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Introduction
The mammalian RAS family is composed of  3 genes that encode 4 small GTPase proteins: HRAS, NRAS, 
KRAS4A, and KRAS4B in humans and Hras, Nras, Kras4a, and Kras4b in mice (1, 2). RAS proteins 
transmit signals from surface receptors to intracellular signaling proteins (1–4). RAS proteins share 79% 
amino acid sequence identity, with variability residing in the last 25 amino acids that encode sites of  post-
translational modifications (1, 5). The nucleotide sequences are more divergent, with KRAS preferentially 
encoded by A or T at wobble base pairs, whereas HRAS is encoded by G or C, and NRAS by a mixture 
of  all 4 nucleotides (1, 6). Codons ending in A or T are rare in mammalian exomes and rare codons have 
been shown to impede the efficiency of  translation elongation (1, 7). Consistent with this, the rare codons 
in KRAS have been shown to impede translation of  the encoded mRNA, reducing protein expression (1, 6).

Current understanding of  the role of  RAS signaling in the hematopoietic system has been driven 
primarily by studies in which oncogenic mutant Ras transgenes were overexpressed in bone marrow 
(BM) hematopoietic stem cells (HSCs) and progenitor cells (8–18). Varied hematopoietic effects have 
been observed, depending on the mutant Ras transgene overexpressed and the mouse model itself. 

Oncogenic Kras expression specifically in hematopoietic stem cells (HSCs) induces a rapidly fatal 
myeloproliferative neoplasm in mice, suggesting that Kras signaling plays a dominant role in 
normal hematopoiesis. However, such a conclusion is based on expression of an oncogenic version 
of Kras. Hence, we sought to determine the effect of simply increasing the amount of endogenous 
wild-type Kras on HSC fate. To this end, we utilized a codon-optimized version of the murine 
Kras gene (Krasex3op) that we developed, in which silent mutations in exon 3 render the encoded 
mRNA more efficiently translated, leading to increased protein expression without disruption 
to the normal gene architecture. We found that Kras protein levels were significantly increased 
in bone marrow (BM) HSCs in Krasex3op/ex3op mice, demonstrating that the translation of Kras in 
HSCs is normally constrained by rare codons. Krasex3op/ex3op mice displayed expansion of BM HSCs, 
progenitor cells, and B lymphocytes, but no evidence of myeloproliferative disease or leukemia in 
mice followed for 12 months. BM HSCs from Krasex3op/ex3op mice demonstrated increased multilineage 
repopulating capacity in primary competitive transplantation assays, but secondary competitive 
transplants revealed exhaustion of long-term HSCs. Following total body irradiation, Krasex3op/ex3op 
mice displayed accelerated hematologic recovery and increased survival. Mechanistically, HSCs from 
Krasex3op/ex3op mice demonstrated increased proliferation at baseline, with a corresponding increase 
in Erk1/2 phosphorylation and cyclin-dependent kinase 4 and 6 (Cdk4/6) activation. Furthermore, 
both the enhanced colony-forming capacity and in vivo repopulating capacity of HSCs from Krasex3op/

ex3op mice were dependent on Cdk4/6 activation. Finally, BM transplantation studies revealed 
that augmented Kras expression produced expansion of HSCs, progenitor cells, and B cells in a 
hematopoietic cell–autonomous manner, independent from effects on the BM microenvironment. 
This study provides fundamental demonstration of codon usage in a mammal having a biological 
consequence, which may speak to the importance of codon usage in mammalian biology.
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MacKenzie et al. (8) showed that 60% of  recipient mice injected with BM cells transduced with a ret-
rovirus encoding oncogenic Nras developed a variety of  myeloid malignancies after prolonged latency. 
Mx1-Cre-LoxP–driven induction of  endogenous but oncogenic Nras in hematopoietic cells caused the 
development of  indolent myeloproliferative disease in mice and potentiated the development of  addi-
tional hematologic cancers (12). Enforced expression of  a single allele of  oncogenic Nras using the 
Mx1-Cre model also increased HSC proliferation and serial repopulating capacity, providing possible 
explanation for the clonal advantage conferred by oncogenic Nras expression (13). Furthermore, the 
dosage of  Ras protein has been shown to correlate with the transformative effects of  Ras oncogenes 
in the murine hematopoietic system (12, 14). Transplantation of  primary murine hematopoietic cells 
transduced with a vector encoding oncogenic Hras produced lymphomas and lymphoid leukemias in 
mice (16). In contrast, inducible expression of  an Mx1-Cre–driven oncogenic version of  the endogenous 
Kras gene in BM hematopoietic cells caused a rapidly fatal myeloproliferative disease in mice (9). Sub-
sequent studies showed that activating this mutant allele in BM ckit+lin– progenitor cells caused aber-
rant signaling downstream, as well as increased HSC competitive repopulating fitness and the ability to 
initiate T-lineage leukemias following transplantation (11). Recently, expression of  oncogenic Kras in 
Flt-3+ multipotent progenitor cells caused a neonatal myeloid leukemia in mice with features that reca-
pitulated human juvenile myelomonocytic leukemia (18). Importantly, pharmacologic inhibition of  the 
downstream effectors of  Ras, specifically MEK and PI3K, has been shown to abrogate oncogenic Kras–
driven myeloproliferative disease in mice, suggesting that interruption of  RAS-driven signaling could 
ameliorate disease progression in patients with hematologic malignancies and RAS mutations (15, 19).

The above findings suggest an important role for Kras in normal hematopoiesis. However, this has 
not been directly tested since oncogenic Ras proteins, often overexpressed, have been used to chronically 
drive high levels of  Ras signaling. It is known that Kras is required for adult hematopoiesis (20), but these 
studies abolished the gene, and hence, the extent to which Kras signaling underlies normal hematopoiesis 
remains unclear (20). Interestingly, retrovirus-mediated overexpression of  oncogenic HRAS in human cord 
blood lin– cells induced a high level of  HRAS signaling, decreased proliferation, and enhanced monocyte 
differentiation (17). Fine-tuning the activation levels in these cells with a farnesyltransferase inhibitor pro-
duced a smaller increase in HRAS signaling and promoted a hematopoietic blast-like cell phenotype and 
self-renewal (17). Consistent with this observation, overexpression of  a single allele of  oncogenic Nras 
increased HSC repopulating capacity in mice (13). Furthermore, the BM niche–derived paracrine factor, 
pleiotrophin, promotes HSC regeneration in irradiated mice via upregulation of  Ras/MEK/ERK signaling 
(21, 22). These results suggest that moderate amplification in Ras signaling could promote the expansion 
of  HSCs and progenitor cells.

In order to directly test this hypothesis, we utilized a version of  the Kras gene that generates higher 
levels of  the wild-type Kras protein without altering the normal gene architecture. More specifically, we uti-
lized the Krasex3op gene, which was created by introducing 33 silent mutations into exon 3 of  the endogenous 
Kras gene to change 27 rare codons to their common counterparts to optimize translation, which produces 
a 2- to 4-fold increase in Kras protein compared with the unaltered allele (1). We show here that a mere 
2-fold increase in the amount of  Kras in the hematopoietic compartment led to an increase in HSC prolif-
eration and short-term repopulating capacity as measured in primary competitive transplantation assays, 
while substantially improving hematopoietic regeneration and survival in mice following high-dose irradia-
tion. However, these positive effects ultimately led to the exhaustion of  long-term HSCs (LT-HSCs), as 
measured in competitive secondary transplantation assays. Taken together, these results reveal the nuanced 
physiologic function of  wild-type Kras in regulating HSC fate and suggest that augmentation of  Kras sig-
naling has therapeutic potential for the immediate management of  myelosuppression. Moreover, this study 
demonstrates that codon usage in a mammal has biological consequences, which speaks to the importance 
of  codon usage in mammalian biology.

Results
Translation of  Kras protein in BM HSCs is constrained by rare codons. We sought to determine the effect of  
increased Kras protein levels on HSC fate. To this end, we utilized the aforementioned murine Krasex3op allele, 
which produces higher levels of  wild-type Kras protein without altering the protein sequence or architecture 
of  the gene (1). Homozygous Krasex3op/ex3op mice displayed a 2-fold increase in Kras protein levels with no 
abnormal splice variants, overt developmental phenotypes, or changes in lifespan (6). In order to validate a 
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similar increase in the hematopoietic system, we measured Kras protein levels in BM ckit+sca1+lin– (KSL) 
hematopoietic stem/progenitor cells (HSPCs) and CD150+CD48–KSL HSCs from Krasex3op/ex3op mice versus 
mice expressing native Kras (Krasnat/nat mice; Figure 1A). Krasex3op/ex3op mice displayed significantly increased 
percentages of  Krashi KSL cells and Krashi HSCs compared with control Krasnat/nat mice, confirming that the 
replacement of  rare codons with common codons in exon 3 of  Kras does indeed increase Kras protein levels 
in the HSC and progenitor populations. Of note, the relative levels of  Kras protein were increased in BM 
KSL progenitor cells compared with BM HSCs in both Krasex3op/ex3op mice and Krasnat/nat mice, consistent with 
prior studies demonstrating that protein translation overall is higher in progenitor cells than in HSCs (23).

Krasex3op/ex3op mice display lymphocytosis and expansion of  CD19+ B cells. Hematologic analysis of  8- to 
12-week-old Krasex3op/ex3op mice and Kras nat/nat mice revealed an increase in peripheral blood white blood cells 
(PB WBCs) and lymphocytes in Krasex3op/ex3op mice compared with control mice, whereas no differences in 
neutrophils, hemoglobin, or platelet counts were observed (Figure 1B and Supplemental Figure 1A; sup-
plemental material available online with this article; https://doi.org/10.1172/jci.insight.98197DS1). Flow 
cytometric analysis of  PB lymphocyte subsets demonstrated that the lymphocytosis was caused by an 
increase in CD19+ B cells (Figure 1C). We observed no differences in the numbers of  PB CD3+, CD4+, or 
CD8+ T cells and no differences in PB natural killer (NK) cells, naive T cells, or memory T cells (Figure 1, C 
and D). Analysis of  percentages of  T cell subsets in the thymus of  8-week-old Krasex3op/ex3op mice and control 
mice also revealed no differences in T cell subsets or progenitors (Supplemental Figure 1, B–D). Finally, BM 
analysis revealed increased BM cell counts in Krasex3op/ex3op mice compared with Krasnat/nat mice at baseline, 

Figure 1. Kras translation is constrained by 
rare codons and increased Kras expands 
B lymphocytes. (A) At left, representative 
histograms of Kras protein levels in BM 
KSL cells and HSCs in 8- to 12-week-old 
Krasex3op/ex3op mice (ex3op) and Krasnat/nat mice 
(nat). Isotype control is shown in black. 
Gate represents Krashi cells. At right, mean 
percentages of Krashi cells are shown within 
each mouse group (n = 9/group). ***P < 
0.001. (B) Scatter plots show mean PB white 
blood cells (WBCs), neutrophils (Neut), and 
lymphocytes (Lymph) at baseline in 8- to 
12-week-old Krasex3op/ex3op and Krasnat/nat mice 
(n = 20/group). ****P < 0.0001. (C and D) 
Scatter plots show the numbers of PB CD19+ B 
cells, CD3+ T cells, CD4+ T cells, CD8+ T cells, 
NK cells, naive T cells, and effector memory 
T cells (n = 8/group). ***P < 0.001. Two-
tailed Student’s t test was used for each 
comparison. ns, not significant. Data are 
presented as mean ± SEM.
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but no differences were observed in the percentages of  BM common lymphoid progenitor cells (CLPs), 
myelo-erythroid progenitor cells (MEPs), or granulocyte monocyte progenitor cells (GMPs) (Supplemental 
Figure 1, E and G). A small increase in the percentage of  BM common myeloid progenitor cells (CMPs) was 
observed in Krasex3op/ex3op mice (Supplemental Figure 1G). We observed no differences in spleen mass between 
Krasex3op/ex3op mice and Krasnat/nat mice (Supplemental Figure 1F).

Krasex3op/ex3op mice display HSC expansion and exhaustion of  long-term repopulating HSCs. Krasex3op/ex3op mice dis-
played increased percentages and numbers of BM KSL cells and phenotypic HSCs compared with Krasnat/nat 
mice (Figure 2, A–C). Krasex3op/ex3op mice also contained increased numbers of BM colony-forming cells (CFCs) 
and long-term culture–initiating cells (LTC-ICs) compared with control mice (Figure 2, D and E). Taken togeth-
er, these results suggested that increased Kras protein expanded both phenotypic HSCs and progenitor cells.

We next performed competitive repopulation assays to determine if  Krasex3op/ex3op mice contained increased 
functional HSC content. For this purpose, Krasex3op/ex3op and Krasnat/nat mice were backcrossed more than 10 gener-
ations into C57BL/6 mice (CD45.2+) and we utilized syngeneic recipient B6.SJL mice (CD45.1+) as recipients. 
Recipient mice transplanted competitively with 2 × 105 BM cells (CD45.2+) from Krasex3op/ex3op mice, along with 
2 × 105 competitor (CD45.1+) BM cells, displayed significantly increased total donor CD45.2+ cell engraftment 
over time compared with mice transplanted with an equal dose of BM cells from Krasnat/nat mice (Figure 3, A 
and B). Recipient mice transplanted with BM cells from Krasex3op/ex3op mice also displayed increased engraftment 
of donor cells within the myeloid, B cell, and T cell lineages through 20 weeks compared with recipient mice 
transplanted with BM cells from Krasnat/nat mice (Figure 3, A–C, and Supplemental Figure 2A) (24–27).

In order to assess for LT-HSC content in Krasex3op/ex3op mice, we performed secondary competitive repopu-
lation assays using 1 × 106 BM cells collected from primary recipient mice at 20 weeks after transplant, along 
with 2 × 105 competitor BM cells. Of  note, as we have previously observed and has been demonstrated by 

Figure 2. Krasex3op/ex3op mice display 
increased BM HSCs and progenitor 
cells. (A) Representative flow cytometric 
analysis of BM ckit+sca1+lin– (KSL) cells 
and CD150+CD48–KSL HSCs in ex3op 
mice and nat mice at baseline. Numbers 
represent the percentages of KSL cells 
and CD150+CD48–KSL cells shown within 
the gates. (B) Mean percentages of BM 
KSL cells and numbers of KSL cells in 
ex3op mice and nat mice at baseline (n = 
9/group). *P < 0.05, **P < 0.01. (C) Mean 
percentages of BM HSCs and numbers 
of HSCs in ex3op mice and nat mice (n 
= 9/group). **P < 0.01, ***P < 0.001. 
(D) Mean numbers of CFCs in ex3op 
mice and nat mice (n = 10/group). **P < 
0.01. (E) Poisson statistical analysis of 
a limiting-dilution assay revealed BM 
LTC-IC frequencies of 1 in 8,940 in ex3op 
mice and 1 in 19,235 in nat mice at 8–12 
weeks. The plot shows the percentage 
of negative colonies detected at 3 dif-
ferent BM cell doses. The horizontal line 
represents the cell dose at which 37% 
of the plates show no colonies (n = 6/
group). P = 0.03. Two-tailed Student’s 
t test performed throughout. Data are 
presented as mean ± SEM.
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others (28, 29), overall donor cell engraftment decreased in competitively transplanted secondary mice in 
both groups compared with engraftment levels in primary recipient mice (Figure 3D). However, secondary 
recipient mice transplanted with BM cells from primary recipient mice in the Krasex3op/ex3op mice group demon-
strated significantly decreased donor hematopoietic cell engraftment at 16 weeks after transplant compared 
with mice transplanted with control BM cells (Figure 3D). This exhaustion of  hematopoietic repopulating 
capacity was most evident within CD11b+ myeloid cells, CD3+ T cells, and in the BM KSL population in 
secondary recipients (Figure 3D). These results suggest that a small increase in Kras protein levels caused the 
expansion of  HSCs with short-term repopulating capacity, but yielded the exhaustion of  LT-HSCs.

Figure 3. Increased wild-type Kras expands HSCs and exhausts long-term repopulating HSCs. (A) Representative flow cytometric analysis of donor 
CD45.2+ hematopoietic cell engraftment in the PB of recipient CD45.1+ mice at 20 weeks following transplantation of 2 × 105 BM cells from ex3op mice or 
nat mice, along with 2 × 105 competitor CD45.1+ BM cells. Numbers represent percentages in each gate. (B) Panels show the mean percentages (± SD) of 
total donor CD45.2+ cells and donor CD45.2+ cells within the CD11b+ myeloid population, B220+ B cells, and CD3+ T cells in the PB of CD45.1+ recipient mice 
over time following competitive transplantation of BM cells from ex3op mice (CD45.2+) or nat mice (CD45.2+) (n = 12/group). *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. (C) Mean percentages (± SD) of total donor CD45.2+ cells and donor CD45.2+ cells within the BM CD11b+ myeloid population, B220+ 
B cells, CD3+ T cells, and KSL population in CD45.1+ recipient mice at 20 weeks following competitive transplantation of BM cells from ex3op mice or nat 
mice (n = 12/group). *P < 0.05, ***P < 0.001. (D) Panels show the percentages of donor (DsRed+) total cell engraftment, as well as donor cell engraft-
ment within CD11b+ myeloid cells, B220+ B cells, CD3+ T cells, and KSL cells in the BM of secondary recipient (Ds-Red negative) mice at 16 weeks following 
competitive transplantation of 1 × 106 BM cells collected from primary recipient mice. Primary recipient (Ds-Red negative) mice were transplanted with 2 
× 105 BM cells from Krasex3op/ex3op (Ds-Red positive) mice or Krasnat/nat (Ds-Red positive) mice, along with 2 × 105 competitor (DsRed-negative) BM cells (n = 
7/group). *P < 0.05, **P < 0.01, ****P < 0.0001. Data are presented as mean ± SD. Two-tailed Student’s t test was used for all analyses.
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Krasex3op/ex3op mice display augmented hematopoietic regeneration following myelosuppression. Since BM 
HSCs in Krasex3op/ex3op mice displayed increased colony-forming capacity and competitive repopulat-
ing capacity in primary recipient mice, we hypothesized that Krasex3op/ex3op mice would have augmented 
hematopoietic regenerative capacity following myelosuppression. We therefore irradiated Krasex3op/ex3op 
mice and Krasnat/nat mice with 750 cGy total body irradiation (TBI), which causes severe myelosuppres-
sion, and evaluated hematopoietic recovery in both groups. At day +14, Krasex3op/ex3op mice displayed 
accelerated recovery of  PB WBCs, neutrophils, and lymphocytes compared with control mice (Figure 
4A). We observed no difference in BM cell counts or in percentages or numbers of  BM KSL cells or 
ckit+sca1–lin– myeloid progenitors between Krasex3op/ex3op mice and Krasnat/nat mice at day +14 following 
irradiation (Figure 4B and Supplemental Figure 2B). However, Krasex3op/ex3op mice contained significantly 
increased BM CFCs at day +14 compared with Krasnat/nat mice (Figure 4C). The accelerated recovery of  
myelopoiesis and mature neutrophils in Krasex3op/ex3op mice was also associated with a significant improve-
ment in survival following TBI. Eight of  17 Krasex3op/ex3op mice (46%) remained alive at day +30 following 
750 cGy TBI, compared with 2 of  17 of  the Krasnat/nat mice (14%, P = 0.03, Figure 4D).

Krasex3op/ex3op mice do not develop myeloproliferative disease or leukemia. Since mice expressing oncogenic ver-
sions of  either Kras or Nras develop myeloproliferative disease or hematologic cancers over time, we sought 
to determine whether increasing levels wild-type Kras protein would similarly promote myeloid disease 
evolution (8, 9). Krasex3op/ex3op mice did not develop myeloproliferative disease or myelodysplasia and no sple-
nomegaly was observed through 20 months of  age (Supplemental Figure 3, A–D). We also did not observe 
gross changes in the BM microenvironment in Kras ex3op/ex3op mice over time (data not shown). Detailed immu-
nophenotypic analysis also suggested no myeloid or lymphoid skewing at 20 months of  age (Supplemental 
Figure 3, B and D). Lastly, we detected no germline mutations in Kras, Hras, or Nras in Krasex3op/ex3op mice to 
account for the observed hematopoietic phenotype in young adult mice (data not shown).

Figure 4. Increased wild-type Kras pro-
motes hematopoietic regeneration follow-
ing myelosuppression. (A) Mean PB WBCs, 
neutrophils, lymphocytes, and platelet 
(Plt) counts are shown in ex3op mice and 
nat mice at day +14 following 750 cGy TBI 
(n = 10/group). *P < 0.05, **P < 0.01, ***P 
< 0.001. ns, non-significant. (B) Mean BM 
cell counts, percentage of KSL cells, and 
numbers of KSL cells at day +14 following 
750 cGy (n = 10/group). (C) Mean numbers of 
BM CFCs at day +14 (n = 10/group). ***P < 
0.001. (D) The percentage survival of ex3op 
mice and nat mice is shown through day 
+30 following 750 cGy TBI (n = 12/group). *P 
= 0.03 by log-rank test for survival analysis. 
For all other analyses, 2-tailed Student’s t 
tests were performed. Data are presented as 
mean ± SEM.
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Figure 5. Wild-type Kras augments hematopoietic repopulating capacity in a Cdk4/6–dependent manner. (A) Increased percentage of BrdU-positive 
cells are shown within BM KSL cells, myeloid cells, B cells, and T cells in ex3op mice compared with nat mice at 24 hours after BrdU administration  
(n = 5/group). **P < 0.01. (B) At left, representative analysis of BrdU incorporation in BM CD150+CD48–KSL HSCs in nat mice and ex3op mice at day +25 
following continuous BrdU administration in drinking water. At right, mean percentages of BrdU-positive HSCs are shown in each group (n = 6/group). 
***P < 0.001. (C) At left, representative phospho-Erk1/2 (p-Erk1/2) expression in BM KSL cells from ex3op mice and nat mice in response to 20 ng/ml 
thrombopoietin (TPO) treatment for 5 minutes. At right, bar graphs show p-Erk1/2–positive KSL cells in each group (n = 5/group). *P < 0.05. (D) Rela-
tive mRNA levels of cell cycle regulatory genes in BM KSL cells from ex3op mice and nat mice at baseline (n = 8/group). **P < 0.01, ***P < 0.001. (E) 
Mean numbers of CFCs following 72-hour culture of BM KSL cells from ex3op mice or nat mice with media containing TPO, stem cell factor, and Flt-3 
ligand (TSF), with or without the Erk1/2 inhibitor, BVD-523, or the Cdk4/6 inhibitor, palbociclib (palbo) (n = 6/group). *P < 0.05, ****P < 0.0001. (F) 
Mean percentages of phospho-Rb (p-Rb) in BM KSL cells in ex3op mice and nat mice at baseline (n = 4/group). *P < 0.05. (G) Adult C57BL/6 mice were 
irradiated with 850 cGy TBI, and then transplanted with 1 × 105 BM cells from ex3op mice or nat mice and treated on days +5 and +6 with either 85 
mg/kg palbo or saline. Percentage survival of each group of mice is shown (n = 17/group). Log-rank test was used for survival analysis. *P < 0.05, ****P 
< 0.0001. (H) At left, representative microscopic images of femurs stained with H&E (×10 magnification) at day +14 from irradiated mice transplanted 
with ex3op BM cells, nat BM cells, or ex3op BM cells + palbociclib treatment. At right, mean BM cell counts (± SEM) at day +14 are shown for each group 
(n = 9/group). **P < 0.01. (I) Scatter plot shows numbers of BM KSL cells at day +14 in irradiated recipient mice transplanted with nat BM cells, ex3op 
BM cells, and ex3op BM cells + palbo treatment (n = 9). *P < 0.05. Except as noted, P values were obtained using a 2-tailed Student’s t test. Data are 
presented as mean ± SEM.
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HSCs in Krasex3op/ex3op mice demonstrate an increase in Cdk4/6–dependent repopulating capacity. Ras proteins 
transduce information from the cell surface that regulates numerous cellular mechanisms, including pro-
liferation, differentiation, and survival (1, 6, 9, 17, 30–33). Since Krasex3op/ex3op mice displayed expansion of  
phenotypic and functional HSCs and progenitor cells, we compared the baseline proliferation status and 
survival of  HSCs in Krasex3op/ex3op mice versus Krasnat/nat mice. Twenty-four hours following administration 
of  BrdU, Krasex3op/ex3op mice demonstrated significantly increased proliferation of  BM KSL cells, ckit+sca1–

lin– myeloid progenitors, CD11b/Gr1+ myeloid cells, and CD3+ T cells, but no difference in proliferation 
of  CLPs or B220+ B cells compared with control mice (Figure 5A and Supplemental Figure 4, A and B). 
After continuous BrdU administration, we also observed substantially increased BrdU incorporation in BM 
HSCs at day +5 and day +25 in Krasex3op/ex3op mice (Figure 5B and Supplemental Figure 4, C and D). Follow-
ing 750 cGy TBI, BM KSL cells and ckit+sca1–lin– myeloid progenitors in Krasex3op/ex3op mice also displayed 
increased BrdU incorporation compared with KSL cells and myeloid progenitors from irradiated, control 
mice (Supplemental Figure 4E). We observed no differences in annexin+7AAD+ cells or annexin+7AAD– 
cells within BM HSCs, BM KSL cells, or B cells between Krasex3op/ex3op mice and Krasnat/nat mice at baseline, 
suggesting no effect of  increased Kras protein levels on the survival of  HSCs, progenitor cells, or B cells 
(Supplemental Figure 4, F and G). We also detected no difference in the homing capacity of  BM cells from 
Krasex3op/ex3op mice compared with Krasnat/nat mice as an explanation for the increased in vivo repopulating 
capacity (Supplemental Figure 4H).

Consistent with increased stimulation of  the Ras pathway, BM KSL cells from Krasex3op/ex3op mice 
displayed elevated phospho-Erk1/2 (p-Erk1/2) levels in response to thrombopoietin (TPO) alone or the 
combination of  TPO/SCF/Flt-3 ligand compared with KSL cells from Krasnat/nat mice (Figure 5C and 

Figure 6. Kras regulates hematopoiesis in a hema-
topoietic cell–autonomous manner. (A) Scatter plots 
show no differences in PB WBCs, lymphocytes, hemoglobin 
(Hgb), or platelets (Plt) between 8-week-old nat;ex3op mice 
and nat;nat mice. Increased PB neutrophils are detected 
in nat;ex3op mice (n = 8/group). **P < 0.01. (B) Mean 
numbers of PB CD19+ B cells and (C) BM cell counts in 
each group (n = 8/group). (D) Percentages of BM KSL and 
HSCs from each group (n = 8/group). Data are presented 
as mean ± SEM. Two-tailed Student’s t test was used 
for all analyses. ns, not significant.
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Supplemental Figure 5A). We note here that no differences were observed in p-Akt, p-STAT5, or p-S6 
levels in BM KSL cells from Krasex3op/ex3op mice versus Krasnat/nat mice in response to TPO (Supplemental 
Figure 5B). We also found no alterations in the expression of  Cdkn2d and Cdkn1b, which encode the cell 
cycle inhibitors, p19 and p27, respectively, in BM KSL cells from Krasex3op/ex3op mice, but expression of  
Cdkn1a, which encodes the cell cycle inhibitor, p21, was significantly decreased (Figure 5D and Supple-
mental Figure 5C) (34–36). Treatment of  BM KSL cells from Krasex3op/ex3op mice with the Erk1/2 inhibitor, 
BVD-523, abrogated the expansion of  BM hematopoietic progenitor cells observed in Krasex3op/ex3op mice, 
suggesting that the amplification of  the hematopoietic compartment in Krasex3op/ex3op mice was mediated 
through Erk1/2 (Figure 5E). We hypothesized further that Erk1/2–mediated suppression of  p21 might 
be contributing to HSC proliferation in Krasex3op/ex3op mice by relieving p21-mediated inhibition of  cyclin-
dependent kinases (Cdks) (28, 29). Indeed, BM KSL cells from Krasex3op/ex3op mice displayed significantly 
increased levels of  phosphorylated retinoblastoma tumor suppressor protein (p-Rb), consistent with inac-
tivation of  Rb by either Cdk4/cyclin D or Cdk2/cyclin E (Figure 5F) (37, 38). Further, we observed 
increased expression of  E2F-regulated cell cycle regulatory genes, including Ccne1, B-myb, and Cdk1, 
in BM KSL cells in Krasex3op/ex3op mice, in keeping with Rb inactivation (Figure 5D) (39–41). Importantly, 
treatment of  BM KSL cells from Krasex3op/ex3op mice with the Cdk4/6 inhibitor, palbociclib, suppressed the 
amplification of  BM hematopoietic progenitors, suggesting that the increased HSC proliferative capacity 
was dependent on Erk1/2–mediated augmentation of  Cdk4/6 activation (Figure 5E). In order to deter-
mine if  the enhanced in vivo repopulating capacity of  HSCs in Krasex3op/ex3op mice was also dependent on 
Cdk4/6 activation, we performed BM transplantation of  1 × 105 BM cells from Krasex3op/ex3op mice versus 
Krasnat/nat mice into syngeneic recipient mice and then treated recipient mice with or without palbociclib. 
Mice transplanted with a limiting dose of  BM cells from Krasex3op/ex3op mice displayed increased survival 
compared with recipients of  the identical dose of  BM cells from control Krasnat/nat mice (Figure 5G). 
However, treatment with palbociclib abrogated the augmented in vivo repopulating capacity of  BM cells 
from Krasex3op/ex3op mice, yielding significantly decreased survival (Figure 5G). At day +14, mice trans-
planted with BM cells from Krasex3op/ex3op mice displayed accelerated recovery of  BM cell counts and KSL 
stem/progenitor cells compared with mice transplanted with BM from Krasnat/nat mice, while treatment 
with palbociclib suppressed this augmented hematopoietic recovery in recipients of  Krasex3op/ex3op BM cells 
(Figure 5, H and I). These results suggested that the augmented regenerative capacity of  hematopoietic 
stem/progenitor cells in Krasex3op/ex3op mice was dependent on Cdk4/6 activation.

Kras regulates hematopoiesis in a cell-autonomous manner. In order to determine if  the hematopoietic effects 
observed in Krasex3op/ex3op mice were cell autonomous in nature, we transplanted wild-type (Krasnat/nat) BM 
cells into irradiated Krasex3op/ex3op mice to generate chimeric nat;ex3op mice. In order to control for the TBI 
and transplantation effects, we compared the hematopoietic phenotype of  nat;ex3op mice with that of  con-
trol mice transplanted with Krasnat/nat BM cells (nat;nat mice, controls). At 8 weeks after transplant, all mice 
in both groups demonstrated high donor chimerism (range 91%–98%) in the PB. Analysis of  the PB of  
nat;ex3op mice revealed no increases in PB WBCs, lymphocytes, or B cells compared with control mice and 
no differences in BM cell counts, KSL cells, or HSCs between nat;ex3op mice and control mice (Figure 6, 
A–D). A small increase in PB neutrophils was noted in nat;ex3op mice compared with control mice. These 
results suggested that the amplification of  HSCs, progenitor cells, and B cells observed in Krasex3op/ex3op mice 
was caused by hematopoietic cell–autonomous effects of  increased wild-type Kras, rather than indirect 
effects via the BM microenvironment.

Discussion
Activating an oncogenic version of  the endogenous Kras gene in the hematopoietic system results in a fatal 
myeloproliferative disease characterized by hypersensitivity to growth factors and hyperproliferation (9), 
suggesting that Kras plays a critical role in normal hematopoiesis. In order to directly test this hypothesis, 
we took advantage of  a novel approach to studying signaling biology, namely producing more protein 
through silent mutations that change codon usage without altering any other feature of  the gene. Using 
this approach, we demonstrate that increasing wild-type Kras protein levels in BM HSCs of  Krasex3op/ex3op 
mice promotes the proliferation and expansion of  HSCs capable of  primary competitive repopulation and 
increased hematopoietic regeneration following irradiation, without any evidence of  myeloproliferative 
disease or leukemia. Admittedly, while no mutations in Ras genes were detected, we cannot rule out that 
the higher levels of  wild-type Kras did not promote the expansion of  HSCs with other mutations, and it 
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remains to be determined whether such an increase could predispose other oncogenic mutations to be more 
leukemogenic. However, the highly penetrant phenotype and normal appearance of  the BM suggests that 
the increased regenerative capacity of  HSCs was a feature of  elevated Kras protein expression. Interest-
ingly, elevated Kras ultimately led to exhaustion of  LT-HSCs in secondary transplantation assays, indicat-
ing that this proliferative effect has an upper limit. We contrast our observation with prior studies using 
Mx1-Cre;NrasG12D/+ mice, which showed that expression of  a single allele of  the Nras-G12D oncogene in the 
hematopoietic compartment increased LT-HSC function as measured by serial transplantation assays (13). 
While we did not perform limiting-dilution assays to estimate HSC frequency in this study, our competitive 
secondary transplant assays suggested a loss of  LT-HSCs in Krasex3op/ex3op mice. The divergent effects of  wild-
type Kras expression and Nras-G12D expression on LT-HSC function may be related to fundamental differ-
ences in Kras and Nras cellular activities (42, 43), or sustained Nras oncogene expression versus wild-type 
Kras expression. In this regard, Ras dosage has been shown to promote unique effects on hematopoietic 
cells and the observed loss of  LT-HSC repopulating capacity in Krasex3op/ex3op mice may be a function of  mod-
est Ras dosage relative to Ras oncogene models (12, 14).

Krasex3op/ex3op mice also displayed PB lymphocytosis, which was caused by increased CD19+ B cells in 
the absence of  alterations in T cell populations. This observation contrasts with the described effects of  
oncogenic Kras-G12D expression in the hematopoietic compartment, which produced a rapidly fatal myelo-
proliferative disease in mice (9–11). However, conditional deletion of  Kras in the hematopoietic compart-
ment in mice was associated with decreased B cell numbers, in addition to increased neutrophil counts and 
splenomegaly (20). This result, coupled with our findings, suggest that wild-type Kras has a physiologic role 
in regulating B cell content.

We show that elevated levels of  wild-type Kras augment the hematopoietic colony–forming capac-
ity of  HSCs, which is dependent on Erk1/2 activation. In the activated state, Erk1/2 translocates to the 
nucleus and regulates the activity of  several transcription factors, including c-Jun, c-Myc, and c-Fos, which 
in turn induce or repress the expression of  regulatory genes (44, 45). Erk1/2 activation has been shown 
to be required for cellular induction of  p21 expression in response to mitogens (44, 46). Interestingly, we 
observed decreased p21 expression in BM KSL cells in Krasex3op/ex3op mice in association with increased 
Erk1/2 phosphorylation. This could be explained by Erk1/2–mediated activation of  c-Myc or c-Jun, which 
can repress transcription of  p21 (44, 45, 47). p21 abrogates cell cycle progression via inhibition of  Cdks, 
including Cdk2, Cdk4, and Cdk6 (34). Here, we demonstrated that administration of  the Cdk4/6 inhibitor, 
palbociclib, repressed both in vitro hematopoietic colony formation and in vivo repopulating capacity of  
BM HSCs from Krasex3op/ex3op mice, suggesting that Kras-mediated augmentation of  HSC functional activity 
occurred via activation of  Cdk4/6. The increased levels of  p-Rb in BM KSL cells from Krasex3op/ex3op mice 
further support this hypothesis. Consistent with our model, enforced expression of  Cdk4 in human HSCs 
was previously shown to promote G0 to G1 transit and improved HSC repopulating capacity in NOD/
SCID IL-2 receptor γ chain–deficient (NSG) mice (48). Cdk6 has also been shown to regulate the timing 
of  murine HSC exit from quiescence while conferring a competitive repopulation advantage (49). Further-
more, Cdk4/6 inhibition was shown to protect HSCs from chemotherapy-induced exhaustion, in keeping 
with our observation that increased Kras signaling produced Cdk4/6 activation, yielding exhaustion of  
LT-HSCs in Krasex3op/ex3op mice (50). Finally, our observation of  HSC exhaustion in the Krasex3op/ex3op mice 
in association with decreased p21 expression is consistent with prior studies showing that p21 deficiency 
increased HSC proliferation and number but decreased HSC serial repopulating capacity (51). Nonethe-
less, given the survival benefit demonstrated in Krasex3op/ex3op mice following lethal dose TBI and in recipient 
mice following transplantation of  BM cells from Krasex3op/ex3op mice, short-term pharmacologic activation of  
Kras signaling may have therapeutic potential as a strategy to promote hematopoietic regeneration follow-
ing myelosuppression. In order to clarify the potential therapeutic benefit of  Kras activation, we will pursue 
additional studies characterizing the hematologic profiles of  Krasex3op/ex3op mice over time following sublethal 
irradiation and chemotherapy. In principle, a pharmacologic strategy to temporarily induce Kras signaling 
could harness the beneficial effects of  Kras activation in HSCs while avoiding the exhaustion of  HSCs that 
we have observed in mice with unrelieved Kras signal.

Since Kras activation can affect cells within the BM microenvironment (52), we also sought to deter-
mine whether the hematopoietic phenotype of  Krasex3op/ex3op mice was caused by hematopoietic cell–autono-
mous effects or via indirect effects through the BM niche. Interestingly, 8-week-old chimeric nat;ex3op mice 
displayed no expansion of  BM HSCs, KSL progenitor cells, or B cells as was observed in Krasex3op/ex3op mice. 
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This suggests that these effects of  increased Kras protein on hematopoiesis occurred in a hematopoietic 
cell–autonomous manner, independent from any effects on the BM microenvironment. Of  note, nat;ex3op 
mice displayed an increase in PB neutrophils compared with nat;nat control mice, suggesting the possibility 
that the Kras ex3op mutation in the BM niche may alter myeloid cell production or differentiation in vivo. 
This will be evaluated in depth in future studies.

Finally, our results suggest the intriguing possibility that natural variation in KRAS expression in the 
human population may contribute to observed variability in the regenerative potential of  hematopoietic 
grafts from human BM or PB stem cell donors. Insufficient PB stem cell collection occurs in up to 15% 
of  autologous donors and graft failure occurs in 5%–15% of  adult transplant recipients of  cord blood and 
from older BM donors (53–56). It would be of  interest to determine if  alterations in KRAS protein expres-
sion correlate with variations in human hematopoietic graft function. More broadly, this study provides 
principal demonstration of  codon usage in a mammal having a biological consequence, which may speak 
to the importance of  codon usage in mammalian biology.

Methods
Mice. All animal procedures were performed in accordance with animal use protocols approved by the 
UCLA Animal Care and Use Committee. Generation of  the Krasex3op/ex3op mouse has been previously report-
ed (6). The Krasex3op/ex3op mice were backcrossed 10 generations into C57BL/6 mice purchased from Jackson 
Laboratories (stock 000664). In some studies, Krasex3op/ex3op mice were crossed into β-actin-DsRed mice (DsRed, 
stock 006051, Jackson Laboratories) to facilitate analysis of  donor versus recipient hematopoietic cells. We 
measured complete blood counts using a Hemavet 950 instrument (Drew Scientific). For determination 
of  cell-autonomous effects of  Krasex3op mutation on hematopoiesis, we transplanted 3 × 106 BM cells from 
wild-type littermate control (Krasnat/nat) mice into irradiated (950 cGy) Krasex3op/ex3op mice and Krasnat/nat mice 
(controls). At 8 weeks of  age, we confirmed greater than 90% donor CD45.1+ cell chimerism in the BM of  
transplanted mice (nat;ex3op mice). We subsequently measured the PB and BM hematopoietic profiles in 
nat;ex3op chimeric mice versus nat;nat control mice. We utilized 8- to 12-week-old, age- and sex-matched 
mice, with wild-type littermates as controls for all mice studies, except as otherwise noted.

Competitive repopulation assays. In order to perform primary competitive repopulation assays, Krasex3op/ex3op 
mice and Krasnat/nat mice were backcrossed 10 or more generations into C57BL/6 background (CD45.2+) 
and were utilized as donor mice. Syngeneic B6.SJL (CD45.1+) mice (Jackson Laboratories, stock 002014) 
were used as recipients. An equal dose of  donor BM cells (2 × 105) and competitor BM cells (2 × 105) was 
utilized for these experiments. Donor hematopoietic cell engraftment within myeloid cells, B cells, and T 
cells in transplanted mice was measured by flow cytometry, as previously described (24–27).

We also utilized Krasex3op/ex3op mice and Krasnat/nat mice (C57BL/6 background) that were crossed into 
the β-actin-DsRed mice (C57BL/6 background) for competitive repopulation assays into lethally irradiated 
recipient 10-week-old female Krasnat/nat mice (DsRed-negative), following the approach described above. At 
20 weeks after transplant, 1 × 106 BM cells were collected from primary recipient mice and injected via tail 
vein, along with 2 × 105 competitor (DsRed-negative) BM cells, into lethally irradiated secondary recipient 
Krasnat/nat mice (DsRed-negative). Measurement of  donor hematopoietic cell engraftment within myeloid, B 
cell, and T cell lineages was performed as previously described (24–27).

Mouse cell isolation and culture. PB was collected from mice through submandibular puncture. To collect 
BM cells, long bones (femurs and tibia) were harvested from euthanized mice and flushed with IMDM 
containing 10% FBS. BM cells were filtered through a 40-μm strainer to obtain single-cell suspensions. Both 
PB and BM were subjected to RBC lysis using ACK RBC lysis buffer prior to FACS staining. Spleens were 
mechanically dissociated using a mortar and pestle and then subjected to RBC lysis. Single-cell suspen-
sions of  thymocytes were prepared by mechanical dissociation in buffer (10% FBS in PBS). We performed 
mouse BM lineage depletion using a mouse lineage cell depletion kit, per the manufacturer’s protocol 
(Miltenyi Biotec). We cultured lineage-negative mouse HSCs and progenitor cells in IMDM with 10% 
FBS, 125 ng/ml mouse stem cell factor (SCF) (R&D Systems, 455-MC-010), 20 ng/ml mouse TPO (R&D 
Systems, 488-TO-005/CF), and 50 ng/ml mouse Fms-like tyrosine kinase 3 ligand (Ftl3L) (R&D Systems, 
427-FL-005/CF). Where noted, palbociclib or BVD-523 was added to the media at 100 nM.

BrdU. BrdU (Sigma-Aldrich) was administered as a single dose of 150 mg per kg of body mass by intra-
peritoneal injection followed by 1 mg/ml BrdU in the drinking water. Analysis was performed at 24 hours. For 
long-term BrdU administration (5 and 25 days), BrdU water was given continuously and changed every 3 days.
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Immune cell analysis and flow cytometry. Cells were analyzed by flow cytometry for myeloid (CD11b+/
Gr-1+), B cell (B220+), T cell (CD3+), stem/progenitor cell (KSL), and HSCs as previously described (57, 
58). Histograms and dot plots were created using FlowJo software (Tree Star). BrdU analysis was per-
formed using the BrdU Flow Kit, following the manufacturer’s instructions (BD, catalog number 559619). 
Briefly, cells were stained for extracellular antigens for 30 minutes on ice, fixed with Cytofix/Cytoperm 
(BD Biosciences, catalog number 554722) for 15 minutes, and then washed 3 times with PBS and incubated 
with intracellular antibody in 2% FBS in PBS for 30 minutes at room temperature. Analysis was performed 
on a FACSCanto II (BD).

For PB T cell staining, cells were labeled with V450-CD3 (BD Biosciences, 561389, 1:200), PE-CD4 
(Biolegend, 100407, 1:200), BV605-CD8 (BD Biosciences, 563152, 1:200), APC/Cy7-CD44 (Biolegend, 
103027, 1:200), FITC-CD62L (Biolegend, 104405, 1:200), and Alexa Fluor 647 CD45RA (BD Bioscienc-
es, 562763, 1:200). For B/NK cell staining, cells were labeled with V450-CD3 (BD Biosciences, 561389, 
1:200), Alexa Fluor 647 NK1.1 (Biolegend, 108719, 1:200), PE-CD122 (Biolegend, 105905, 1:200), and 
FITC-CD19 (Biolegend, 152403 1:200). Corresponding isotypes were used to confirm antibody staining 
efficiency and compensation controls were used to set gates. Effector memory T cells (CD3+CD4/8+CD
44+CD62L–), naive T cells (CD3+CD4/8+CD44–CD62L+), cytotoxic T cells (CD3+CD8+), B cells (CD3–

CD19+), and NK cells (CD3–CD19–CD122+NK1.1+) were analyzed using FlowJo analysis software ver-
sion 10. Numbers of  each PB population were calculated by multiplying the percentages of  each subset by 
the total WBCs in each sample.

The thymi of  8- to 10-week-old Krasnat/nat mice and Krasex3op/ex3op mice were harvested and pressed 
through a 70-μm cell strainer (Falcon) with the plunger of  a 3-ml syringe to obtain a cell suspension. 
Cells were kept in cold analysis medium (PBS 1×, 0.1% BSA, and 2 mM EDTA) throughout the entire 
experiment. Thymocytes were then counted using a hemacytometer (Hausser Scientific) and viability 
was determined by trypan blue exclusion (Sigma-Aldrich). For early T cell progenitor analysis, 25 × 106 
to 50 × 106 thymocytes were incubated with purified anti-CD4 (clone RM4-5, BD Biosciences) and anti-
CD8 antibodies (clone 53-6.7, BD Biosciences), in addition to a cocktail of  antibodies (anti-CD11b, 
anti-CD16/32, anti-B220, and anti-TER119) from a Dynabeads Untouched T cells kit (Invitrogen). 
After magnetic isolation with Dynabeads, lineage negative (lin–) thymocytes were then counted and 
stained with the following conjugated antibodies: anti-CD45 FITC (30-F11), anti-B220 PerCPCy5.5 
(RA3-6B2), anti-CD11b PerCP-Cy5.5 (M1/70), anti-Gr1 PerCP-Cy5.5 (RB6-8C5), anti-TER119 Per-
CP-Cy5.5, anti-CD25 PE-Cy7 (PC61), anti-CD117 APC (2B8) (all BD Biosciences); anti-CD4 APC-
Cy7 (GK1.5), anti-CD8 BV711 (53-6.7), anti-CD3 BV510 (17A2), and anti-CD44 BV786 (IM7) (all 
BioLegend). For total thymocyte analysis, 1 × 106 thymocytes were stained with the above-mentioned 
conjugated antibodies. For thymocyte maturation analysis, 1 × 106 total thymocytes were stained with 
the following conjugated antibodies: anti-CD45 PE (30-F11), anti-CD62L PerCP-Cy5.5 (MEL-14), 
anti-CD3 PE-Cy7 (17A2) (all BD Biosciences); anti-Qa2 FITC (695 H1-9-9), anti-CD8 APC-Cy7 (53-
6.7), anti-CD69 BV510 (H1.2 F3), anti-CD4 BV605(GK1.5), and anti-CD24 BV711 (M1/69) (all Bio-
Legend). Stained cells were then analyzed by flow cytometry (BD LSR Fortessa, BD Biosciences).

Phospho-flow cytometry. Following lineage depletion, BM cells were sorted for KSL cells. Cells were 
washed using IMDM with no FBS to serum starve for 30 minutes at 37°C. Subsequently, growth factor 
was added for 5 minutes prior to fixing by adding 10 volumes prewarmed Lyse/Fix buffer (BD Biosci-
ences, 558049). Fixation was performed at 37°C for 10 minutes. Cells were washed in stain buffer (BD 
Biosciences, 554656), and then permeabilized with prechilled Perm Buffer III (BD Biosciences, 558050) 
on ice for 30 minutes. After washing with stain buffer 3 times, the cells were resuspended with the phos-
pho-flow antibody at the recommended concentration overnight at 4°C prior to analysis. Antibodies were 
the following (all from BD Biosciences): Phosflow PE Mouse anti-Akt (pT308), 558275; Phosflow Alexa 
Fluor 647 Mouse anti-Akt (pS473), 560343; Phosflow Alexa Fluor 647 Mouse anti-S6 (pS244), 560465; 
Phosflow PE Mouse Anti-Stat5 (pY694), 612567; and PE Mouse Anti-ERK1/2 (pT202/pY204), 612566.

Immunohistochemical analysis. Freshly dissected femurs were decalcified using Surgipath Decalcifier II 
for 6 hours. Four-micron sections were created from formalin-fixed, paraffin-embedded blocks, using a 
rotary microtome, floated on a 49°C water bath, and mounted on a positively charged slide. All slides were 
baked overnight in a 65°C oven, stained with H&E, and then covered using resinous mounting medium. 
Paraffin-embedded sections were cut at 4-μm thickness and paraffin removed with xylene and rehydrated 
through graded ethanol. Images were acquired using a Zeiss Axio Imager M2.
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Homing assay. Krasnat/nat mice (DsRed-negative) were irradiated with 900 cGy TBI. Using 
Krasex3op/ex3op;DsRed mice or Krasnat/nat;DsRed mice as donors, we sorted BM KSL cells and inject-
ed 4 × 104 cells per recipient. We analyzed the BM at 18 hours after injection for DsRed+ 
hematopoietic cells (59).

CFC assays. BM cells were plated in MethoCult GFM3434 (Stem Cell Technologies). 
Numbers of  cells utilized and time of  analysis are provided in the figure legends. Colonies 
were counted 14 days later, unless otherwise indicated by morphology. CFC assays (colony-
forming unit–granulocyte monocyte [CFU-GM], burst-forming unit–erythroid [BFU-E], and 
CFU–granulocyte erythroid monocyte megakaryocyte [CFU-GEMM]) were performed as 
we have previously described (57).

LTC-IC assay. BM LTC-IC assay was performed as previously described (51), with minor 
modifications. Briefly, the unfractionated BM cells were plated on an irradiated (15 Gy) prima-
ry mouse stromal monolayer in 96-well plates containing 150 μl of  M5300 medium (Stem Cell 
Technologies) supplemented with 10–6 M hydrocortisone. The media were changed with half-

fresh medium weekly until week 5 when the cells were harvested with trypsin and plated for CFCs in M3434 
media (Stem Cell Technologies). The plates were evaluated for the presence of  CFCs 10 days thereafter.

Radiation studies. Ten-week-old male Krasex3op/ex3op mice or Krasnat/nat mice were treated with 750 cGy 
TBI using a Cesium-137 irradiator. Mice were monitored daily through day +30 and euthanized as per 
our approved animal use protocol, if  necessary. Complete blood counts were measured using a Hemavet 
950 instrument (Drew Scientific). For the limiting-dose BM transplantation experiment, 8-week-old male 
C57BL/6 mice received 850 cGy TBI followed by tail vein injection of  1 × 105 BM cells from Krasex3op/ex3op 
mice or Krasnat/nat mice. Palbociclib or vehicle was administered intraperitoneally on day +5 and +6 at 85 
mg/kg, dissolved in sodium lactate. For competitive transplants or chimeric mice generation, 950 cGy 
TBI was used and BM cells were injected 24 hours later. Mice were monitored daily through day +30 and 
euthanized per our animal use protocol, if  necessary.

PCR. We performed gene expression analysis via qRT-PCR on populations of  BM KSL cells. RNA 
was isolated using the Qiagen RNeasy Micro Kit. RNA was reverse transcribed into cDNA using an iScript 
cDNA synthesis kit and random hexamers. Real-time PCR analysis was performed using TaqMan Gene 
Expression assays (Life Technologies) on an Applied Biosystems QuantStudio 6 PCR Machine (Thermo 
Fisher Scientific). The primers used for TaqMan-based PCR are shown in Table 1. Data were normalized to 
GAPDH and littermate controls using the double-delta CT method. For CDK1, CCNE1, and B-MYB, the 
SYBR Green method was used. cDNA (20 ng) was used for qPCR with the SYBR Select Master Mix (Life 
Technologies). The sequences of  the primers used for SYBR Green–based PCR are shown in Table 2. Values 
were normalized using GAPDH.

Sanger sequencing. DNA sequencing of  Ras genes was performed by Laragen, Inc., and performed 
on an ABI 3730XL sequencer using BigDye on a 3.1 sequencing reaction. Five Krasnat/nat mice and 5 
Krasex3op/ex3op mice were tested using primers flanking exons containing codons 12, 13, and 61 in Kras, 
Nras, and Hras.

Statistics. Values are represented as means ± SEM as noted in the figure legends. All comparisons 
were made using an unpaired 2-tailed Student’s t test, unless otherwise indicated in the figure legends. A 
2-sample equal variance with normal distribution was utilized and P values less than 0.05 were considered 
to be significant. GraphPad Prism 6.0 was used for all statistical analyses. All data were checked for normal 
distribution and similar variance between groups. Sample size for in vitro studies was chosen based on 

Table 1. TaqMan primers

Gene Assay ID
CCND1 Mm00432359_m1
CCND2 Mm00438070_m1
CDK8 Mm01223097_m1
p19 (CDKN2D) Mm00486943_m1
p21 (CDKN1A) Mm04205640_g1
p27 (CDKN1B) Mm00438168_m1

 

Table 2. SYBR Green primer sequences

Gene Forward Primer Reverse Primer
GAPDH TGGATTTGGACGCATTGGTC TTTGCACTGGTACGTGTTGAT
CDK1 AGAAGGTACTTACGGTGTGGT GAGAGATTTCCCGAATTGCAGT
B-MYB TCTGGATGAGTTACACTACCAGG GTGCGGTTAGGAAAGTGACTG
CCNE1 GTGGCTCCGACCTTTCAGTC CACAGTCTTGTCAATCTTGGCA
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observed effect sizes and standard errors from prior studies. For animal studies, a power test was used to 
determine the sample size needed to observe a 2-fold difference in means between groups with 0.8 power 
using a 2-tailed Student’s t test. All animal studies were performed using sex- and age-matched animals, 
with wild-type littermates as controls. Animal studies were performed without blinding of  the investigator 
and no animals were excluded from the analysis. Statistical details of  each experiment are described in the 
figure legends, including the numbers of  replicates and P values from the Student’s t test.

Study approval. All animal studies were performed under UCLA animal care and use protocol 2014-
021-13E (Principal Investigator, John Chute), approved by the UCLA Animal Care and Use Committee.
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