms from DSBs through universal mechanisms that restrain
cell cycle progression until DNA is repaired. Mammalian cells
experiencing DSBs in G1 activate the ATM kinase to restrict
S phase entry until DSBs are repaired or apoptosis is induced.*
In all non-malignant mammalian cell types analyzed, ATM
activates complementary pathways that inhibit phosphoryla-
tion of CDK2 substrates and thereby block cell cycle progres-
sion in late G1 at the G1/S checkpoint. ATM inactivates the
Cdc25a phosphatase that removes inhibitory phosphates from
CDK2 proteins.* ATM activates the p53 transcription factor,
which transcriptionally induces expression of the p21 CDK
inhibitor (CKI) that binds and inhibits Cyclin E:CDK2 com-
plexes.* The p53-independent arm of the G1/S checkpoint is
activated more rapidly than the p53-dependent arm, which
requires transcription and is more important for G1/S check-
point maintenance.* Despite complementary mechanisms to
arrest cells with DSBs in GI, a significant fraction of G1 cells
bearing DSBs enters S phase and repairs their DSBs in S phase
or arrests at the G2/M checkpoint until DNA is repaired or
apoptosis is induced.* In non-lymphoid mammalian cells,
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ATM also helps prevent S phase entry in response to DSBs by
stimulating Cyclin D1 proteolysis''"> and possibly repressing
transcription of the Cyclin D1 gene.'® In contrast to the canoni-
cal function of CKIs in inhibiting Cyclin E:CDK2 complexes,
p21 and the related CKI, p27, promote the assembly and activa-
tion of Cyclin D:CDK4/6 complexes.'” Accordingly, increased
Cyclin D1 proteolysis following DSBs may help block S phase
entry by freeing CKIs to inhibit Cyclin E:CDK2 complexes and
thereby rapidly trigger G1 arrest.'' Despite repressing Cyclin
D1 expression and predominantly arresting in G1 phase, non-
lymphoid cells that experience DSBs in G1 maintain Cyclin
D2 and Cyclin D3 protein levels because these 2 cyclin proteins
lack the amino acid motif that targets Cyclin D1 for proteoly-
sis."" This observation indicates that downregulation of Cyclin
D2 and Cyclin D3 expression is not necessary for non-lym-
phoid cells to prevent S phase entry following DSBs, possibly
reflecting tissue-specific functions of the D-type cyclins in
directing cell cycle progression.

Since Cyclin D3 has unique roles in driving proliferation of
developing B and T lymphocytes and of activated mature B
cells that induce programmed DSBs in G1 phase, we investi-
gated whether DSBs induced in these cells signal through ATM
to repress Cyclin D3 expression and thereby help prevent
S phase entry. Analogous to experiments on Cyclin D1 in non-
lymphoid cells,''**> we used ionizing radiation (IR) to induce
DSBs. We found that DSBs signal through ATM to suppress
Cyclin D3 protein levels in thymocytes and pre-B cells, but not
mature B cells. We show that loss of Cyclin D3 protein in thy-
mocytes coincides with decreased interaction between Cyclin
D3 mRNA and the HuR RNA binding protein that is a down-
stream ATM effector. Thymocytes lacking HuR express lower
than normal levels of Cyclin D3 protein but normal levels of
Cyclin D3 mRNA, suggesting that thymocytes experiencing
DSBs downregulate Cyclin D3 expression via ATM-dependent
inhibition of Cyclin D3 mRNA translation. In contrast, pre-B
cells experiencing DSBs downregulate Cyclin D3 expression
through ATM-dependent transcriptional repression. Retrovi-
rus-driven Cyclin D3 expression, which is refractory to
transcriptional repression by DSBs, prevents pre-B cells from
suppressing Cyclin D3 protein levels and from inhibiting DNA
synthesis to the normal extent following DSBs. Our data indi-
cate that developing B and T cells use lymphocyte lineage-
specific and developmental stage-specific mechanisms to
suppress Cyclin D3 expression and thereby help inhibit cell
cycle progression in response to DSBs. We discuss the relevance
of these cellular context-dependent DSB response mechanisms
in restraining proliferation, maintaining genomic integrity, and
suppressing malignant transformation of lymphocytes.

Results

Lymphocyte developmental stage-specific responses to IR
suppress cyclin D3 expression

We sought to determine whether DSBs induced in proliferating
immature B and T lymphocytes or mature B cells downregulate
Cyclin D3 expression. We first studied primary thymocytes
immediately isolated from mice, reasoning sufficient levels of
Cyclin D3 protein is expressed in the subset of proliferating
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thymocytes to detect changes of Cyclin D3 expression in total
thymocytes. As a means to induce DSBs, we exposed thymo-
cytes to IR since this type of radiation induces DSBs and
IR was used to demonstrate DSBs signal downregulation of
Cyclin D1 protein levels in non-lymphoid cells."'"* To circum-
vent potential loss of Cyclin D3 expression from DSB-induced
apoptosis or DSB-induced feedback inhibition of Tcr8 recom-
bination,'®*° we used mice expressing the pro-survival
EuBCL2 transgene and the VBI14"" pre-assembled functional
Terp gene. Although we could detect Cyclin D3 protein in
total thymocytes, we found removal of these immature T cells
from the thymus caused loss of Cyclin D3 protein even without
IR exposure. Therefore, we instead exposed live mice to IR and
waited up to 4 hours before harvesting thymocytes. We then
performed Western blot analysis to measure Cyclin D3 protein
levels in thymocytes isolated from unirradiated or irradiated
EpuBCL2:VB14N"NT mice. We observed substantial reduction
of Cyclin D3 protein 4 hours after IR (Fig. 1A). We confirmed
that this response also occurs in thymocytes from wild-type
mice (Fig. 1B). Our data suggest DSBs induced by IR in pri-
mary mouse thymocytes signal downregulation of Cyclin
D3 expression.

We next studied primary pre-B cells cultured from mouse
bone marrow in media containing the IL7 cytokine, which pro-
motes proliferation and expansion of IgH-selected large cycling
pre-B cells.”! Although primary pre-B cells stimulated in vitro
by IL7 express both Cyclin D3 and Cyclin D2 (Fig. 1C), Cyclin
D3 has unique function in driving proliferation of these imma-
ture B cells.'® In EuBCL2 pre-B cells, we detected substantial
reduction of mean Cyclin D3 protein levels at 4 and 6 hours
after IR (Fig. 1C). We confirmed this response in wild-type
pre-B cells (Fig. 1D). In contrast, we observed no decrease, but
a modest increase, of Cyclin D2 protein (Fig. 1C). This increase
likely is caused by loss of Cyclin D3 protein releasing CKI pro-
teins to assemble CyclinD2:CDK4/6 complexes and thereby
stabilize Cyclin D2 protein. Regardless, our data reveal IR expo-
sure of cycling pre-B cells signals loss of Cyclin D3 but not
Cyclin D2 protein, suggesting pro-T and pre-B cells have
evolved mechanisms to downregulate expression of the D-type
cyclin that has unique functions in driving their expansion.

Finally, we analyzed splenic B cells stimulated in vitro with
LPS and IL4 since these mitogens drive proliferation and
induce IgH class switch recombination. In stimulated ExBCL2
B cells, we found no change in mean Cyclin D3 protein levels
at any time assayed following IR (Fig. 1E). These data suggest
that DSBs induced in proliferating mature B cells during in
vitro stimulation with LPS and IL4 do not repress Cyclin D3
protein levels. Collectively, our data indicate that immature
T and B lymphocytes downregulate Cyclin D3 expression upon
exposure to IR and, at least in B lineage cells, signal this
response through developmental stage-specific mechanisms.

Although IR induces DSBs, this type of radiation also gener-
ates additional types of DNA and cellular damage. Thus, to
demonstrate that DSBs downregulate Cyclin D3 expression, we
assayed Cyclin D3 protein levels in pre-B cells exposed to
the genotoxic drug etoposide, which causes only DSBs. We
observed substantially decreased levels of Cyclin D3 protein at
4 hours after exposure to etoposide (Fig. 1F), indicating that
DSBs suppress Cyclin D3 protein levels in primary pre-B cells.

Therefore, we conclude that IR downregulates Cyclin D3
expression in immature T and B cells by inducing DSBs.

DSBs signal ATM-dependent repression of cyclin D3
protein levels through lineage-specific mechanisms in
immature B and T cells

In all mammalian cells studied, DSBs generated by IR or other
factors activate the ATM protein kinase, which controls gene
expression via transcriptional, post-transcriptional, and post-
translational mechanisms.*> Thus, we next evaluated whether
DSBs induced by IR in immature T and B cells downregulate
Cyclin D3 expression through ATM-dependent mechanisms.
For this purpose, we generated and analyzed Atm '~ mice
expressing the EpBCL2 transgene alone (for pre-B cells) or
with a pre-assembled functional TCRS gene (for thymocytes).
We observed no difference in mean Cyclin D3 protein levels
between thymocytes from irradiated or unirradiated EuBCL2:
VBI4NNT Atm ™™ mice (Fig. 2A) and between irradiated or
unirradiated EuBCL2:Atm™'~ pre-B cells (Fig. 2B). These data
indicate that DSBs induced by IR in immature T and B cells
signal via ATM to downregulate Cyclin D3 expression. We also
performed qRT-PCR to quantify Cyclin D3 mRNA levels in
irradiated and unirradiated thymocytes and pre-B cells. We
detected no change of Cyclin D3 mRNA levels in thymocytes
following IR of EuBCL2:VBI4NT/NT or EuBCL2: V14NN,
Atm™~ mice (Fig. 2C, D). In contrast, we observed lower
Cyclin D3 mRNA levels after IR of EuBCL2 pre-B cells
(Fig. 2E). Notably, this DSB-induced downregulation of Cyclin
D3 mRNA was obvious at 30 minutes following IR and there-
fore preceded loss of Cyclin D3 protein. In addition, this
response is ATM-dependent as evidenced by no change in
Cyclin D3 mRNA levels after IR of EuBCL2:Atm ™"~ pre-B cells
(Fig. 2F). We also observe loss of Cyclin D3 mRNA in total
bone marrow cells following irradiation of wild-type mice
(Fig. S1). These data indicate that thymocytes and pre-B cells
utilize lymphocyte lineage-specific ATM-dependent mecha-
nisms to downregulate Cyclin D3 expression in response to
DSBs.

DSBs induced in thymocytes downregulate cyclin

D3 protein levels and cellular proliferation by disrupting
association of the HuR ATM substrate with cyclin

D3 mRNAs

Our data indicate DSBs induced in thymocytes downregulate
Cyclin D3 expression by signaling through ATM to block
translation of Cyclin D3 mRNAs and/or increase degradation
of Cyclin D3 protein. The need to irradiate live mice to study
DSB-induced repression of Cyclin D3 expression in thymocytes
is an obstacle to evaluate the effects of DSBs on translation of
Cyclin D3 mRNA and stability of Cyclin D3 protein. To over-
come this obstacle, we attempted to identify immature T lym-
phocyte cell lines that express Cyclin D3 and suppress Cyclin
D3 protein levels in response to DSBs. Although we identified
cell lines that express Cyclin D3 protein, we discovered they
all maintained Cyclin D3 protein following exposure to
IR (unpublished observations, A.D. and C.H.B.). Therefore, we
employed a candidate approach to test roles of known ATM
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Figure 1. Lymphocyte developmental stage-specific downregulation of Cyclin D3 expression in response to DSBs. (A) Representative Western blot analyses of Cyclin D3
and actin protein and graphical quantification of Cyclin D3 protein expression in thymocytes of unirradiated or irradiated E..BCL2:VB14""" mice at 4 hours after exposure
of mice to 9 Gy of IR. Each data point is from a single mouse. This experiment was conducted 3 times with more than one unirradiated mouse and irradiated mouse each
time. Error bars are standard error. **p < 0.01. (B) Representative Western blot analyses of Cyclin D3 and actin protein in thymocytes of unirradiated or irradiated wild-
type mice at 4 hours after exposure of mice to 9 Gy of IR. (C) Representative Western blot analyses of Cyclin D3, Cyclin D2, and actin protein and graphical quantification
of Cyclin D3 protein expression in unirradiated or irradiated IL7-cultured ExBCL2 pre-B cells at indicated times after exposure to 10 Gy of IR. Cyclin D3 expression levels
are set to 1.0 for the unirradiated control in each experiment and other timepoints are normalized to control. (D) Graphical quantification of Cyclin D3 protein expression
in unirradiated or irradiated IL7-cultured wild-type pre-B cells at indicated times after exposure to 10 Gy of IR. Cyclin D3 expression levels are set to 1.0 for the unirradi-
ated control in each experiment and other timepoints are normalized to the control. (E) Representative Western blot analyses of Cyclin D3, Cyclin D2, and actin protein in
unirradiated or irradiated LPS/IL4-stimulated £xBCL2 mature B cells at indicated times following their exposure to 9 Gy of IR. This experiment was conducted 3 times. (F)
Representative Western blot analyses of Cyclin D3 and actin protein in IL7-cultured E;«BCL2 pre-B cells untreated or 4 hours following addition of etoposide to media at a
final concentration of 10 ;g/mL. This experiment was conducted 3 times.
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Figure 2. DSBs suppress Cyclin D3 expression via ATM-dependent lymphocyte lineage-specific mechanisms. (A) Representative Western blot analyses of Cyclin D3 and
actin protein and graphical quantification of Cyclin D3 protein expression in thymocytes of unirradiated or irradiated EuBCL2:VB14""N:Atm ™'~ mice at 4 hours following
exposure of mice to 9 Gy of IR. Each lane contains thymocyte protein from a single mouse. This experiment was conducted 4 times with a total of 10 unirradiated and 8
irradiated mice. Error bars are standard error. (B) Representative Western blot analyses of Cyclin D3 and actin protein and graphical quantification of Cyclin D3 protein
expression in unirradiated or irradiated IL7-cultured EuBCL2:Atm™~ pre-B cells at indicated times after exposure to 9 Gy of IR. This experiment was conducted 4 times
with more than one unirradiated mouse and more than one irradiated mouse each time. Error bars are standard error. ((C)- D) Graphical quantification of Cyclin D3
mMRNA levels relative to 185 RNA levels in thymocytes from unirradiated or irradiated ExBCL2:VB14""" mice (C) or EnBCL2:VB14"™":Atm™'~ (D) mice at 4 hours after
exposure to 9 Gy IR. Each data point is from a single mouse. Each of these experiments was conducted 4 times with a total of 10 unirradiated and 8 irradiated mice. Error
bars are standard error. (E- F) Graphical quantification of Cyclin D3 mRNA levels relative to 18S RNA levels in unirradiated or irradiated IL7-cultured EBCL2 (E) or EuBCL2:
Atm™~ (F) pre-B cells at indicated times after exposure to 10 Gy of IR. Cyclin D3 expression levels are set to 1.0 for the unirradiated control in each experiment and other
time points are normalized to this control. These experiments were performed 4 times. Error bars are standard error. “**p < 0.001 in comparison to the unirradiated
control.



effectors in blocking translation of Cyclin D3 mRNAs following
induction of DSBs. In response to DSBs induced by IR, ATM
promotes phosphorylation of the HuR RNA binding protein to
regulate association of HuR with its target mRNAs.”> HuR
functions in context-dependent manners to positively or
negatively regulate stability and/or translation of its target
mRNAs.** In primary human T cells, HuR binds and stabilizes
Cyclin D3 mRNAs to enhance Cyclin D3 protein expression.”
To measure HuR association with Cyclin D3 mRNAs in
primary mouse immature T cells, we conducted RNA immuno-
precipitation (RIP) using an anti-HuR antibody or a control
antibody and then performed qRT-PCR to quantify Cyclin
D3 mRNA precipitated from thymcytes by each antibody. We
detected greater association between HuR and Cyclin
D3 mRNAs in unirradiated thymocytes as compared to irradi-
ated thymocytes (Fig. 3A). These data are consistent with a
model that HuR binds and stimulates translation of Cyclin
D3 mRNAs in unirradiated thymocytes and reduced associa-
tion of HuR with Cyclin D3 mRNAs after IR-induced DSBs
leads to downregulation of Cyclin D3 protein levels.

As a means to test whether HuR binding to Cyclin
D3 mRNAs regulates Cyclin D3 protein levels in immature T
cells, we generated and analyzed mice with LckCre-mediated
conditional inactivation of HuR initiating in CD4 CD8~
(“double-negative” or DN) thymocytes concomitant with Tcrf
recombination. We used this approach since inherited HuR
inactivation in mice is embryonic lethal.*® The assembly and
expression of functional Tcrf genes in CD25 CD117*
CD4 CD8" (DN3) thymocytes activates signals that promote
differentiation of these cells into CD25"CD117~CD4 CD8™
(DN4) thymocytes and then into CD4*CD8" (DP) thymo-
cytes.”” Tcrf expression in DN3 cells also activates Cyclin
D3 expression to drive proliferation and expansion as these
cells develop into DP thymocytes.” Following arrest in G1
phase, DP thymocytes can further differentiate without prolif-
eration into CD4" or CD8" (SP) thymocytes, which exit the
thymus as quiescent mature a8 T cells.”” We performed cell
counting and flow cytometry analyses for T cell markers on
thymocytes and splenocytes of 4 to 6 weeks old Lck-
Cre" HuR™ " (HuRA/A) and littermate HuR"/1o* (HuRf/f)
mice. Compared to HuRf/f mice, HuRA/A mice have ~3-fold
and ~4.5-fold lower numbers of total thymocytes and splenic
aB T cells, respectively (Fig. 3B, C). In addition, HuRA/A mice
contain ~2-4-fold decreased numbers of thymocytes at the
DN4 stage (Fig. 3D) and the DP and SP stages (Fig. 3E). West-
ern blot analysis confirmed loss of HuR protein in HuRA/A
thymocytes (Fig. 3F). These data demonstrate that inactivation
of HuR leads to reduced numbers of T lineage cells at all devel-
opmental stages beyond the DN3 thymocyte stage, similar to
inactivation of Cyclin D3.” We conducted Western blot and
qRT-PCR analyses to quantify levels of Cyclin D3 protein and
mRNA, respectively, in HuRA/A and HuRf/f thymocytes. We
detected a substantially lower level of Cyclin D3 protein
(Fig. 3F) but an equivalent amount of Cyclin D3 mRNA in
HuRA/A thymocytes relative to HuRf/f thymocytes (Fig. 3G).
These data indicate that HuR is required to maintain normal
levels of Cyclin D3 protein but not Cyclin D3 mRNA in devel-
oping T cells. Notably, the levels of Cyclin D3 protein expressed
in unirradiated HuRA/A thymocytes and irradiated wild-type
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thymocytes are comparable (Compare Fig. 3F with Fig. 1A).
Accordingly, our data are consistent with a model where HuR
binds Cyclin D3 mRNAs in unirradiated thymocytes to
increase Cyclin D3 protein levels, helping drive expansion of
immature T cells; while DSBs in thymocytes signal ATM-
dependent loss of HuR binding to Cyclin D3 mRNAs, decreas-
ing Cyclin D3 protein levels to help prevent S phase entry and
DNA synthesis until DSBs are repaired.

DSBs induced in immature B Cells downregulate cyclin D3
protein levels via ATM-dependent repression of Ccnd3
transcription

While our data indicate DSBs induced in pre-B cells repress
Cyclin D3 expression by signaling through ATM to block tran-
scription of the Ccnd3 gene and/or stimulate degradation of
Cyclin D3 mRNA, our results do not rule out a contribution of
increased Cyclin D3 proteolysis. Therefore, to elucidate mecha-
nisms by which DSBs signal ATM-dependent downregulation
of Cyclin D3 expression in pre-B cells, we first evaluated the
effects of IR-induced DSBs on Cyclin D3 protein turnover in
EnBCL2 pre-B cells. For this purpose, we added the protein
synthesis inhibitor cycloheximide to primary pre-B cell cultures
immediately following IR. We then conducted Western blot
analysis to measure the amount of Cyclin D3 protein remaining
over time in unirradiated and irradiated cells. At all time points
assayed, we detected equivalent levels of Cyclin D3 protein in
irradiated and unirradiated pre-B cells (Fig. 4A), indicating
that pre-B cells do not increase Cyclin D3 proteolysis in
response to IR-induced DSBs. We next utilized Click-iT®
mRNA capture to measure turnover of Cyclin D3 mRNA in
irradiated and unirradiated pre-B cells. Click-iT® mRNA cap-
ture incorporates ethylene uridine (EU) into RNAs during
transcription; then EU-labeled RNAs are conjugated with
biotin, isolated by streptavidin beads, and quantified by qRT-
PCR. We cultured EuBCL2 pre-B cells in media with EU for
16 hours to incorporate EU into existing mRNAs. We then
washed out EU immediately before IR so that we could mea-
sure the amount of Cyclin D3 mRNA remaining over time in
irradiated and unirradiated pre-B cells. At all times assayed, we
detected no significant difference in the levels of labeled Cyclin
D3 mRNAs between irradiated and unirradiated cells (Fig. 4B),
indicating pre-B cells do not increase turnover of Cyclin D3
mRNA in response to DSBs generated by IR. Finally, we uti-
lized Click-iT® mRNA capture to measure the effect of IR-
induced DSBs on transcription of Ccnd3. We added EU to IL7-
cultured EpBCL2 pre-B cells immediately after IR. Since
EU-labeled RNA is only generated following IR in this experi-
ment, we were able to quantify the effect of IR on Ccnd3 tran-
scription. As a positive control, we quantified the amount of
p21 mRNA synthesized since DSBs stimulate transcription of
the p21 gene and this response is diminished in Atm-deficient
lymphocytes.”® At all times assayed, we detected reduced levels
of new Cyclin D3 mRNAs in irradiated cells as compared to
unirradiated cells (Fig. 4C), demonstrating pre-B cells repress
Ccnd3 transcription in response to DSBs arising from IR. This
DSB response is ATM-dependent as evidenced by no difference
in the levels of new Cyclin D3 mRNAs at all times assayed
between irradiated and unirradiated EuBCL2:Atm ™'~ pre-B
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Figure 3. DSBs induced in thymocytes inhibit Cyclin D3 protein levels and cellular proliferation by disrupting association of HuR with Cyclin D3 mRNAs. (A) Graph quanti-
fying association of HUR with Cyclin D3 mRNAs in thymocytes of unirradiated or irradiated EuBCL2:VB14"™™ mice at 4 hours after exposure to 10 Gy of IR. Fold enrich-
ment is the amount of Cyclin D3 mRNA relative to the amount of Gapdh mRNA precipitated by the anti-HuR antibody normalized to the amount of Cyclin D3 mRNA
relative to the amount of Gapdh mRNA precipitated by normal IgG antibody. Each data point is from a single mouse. This experiment was conducted 3 times. Error bars
are standard error. “p < 0.05. (B-C) Graphs depicting the average numbers of thymocytes (B) and splenic a8 T cells (C) in HuRf/f and HuRA/A mice. This experiment was
conducted 5 times. Error bars are standard error. “**p < 0.001. (D) Representative flow cytometry analysis and graphical quantification of thymocytes at the DN3 and
DN4 stages in HuRf/f and HuRA/A mice. This experiment was conducted 5 times. Error bars are standard error. “p < 0.05. (E) Representative flow cytometry analysis and
graphical quantification of thymocytes at the DN, DP, and CD4™ or CD8™ SP stages in HuRf/f or HuRA/A mice. This experiment was conducted 5 times. Error bars are stan-
dard error. “p < 0.05 and ***p < 0.001. (F) Representative Western blot analyses of HuR, Cyclin D3, and actin protein and graphical quantification of Cyclin D3 protein
expression in thymocytes of HuRf/f or HURA/A mice. This experiment was conducted 4 times on a total of 8 HuRf/f and 10 HURA/A mice. Error bars are standard error.
*p < 0.05. (G) Graphical quantification of Cyclin D3 mRNA levels relative to 185 RNA levels in thymocytes from HuRf/f and HuRA/A mice. Each data point is from a single
mouse. This experiment was conducted twice with 3 mice of each genotype each time.
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cells (Fig. 4C). Notably, DSB-induced repression of Cyclin
D3 mRNA synthesis was obvious 30 minutes following IR and
therefore precedes loss of Cyclin D3 mRNA levels (Compare
Fig. 4C and Fig. 2D), which in turn occurs before loss of Cyclin
D3 protein levels (Compare Fig. 4C and Fig. 1B). Consequently,
our data suggest that repression of Ccnd3 transcription is the
mechanism by which pre-B cells signal via ATM to downregu-
late Cyclin D3 expression in response to DSBs.

Retroviral expression of cyclin D3 in Pre-B cells is resistant
to transcriptional repression and prevents normal
inhibition of DNA synthesis in response to DSBs

To validate that repression of Ccnd3 transcription is the mecha-
nism by which IR-induced DSBs signal downregulation of
Cyclin D3 expression, we investigated the effect of DSBs on

Cyclin D3 protein levels in pre-B cells expressing the Cyclin
D3 cDNA from a heterologous promoter that is not subject to
transcriptional repression upon DSBs. For this purpose, we
transduced IL7-cultured EuBCL2:Ccnd3™~ pre-B cells with a
MIGR1 retrovirus carrying a full-length Ccnd3 c¢DNA
expressed by the retroviral promoter (MIGR-D3) or with an
empty MIGR1 retrovirus. Transcripts from each of these
viruses contain an IRES-GFP so transduced cells can be moni-
tored by GFP expression. We conducted Western blot analysis
to monitor Cyclin D3 protein in unirradiated and irradiated
EuBCL2:Ccnd3™~ pre-B cells transduced with MIGR1-D3.
We observed equivalent levels of Cyclin D3 protein between
unirradiated and irradiated cells (Fig. 5A), indicating that DSBs
generated by IR in pre-B cells cannot repress Cyclin D3 expres-
sion when the MIGRI1 retroviral promoter drives transcription
of the Ccnd3 cDNA. These data demonstrate that suppression
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Figure 5. Retroviral expression of Cyclin D3 in pre-B cells prevents repression of Cyclin D3 Protein and impairs G1 arrest in response to DSBs. (A) Representative Western
blot analyses of Cyclin D3 and actin protein in unirradiated or irradiated IL7-cultured ExBCL2:Ccnd3 '~ pre-B cells transduced with MIGR1 or MIGR1-D3 at indicated times
following exposure to 10 Gy of IR. (B) Representative flow cytometry analysis of the cell cycle of unirradiated or irradiated IL7-cultured EuBCL2 pre-B cells transduced
with MIGR1 or MIGR1-D3 at 6 hours after exposure to 10 Gy of IR. (C) Graph depicting quantification of the fraction of unirradiated or irradiated IL7-cultured EuBCL2 pre-
B cells transduced with MIGR1 or MIGR1-D3 that are BrdU™ at 6 hours following IR. This experiment was conducted 3 times. Error bars are standard error. “p < 0.05. (D)
Graph depicting the ratios of the fraction of each cell type in B and C that synthesizes DNA after IR vs. before IR. Error bars are standard error. *p < 0.05.

of Ccnd3 transcription is the mechanism by which pre-B cells
downregulate Cyclin D3 expression in response to genotoxic
DSBs.

Our findings are consistent with a model wherein DSB-
induced downregulation of Cyclin D3 protein expression helps
prevent immature T and B cells from entering S phase. To test
this model, we evaluated the effect of DSBs on DNA synthesis
in pre-B cells incapable of inhibiting Cyclin D3 protein levels
following DSB. Notably, this approach was used to demonstrate
that DSB-induced repression of Cyclin D1 protein expression
helps prevent non-lymphoid cells with DSBs from entering
S phase.'" For our experiment, we transduced IL7-cultured
EuBCL2 pre-B cells with MIGR1-D3 or MIGR1 before
IR exposure. We then conducted cell cycle analysis, assessing
BrdU incorporation by flow cytometry in conjunction with
DNA content staining to identify cells in G1, S, or G2/M
phases. We observed that transduction of MIGR-D3 caused a
1.5-fold higher fraction of unirradiated pre-B cells to synthesize
DNA in a 6 hour time period following IR (Fig. 5B, C). How-
ever, we also observed that MIGR-D3 transduction enabled
~2-fold greater fraction of irradiated cells to synthesize DNA
(Fig. 5B, C), and therefore have entered S phase. Since the ratio
of the fraction of irradiated versus unirradiated GFP*
pre-B cells that incorporate BrdU is ~2-fold greater for cells

transduced with MIGR-D3 relative to MIGR (Fig. 5D), the
greater DNA synthesis in MIGR-D3 pre-B cells following IR is
not strictly from a higher basal rate of S phase entry. Therefore,
these data are consistent with the prediction of our model that
an inability of pre-B cells to downregulate Cyclin D3 protein
expression in response to DSBs increases the frequency at
which pre-B cells with DSBs enter S phase.

Discussion

The Cyclin D3 protein has a unique function in driving
expansion of developing B and T lineage lymphocytes during
rapid bursts of proliferation associated with DSBs induced
during antigen receptor gene rearrangements in G1 phase
cells. We sought to determine whether these cell types repress
Cyclin D3 expression in response to DSBs. We have shown
that proliferating thymocytes and pre-B cells, but not mature
B cells stimulated by LPS and IL4, downregulate Cyclin D3
protein levels in response to DSBs generated by ionizing radi-
ation or etoposide. These data indicate that pre-B cells use a B
lineage developmental stage-specific mechanism to inhibit
Cyclin D3 expression following the incursion of DSBs.
Although cycling pre-B cells and thymocytes each require



ATM kinase to suppress Cyclin D3 expression, these cell types
use distinct lineage-specific mechanisms to control this shared
DSB response. Pre-B cells inhibit Ccnd3 transcription without
altering turnover of Cyclin D3 mRNA or protein. In contrast,
thymocytes downregulate Cyclin D3 protein levels, at least in
part by reducing association of Cyclin D3 mRNAs with the
HuR RNA binding protein that is regulated by ATM. We also
have shown in pre-B cells that ectopic Cyclin D3 expression
from a retroviral promoter is refractory to repression by
DSBs, which in turn prevents pre-B cells from suppressing
Cyclin D3 protein levels and from normally blocking DNA
synthesis in response to ionizing radiation. Our findings indi-
cate that immature B and T cells have evolved lymphocyte
lineage-specific, ATM-dependent mechanisms to suppress
Cyclin D3 expression and thereby help regulate G1-to-S phase
progression in response to DSBs. Considering that Cyclin D3
expression causes translocations in developing B and T cells
of Atm™’" mice by driving aberrant repair of DSBs induced in
G1 phase with DSBs arising in S phase,'” these ATM-depen-
dent mechanisms are likely important for maintaining geno-
mic stability of immature B and T lymphocytes. However,
directly testing this notion requires development of experi-
mental models with specific disruption of lymphocyte line-
age-specific mechanisms that downregulate Cyclin D3 protein
expression in response to DSBs.

Our findings provide new insights into ATM-dependent
mechanisms by which immature B and T lymphocytes arrest in
Gl following DSBs and thereby restrict the frequency of cells
that enter S phase and replicate broken DNA. Mouse thymo-
cytes lacking the p21 and p27 CKIs express lower than wild type
levels of Cyclin D3 protein and do not assemble and activate
Cyclin D3:CDK6 complexes,” indicating that p21 and p27 nor-
mally bind Cyclin D3 and CDK4/6 in developing T cells.
Accordingly, ATM-dependent downregulation of Cyclin D3
protein in immature B and T cells experiencing DSBs likely helps
suppress CDK2-driven S phase entry by promoting re-localiza-
tion of p21 and p27 from Cyclin D3:CKD2 complexes to Cyclin
E:CDK2 complexes. It has been known for years that developing
B and T cells and all other cells experiencing DSBs use comple-
mentary ATM-dependent mechanisms to inhibit CDK2 activity
and thereby prevent G1-to-S progression.* These mechanisms
involve rapid post-translational inactivation of Cdc25a to trigger
GI1 arrest at the G1/S checkpoint and slower transcriptional acti-
vation of p21 to maintain this checkpoint.* Our data suggest
that pre-B cells and thymocytes utilize ATM-dependent down-
regulation of Cyclin D3 protein levels as another mechanism to
rapidly inhibit CDK2 activity and thereby prevent S phase entry
following DSBs. This loss of Cyclin D3 protein also would
decrease the number of Cyclin D3:CDK4/6 complexes available
to phosphorylate Rb and thereby drive G1 phase progression
and S phase entry. Thus, we propose that ATM-dependent
downregulation of Cyclin D3 expression also helps antagonize S
phase entry and replication of broken DNA by providing more
time in G1 for additional ATM-dependent pathways to inhibit
Cyclin E:CDK2 complexes and thereby activate the G1/S cell
cycle checkpoint. This model introduces the concept that devel-
oping B and T cells have evolved complementary and non-
redundant DNA damage response mechanisms to rapidly
inhibit G1-to-S phase progression.
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Our discovery that immature B and T lymphocytes employ
distinct mechanisms to downregulate Cyclin D3 expression in
response to DSBs illustrates another difference between the
genetic programs of developing B and T cells. The assembly
and expression of functional Igh or Tcrf genes in pro-lympho-
cytes activates Cyclin D3 expression to drive these cells into S
phase and through additional G1-to-S transitions as they differ-
entiate into pre-lymphocytes.®” Igh expression in pro-B cells
and pre-B cells inhibits Cyclin D3 proteolysis,” whereas Tcrf
expression in pro-T cells stimulates Ccnd3 transcription.” We
have provided evidence that DSBs induced in pre-B cells down-
regulate Ccnd3 transcription, while DSBs induced in thymo-
cytes inhibit translation of Cyclin D3 mRNAs. Assuming no
post-translational regulation of Cyclin D3 protein in our exper-
imental conditions, our findings imply that immature T cells
upregulate slower and downregulate faster Cyclin D3 activity
than immature B cells. It is possible that there is no significance
that immature B and T cells evolved distinct mechanisms to
control Cyclin D3 protein levels and thereby help regulate G1
progression and S phase commitment. Alternatively, factors
unique to developing T cells might have selected for mecha-
nisms that more slowly increase and more rapidly downregu-
late Cyclin D3 protein levels. For example, transcriptional
activation of Cyclin D3 might be important to provide Tcrf-
selected pro-T cells more time in G1 phase to repair DSBs
induced during Tcry and Tcr$ gene assembly, while post-tran-
scriptional inactivation of Cyclin D3 could be necessary to
antagonize G1 progression of TcrS-selected pro-T cells that ini-
tiate Tcry and Tcrd recombination before cessation of V(D)]
recombination concomitant with S phase entry.

Our demonstration that expression of Cyclin D3 from a het-
erologous promoter prevents pre-B cells from suppressing
Cyclin D3 protein levels and normally halting S phase entry in
response to DSBs has novel implications for how CCND3 alter-
ations might promote human lymphoid malignancies. Translo-
cations that fuse CCND3 to IgH or other genes are observed in
human B lineage lymphomas including Mantle Cell Lym-
phoma, Multiple Myeloma, and Diffuse Large B Cell Lym-
phoma.?®* These translocations have been proposed to drive
cancer by accelerating proliferation through transcriptional
upregulation of CYCLIN D3 protein. Considering that B line-
age cancers with CCND3 translocations harbor additional
genomic lesions arising from aberrant repair of DSBs, our data
suggest that formation of CCND3 translocations in immature B
cells may lead to mature B cell malignancies by disrupting regu-
lation of Gl-to-S progression in developing B cells. CCND3
mutations that generate highly stable, C-terminal truncated
CYCLIN D3 proteins and drive cell cycle progression are com-
mon in human Burkitt’s Lymphoma.” The ability of immature
B cells to rapidly trigger the G1/S checkpoint by repressing
Ccnd3 transcription likely depends on the relative short half-
life of Cyclin D3 protein in these cells. If carboxy-truncating
CCND3 mutations arise in immature B lymphocytes, they also
might cause mature B cell malignancies by disrupting the con-
trol of S phase entry during B cell development. Although we
have demonstrated that immature B and T lymphocytes sup-
press Cyclin D3 expression in response to DSBs, it is conceiv-
able that these cells also inactivate Cyclin D3 or Cyclin D3:
CDK4/6 complexes prior to downregulation of Cyclin D3
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protein levels. In support of this possibility, the carboxy-termi-
nus of Cyclin D3 contains 2 conserved motifs that are consen-
sus target sites for the ATM kinase. Future experiments will be
needed to determine whether immature and even mature
B and T lymphocytes also regulate Gl-to-S progression via
ATM-mediated post-translational modification of Cyclin
D3 protein.

Materials and methods
Mice

All mice were on a 129S1/SvimJ] and C57BL6 mixed back-
ground, and housed, bred, and used under pathogen-free con-
ditions at the Children’s Hospital of Philadelphia (CHOP). We
made the genetically modified mouse strains for this study by
breeding mice containing the EuBCL2 transgene,** VAI14N"
pre-assembled functional Tcrf gene,” LckCre transgene,’
Atm™™ alleles,”” HuR"™"* alleles,”® and/or Ccnd3™ alleles.”
All experiments were performed on 4 to 6 week old mice. Simi-
lar numbers of male and female mice were analyzed for each
experiment. For some experiments, mice were placed in a pie
restrainer (Braintree) and exposed to 9 Gy of ionizing radiation.
Mice were returned to their holding cages for indicated times
before being euthanized and analyzed. Animal husbandry and
experiments were performed in accordance with national
guidelines and regulations and approved by the CHOP Institu-
tional Animal Care and Use Committee.

Western blotting

Cells were resuspended in a Tween-20 containing lysis buffer
and sonicated at intervals of 30 seconds on and 30 seconds off
for 5 minutes at 4°C. Cells were incubated for 5 minutes on ice
and then spun to remove insoluble material. 100 pg of lysates
prepared under reducing conditions were loaded in each well
of a NuPage 10% Bis-Tris gel (Life Technologies). Electrophor-
esed proteins were transferred to PVDF. These membranes
were blocked with Odyssey blocking buffer (Li-Cor) and then
incubated with anti-Cyclin D3 (Santa Cruz polyclonal C-16),
anti-Cyclin D2 (Santa Cruz, polyclonal M-20), anti-actin
(Sigma polyclonal), or anti-HuR (Santa Cruz 3A2) antibodies.
After washing, blots were incubated with appropriate IRDye800
secondary antibodies (Li-Cor). Following washing, blots were
scanned on an Odyssey infrared scanner (Li-Cor).

B lineage cell culture

In vitro stimulations were performed in media consisting of
RPMI-1640 supplemented with 10% heat-inactivated FBS, anti-
biotics, 50 uM B-mercaptoethanol, 2 mM L-glutamine, 10 mM
HEPES, 1 mM sodium pyruvate, and non-essential amino
acids. For IL-7 pre-B cell cultures, bone marrow was harvested
from mice of indicated genotypes and cultured at a density of
5 x 10° per ml in medium containing 5 ng/ml IL-7 for 4-5 d.
Cells were re-plated in fresh IL-7 containing medium each day
except for day 2 (48h after harvest). For mature B cell assays,
splenic B cells were isolated using EasySep negative selection
B cell isolation kits (Stem Cell Technologies). Cells were

stimulated at a density of 1 x 10° per ml in media containing
25 pg/ml LPS (0111:B4, Sigma) and 80 ng/ul recombinant
mouse IL-4 (R&D Systems) for 3 d. To induce DSBs, cells were
exposed to 10 pug/ml etoposide (Sigma), 10 Gy IR, or other
noted doses of IR.

qRT-PCR

Total cellular RNA was isolated using Trizol reagent (Life tech-
nologies) and DNase treated according to manufacturer direc-
tions (Promega), primed with random nonamer (New England
Biolabs), and reverse transcribed with M-MuLV (NEB). qRT-
PCR reactions were performed with SYBR green mastermix
(Applied Biosystems) and run on an Applied Biosystems 7500
Fast machine. The primers used for qRT-PCR reactions are:
Cyclin D3 forward 5-AGGAGATCAAGCCGCACATG-3,
Cyclin D3 reverse 5'-GGTAGTTCATAGCCAGAGGGAAGA-
3’, p21 forward 5-GACATTCAGAGCCACAGGCAC-3/, p21
reverse 5'-GTCAAAGTTCCACCGTTCTCG-3’, actin forward
5- TCATCACTATTGGCAACGAGCGGTTC-3, and actin
reverse 5'- TACCACCAGACAGCACTGTGTTGGCA-3'.

RNA-Immunoprecipitation

RNA-Immunoprecipitation for HuR was performed using pub-
lished procedures.”® Briefly, 100 ul of protein G dynabeads
(Life Technologies) were incubated with 15 ug anti-HuR (3A2,
Santa Cruz) or 15 ug normal mouse IgG (Santa Cruz). Thymo-
cytes were lysed in polysome lysis buffer containing 0.5% NP-
40 supplemented with protease inhibitor (Roche) and RNase
inhibitor (NEB). Half of each sample lysate was added to dyna-
beads coated with one of the antibodies and incubated with
shaking for 2 hours at 4°C. After washing beads, RNA was
extracted using Trizol and then analyzed by qRT-PCR.

Flow cytometry

Single cell suspensions were prepared from thymuses or spleens
of mice as described.” Cells were stained with antibodies
against surface antigens in PBS with 3% FBS and then washed
before flow cytometry. The antibodies used from BD PharMin-
gen were: anti-TCRB (553172), anti-CD4 (553653), anti-CD8a
(553033), anti-CD25 (552880), anti-CD117 (553356). Samples
were run on a FACSCalibur or LSR Fortessa cytometer
(BD Biosciences) and analyzed with Flowjo software (Treestar).
BrdU incorporation assays were performed by incubating cells
in medium containing 10 ©M BrdU for indicated amounts of
time before fixing and staining as instructed (BD Biosciences).

Click-It nascent RNA labeling

Click-it nascent RNA labeling kits were obtained from Life
Technologies. For mRNA turnover assays, ethynyl uridine
(EU) was added to medium of IL-7 cultures at a final concen-
tration of 0.2 mM for the last 16 hours of culture time. Immedi-
ately before irradiation, the cells were washed and placed into
media lacking EU. Cells were collected for RNA isolation
immediately following EU removal or at the indicated times
after EU removal. For transcriptional assays, cells were grown



in media lacking EU. Cells were either irradiated or left unirra-
diated. Immediately following irradiation of half the cells,
EU was added to the media of all cells at a final concentration
of 0.5 mM. After the indicated time, cells were collected and
RNA was isolated using Trizol reagent as described above.
Click chemistry and streptavidin pull down of EU-labeled RNA
were performed per kit instructions. This RNA was analyzed
by qRT-PCR as outlined above.

Cycloheximide chase assays

Cycloheximide chase assays were performed on IL-7 pre-B cell
cultures by treating cells with 10 Gy IR or no IR and then imme-
diately adding cycloheximide (Sigma) to culture media at a final
concentration of 100 ng/ml. Cells were harvested for Western
blots immediately after addition of cycloheximide (t = 0) or at
indicated times after cycloheximide addition.

Cloning and retroviral transduction

The full-length Ccnd3 ¢cDNA including its 3’UTR (NM_007632.2)
was cloned into the MIGR1 retroviral vector*” by PCR amplifica-
tion using BAC RP-160K24 as template. EcoRI restriction sites
were included on the end of each PCR primer. PCR products and
MIGR1 were digested with EcoRI and ligated together. Individual
clones were screened for correct orientation and sequenced to
ensure integrity of the PCR-amplified Ccnd3 ¢DNA. Viral super-
natants were generated by co-transfection of 293T cells with either
MIGRI or MIGR1-Ccnd3 along with helper plasmids pCGP and
pHIT123. IL-7 pre-B cultures were transduced by spinfection at
48 hours and 72 hours after being cultured from bone marrow.
Spinfections were performed as described*’ with final concentra-
tions of 10 z1g/ml polybrene. Experiments were performed on these
cells 48 hours following the second spinfection

Statistics

Except where indicated in figure legends, all p-values were gen-
erated by 2-tailed unpaired Student’s ¢ test using Prism (Graph-
Pad Software).
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